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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

13
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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

21



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.

22
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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.

29



Chapter 3. Overview of the Design of Roombots
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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 electronics, power source) is tightly linked with the others and with the
desired final application, and the smallest change affects the whole system. Each design
choice becomes an integral part of the system, limiting the possibility of future non-invasive
modifications.

In Section 3.6 we described some of the limitations and issues that we encountered with the
original Roombots module design. We then briefly reported our novel contributions on the
mechanical redesign of critical sub-parts. In the next chapter we will cover in more detail the
Roombots actuation system and the improvements made to the gearbox.
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Actuation System

In this chapter we describe the challenges related to the design and manufacturing of a custom
gearbox-actuator system.

In Section 4.1 we explain the challenges in the actuation design for a SRMR. In homogeneous
systems the actuators have to be sized by taking into account worst conditions within the
expected application scenarios (e.g. long levers of connected modules).

In Section 4.2 we describe the requirements that led to the development of the custom Room-
bots actuation. We first explain in detail the original Roombots gearbox (Gearbox A). We
then report three new design iterations (Gearboxes B, C, and D) in which we reduced the
overall thickness of the gearbox, changed manufacturing methods and materials of most of
the components to improve quality and reduce assembly time, and added an absolute encoder
at the output to measure the correct DoF position after backlash. In Gearbox D, built using
brass and aluminum parts, we also changed motors to more powerful ones.

In Section 4.3 we report bench tests used to evaluate and compare the four different designs.
The first two designs could not pass a load-holding test at 95% of the motor’s nominal torque.
Gearbox C successfully passed all the tests. Gearbox D was able to withstand a twofold increase
in output load compared to the original design.
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4.1 Introduction

Actuation is a fundamental component of a SRMR. Actuators and transmission mechanisms
are embedded in each module and allow the overall structure to perform locomotion, self-
reconfiguration, and in general to move and interact with the environment. Contrary to
traditional robots, the general design rule in modular robotics is to keep modules simple and
provide them with a restricted number of features. Modules normally have limited mobility
and just a few actuators, and only when connected to other units they are able to generate
more complex motion. Typically actuators occupy more than 50% of the volume and weight
of amodule [2]. and are one of the major obstacles to module miniaturization.

In homogeneous SRMRs each module is (at least mechanically) exactly alike the others. Con-
trary to biological systems, in which proximal actuators (e.g. muscles close to the center of
the body) are stronger than distal ones in order to carry the different load, in homogeneous
SRMRs all the modules are identical and provide the same power output. Therefore a clear
limitation of this type of systems is scalability of the actuators’ power. As the number of
modules used in a structure increases, homogeneous actuators cannot provide enough power
to produce a useful output (e.g. effective locomotion, manipulation of objects). Modules have
to be designed with the application scenario in mind and according to the worst possible
configuration (e.g. they must be able to provide adequate torques to manipulate long chains of
other modules connected to them). It is therefore essential to select the right tradeoff between
actuation capability of a module and the weight and size of its actuators.

Several types of actuation mechanisms have been used in modular robotics. However, the
large majority of systems uses DC electric motors, either brushless [244], brushed [46], or
stepper [77]. Electric motors are commonly available, their technology is mature, they are easy
to control, and have a good power density at the centimeter scale. These types of actuators can
be implemented as (i) servomotors with integrated gearbox, (ii) DC motors with off-the-shelf
gearboxes, or (iii) DC motors with custom-designed gearboxes.

4.2 Roombots actuation system

Roombots modules feature three rotational degrees of freedom operated by DC brushed
electric motors. This choice was influenced by application constraints (considering the
envisioned domestic use for the modules) and by the list of design constraints reported in
Section 3.3. Roombots’s degrees of freedom allow for not just oscillating, but also continuous
rotatory movement. This feature can be advantageous during self-reconfiguration and on-grid
locomotion tasks, as a DoF can rotate in either direction to reach a desired angular position.
Continuous rotation can be used also for off-grid locomotion; given the rounded shape of
Roombots shells, the outer hemispheres can be used as wheels.

With self-reconfiguration tasks in mind, we designed Roombots’s actuators with sufficient
output torque to allow one module to lift at least a second additional module (four lattice grids).
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4.2. Roombots actuation system

A explained in Section 3.3, to fit this actuator requirement, we combined off-the-shelf motors
with a custom-designed gear train. The gearbox is lightweight compared to commercially
available spur or planetary gear trains of similar size.

The three DoF use two variations of the motor-gearbox system. The two diametrical DoF use
more powerful motors (Faulhaber 2342) with a 305 : 1 reduction. This results in a theoretical
nominal output torque of 4.9 Nm and no load speed of 26 rpm. The central degree of freedom
has instead a smaller motor (Faulhaber 2232) but with a higher reduction of 366 : 1 that
provides a nominal output torque of 3.6 Nm and no load speed of 19 rpm.

The construction of the gearboxes for diametrical and central DoF is exactly identical (to
simplify the parts production), except for the first spur gear fixed to the motor’s shaft which
has 12 teeth for the outer motors and 10 teeth for the central one. For the rest of the chapter we
will not make the distinction between the two variations. Given the higher output torque of the
diametrical DoE we use this configuration to explain the assembly and evaluate robustness
and performance.

4.2.1 Gearbox A: Original Design

Figure 4.1 — Exploded view of the Gearbox A design. A DC brushed motor (M) drives a first
drive chain of spur gears (S-1-2). A two-stage planetary gear train (3-4-5) further increases the
reduction ratio. An internal hollow axis allows electrical slip ring wires (6) to pass through the
gearbox. A thin-section ball bearing (B) guarantees smooth motion. Image adapted from [200].

We present here the design of the Gearbox A (shown in Figure 4.1), as implemented by
Dr. Alexander Sprowitz [205].

The DC brushed motor (M), positioned off-axis compared to the center of the gearbox, drives
an initial three-stage spur gear set (S-1-2). These are all off-the-shelf POM plastic gears with a
module of M = 0.5. The gear (S), mounted on the motor’s shaft, has n = 12 teeth. The motor
torque is initially transmitted in parallel by two pairs of gears (1) to a n = 50 gear (2) placed
centrally on the main axis of the gearbox. Each of the two pairs of gears is composed by two
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plastic double spur gears with n =28 : 12. The transmission ratio of this first part of the gearbox
is:

28 28 50

An in-series double-stage planetary gear set continues to gear down the output. The module is
increased to M = 1 using an off-the-shelf 12-tooth spur gear that acts as sun-gear for the first
planetary stage. This gear is manually fixed to the n = 50 gear. In both stages of the planetary
gearbox the annulus (i.e. the outer ring with inward-facing teeth (3), with n = —32, 3D-printed
ABS) is held stationary, the sun gear is used as the input, and the planet carrier is the output.
For both stages, the planet carrier holds 4 off-the-shelf plastic planetary gears with n = 12.
The sun gear of the second stage is directly fixed to the planet carrier of the first stage (4).
This configuration gives the lowest gear ratio attainable with a two-stage planetary gear train,
which is calculated as:

. -32 -32

Iplanetary = (1 — 7) . (1 — 7) =~13.4:1

The number of teeth in the planet gears is irrelevant for this calculation.

The output gear ratio of the complete gearbox is therefore

~305:1

28 28 50 ( —32) ( —32)_4743200

i 2.2 7. 2=
gearbox = 75" 15 " 12 12 12 15552

Gearbox A fits most of the requirements listed in Section 3.3. Its main characteristics are a
high reduction in a compact design, a lightweight construction, a reduced cost compared
to commercial products, and a hollow design that allows electrical slip ring (6) wires to pass
through the gearbox. There are however some limitations with this design:

* Although most of the spur gears are off-the-shelf (as shown in Figure 4.2) their bores
have to be manually reamed out to the correct size. The sun gears of the two planetary
stages also have to be manually drilled in order to insert dowel pins necessary for their
assembly. Not only these manual operations require time to prepare and assemble the
components together, but they are also prone to imprecisions that affect the quality and
the proper alignment of the assembly.

* Gearbox A has approximately 1.5 degrees of backlash caused by gaps and imperfect
matching between gears. In this design the effects of backlash (i.e. a variation of the
joint output position around the desired value) cannot be measured during run-time
and greatly affect the module alignment during self-reconfiguration tasks.

* Despite its compact design, Gearbox A is 26 mm thick (motor and slip ring excluded) and
occupies almost all the available space inside the hemispheres, limiting the introduction
of additional components inside a module.
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4.2. Roombots actuation system

For these reason we redesigned the gearbox over several iterations. We report here only the
major ones that have been used in the robot, that are all based on the implementation used
for Gearbox A, although other designs have also been tested (e.g. with thee planetary stages
and different modules, with a cycloidal drive).

4.2.2 Gearbox B: Compact Design

In the Gearbox B design (Figure 4.3) we aimed at reducing backlash by using better matched
gears. We manufactured the gears that compose the two planetary stages in POM plastic,
machined with a CNC mill. We iterated the design a number of times to find the optimal
distance between gears. The machining of some parts helped to dramatically reduce the
complexity and the time required for the assembly.

In this design we also changed the thickness of the gears (3), (4), and (5) in order to reduce
the total height of the gearbox to 20 mm. Additionally, at this point we also included in the
assembly the POM ring described in Section 3.6, which prevents bending of the main plates.
The elements that compose Gearbox B are shown in Figure 4.4.

This design effectively reduced backlash, allowing to increase the alignment between modules
in self-reconfiguration tasks. However, during extensive experimental sessions, friction caused
the gearbox to heat up. Given the thermal properties of POM, this resulted in an expansion of
some of the gears which increased even more the internal friction. Occasionally this increase
in friction produced excessive tangential forces on the dowel pins in the assembly (5), which

Figure 4.2 — 104 elements necessary to assemble Gearbox A. The labels correspond to the
labels of the exploded view in Figure 4.1. Gears (S), (1), and in the assemblies (2), (4), and (5)
are off-the-shelf. Annulus gear (3) is 3D printed.
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Figure 4.3 — Exploded view of the Gearbox B design (motor not shown). The labels correspond
to the labels of the exploded view in Figure 4.1.

Figure 4.4 — 95 elements necessary to assemble Gearbox B. 13 additional elements are needed
to assemble the POM ring (top-right of the figure). The labels correspond to the labels of the
exploded view in Figure 4.1. Gears (S), (1), and in the assembly (2) are off-the-shelf. Gears in
the assemblies (4) and (5) are machine-milled in POM. Annulus gear (3) is 3D printed.
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4.2. Roombots actuation system

detached them from their triangular support piece.

4.2.3 Gearbox C: Double Support Design

We further improved the design of the Roombots actuation by developing Gearbox C, shown
in Figure 4.5. The characteristics of this design are the following:

* All the gears are now machined, which helped improve their teeth profiles and, conse-
quently, their matching.

* The height of the gears is dependent on their position in the gear train. Gears on the
second planetary stage are thicker than those on the first stage because they transmit
approximately 3.6 times more torque.

* The dowel pins that connect the planet gears to the carrier now have a double support
design that keeps them in place also when the tangential forces increase.

* Instead of trying to minimize the overall gearbox backlash by reducing the play be-
tween mating teeth, we included in the design a 12-bit capacitive absolute encoder
(AMT203-V by CUI, Inc) at the output. This encoder can be used in combination with or
in replacement of the DC motor encoder to precisely control the desired DoF position'.

4.2.4 Gearbox D: Metal Design

Before mass-producing the actuation system to create many Roombots modules, we modified
the design to provide more output torque and speed. We replaced the Faulhaber motors with
more powerful Maxon motors. For the diametrical degrees of freedom we chose Maxon RE 25
DC motors, which can increase the output torque to 8.4 Nm (70% increase) and the no-load
speed to 31.5rpm (21% increase). Similarly, for the central DoF we used a Maxon RE-max 24
DC motor that results in 4.3 Nm of nominal torque (19% increase) and 20.4 rpm (7% increase).

In order to hold such an increase in power we adapted the Gearbox C design to be manu-
factured in metal, using brass gears and aluminum support pieces. The redesign and the
manufacturing of the first prototypes of Gearbox D were done by the lab’s technician, Francois
Longchamp, whom we thank for his support.

After a successful evaluation of this new design (reported in the next section), 30 copies of
Gearbox D have recently been ordered from one of EPFLs professional mechanical workshops.

Table 4.1 summarizes the features of the different gearbox versions.

1 This feature is currently being tested and has not yet been used to control the robot during self-reconfiguration
tasks.

41



Chapter 4. Actuation System

Figure 4.5 — Exploded view of the Gearbox C design (motor not shown). The labels correspond
to the labels of the exploded view in Figure 4.1. This design also incorporates a 12-bit absolute
encoder (E) at the gearbox output.
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Figure 4.6 — 102 elements (13 for the POM ring). 89 elements necessary to assemble Gearbox C.
13 additional elements are needed to assemble the POM ring. The labels correspond to the
labels of the exploded view in Figure 4.1. All the gears are machine-milled in POM.
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Table 4.1 — Summary of the four Roombots gearbox versions. Test torque based on the results
presented in Section 4.3. Easiness of production, easiness of design, and cost evaluations are
qualitative, based on own experience. Gearbox A is not easy to produce because the off-the-
shelf (ots) components have to be manually modified to fit the design. Some of these issues
have been addressed in Gearbox B with custom designed milled parts. The double support
design in Gearbox C makes the assembly much easier. Gearbox D has the production and
design advantages of the previous versions; however the metal design makes the machining
process much harder, significantly increasing the overall production cost.

Gearbox A Gearbox B Gearbox C Gearbox D
. - . . M. Vespignani +
Designed by A. Sprowitz M. Vespignani F. Longchamp
. ots POM ots + milled POM . .
Gear materials +3D printed ABS _ + 3D printed ABS ots + milled POM | Brass + Aluminum
Housing 3D printed ABS | 3D printed ABS | 3D printed ABS + Aluminum
materials + glass fiber + glass fiber POM + glass fiber + POM
Weight 230g 240 g 270 g 370¢g
Height 26 mm 20 mm
. . Inputrelative Output absolute
Position sensors Input relative encoder encoder + output
encoder
absolute encoder
Driving motor Faulhaber 2342 Maxon RE 25
Nominal speed 26 rpm 31.5rpm
Nominal torque 4.9 Nm 8.4 Nm
Test torque 95% nom. torque = 95% nom. torque | 115% nom. torque | 115% nom. torque
Easiness of
. -- ++ ++ +
production
Easiness of
. - + ++ ++
design
Cost $ $$ $$ $$$
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4.3 Bench Test and Evaluation

In order to evaluate the different gearbox designs, we bench tested them according to a custom
protocol. Figure 4.7 shows the experimental setup®. The gearboxes were isolated from the
Roombots modules and fixed horizontally to a frame. At their output we mounted a pulley
which was used to lift different payloads of increasing weight proportional to the nominal
output torque. The pulley allows to invert the direction of the torque produced by the load.

We adapted the design of Gearboxes A3 and B to also include the absolute encoder (E) for
measuring the output position.

We controlled the motor using an Arduino Mega board with a DC motor shield. Additionally
we used a thermocouple, taped on the motor housing, to measure the variation in temperature
over time as an estimation of motor effort to drive the load and contrast the internal friction
of the gearbox. Since temperature changes with a slow timescale, we also included a current
probe that logs the current at the output of the Arduino motor shield. During the bench tests
we logged the following variables:

Desired trajectory (motor command)
¢ Input position, measured from the motor encoder (I)

¢ Output position, measured from the absolute encoder (E)

Motor current

* Body temperature of the motor

2We thank Francois Longchamp for building the mechanical setup; Simon Hauser for helping to interface the
sensors and to write the code, and for running the experiments; Mehmet Mutlu and Stéphane Bonardi for their
technical assistance.

3with this simple design change (i.e. mounting holes for the absolute encoder and relocation of the spacers for
the electrical slip ring) Gearbox A would not fit inside the Roombots hemispheres.

Figure 4.7 — Bench test setup: (M) DC motor. (T) Temperature probe. (I) Input encoder. (G)
Gearbox. (E) Output encoder. (S) Electrical slip ring. (P) Pulley. (R) Rope. Not pictured:
payload, regulated power supply, Arduino control board with DC motor shield.
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We defined the following experimental protocol:

Test 1: Continuous rotation with no load

* 5 minutes of rotation at maximum speed in clockwise direction
* 5 minutes of rotation at maximum speed in counter-clockwise direction
¢ 5 minutes of rotation at maximum speed in clockwise direction
* 5 minutes of rotation at maximum speed in counter-clockwise direction
¢ 5 minutes of rotation at maximum speed in clockwise direction

¢ 5 minutes of rotation at maximum speed in counter-clockwise direction

Test 2: Oscillation with no load

2 minutes of £360 degrees of oscillation at maximum speed

2 minutes of +£180 degrees of oscillation at maximum speed

2 minutes of +£90 degrees of oscillation at maximum speed

2 minutes of +45 degrees of oscillation at maximum speed

2 minutes of +22.5 degrees of oscillation at maximum speed

Test 3: Payload holding

50% of the nominal torque (2.5 Nm) for 5 seconds, 10 repetitions for each direction

70% of the nominal torque (3.5 Nm) for 5 seconds, 10 repetitions for each direction

95% of the nominal torque (4.7 Nm) for 5 seconds, 10 repetitions for each direction

105% of the nominal torque (5.2 Nm) for 5 seconds, 10 repetitions for each direction

115% of the nominal torque (5.7 Nm) for 5 seconds, 10 repetitions for each direction

Test 4: Increased payload holding with Maxon motor (only for Gearbox D)

70% of the nominal torque (6 Nm) for 5 seconds, 10 repetitions for each direction

90% of the nominal torque (7.5 Nm) for 5 seconds, 10 repetitions for each direction

100% of the nominal torque (8.5 Nm) for 5 seconds, 10 repetitions for each direction

115% of the nominal torque (9.5 Nm) for 5 seconds, 10 repetitions for each direction

We followed the experimental setup for the four different gearbox designs. All of them success-
fully passed tests 1 and 2. Both Gearbox A and Gearbox B failed load holding test at 95% of
the load. For Gearbox A the reason was one tooth of a second-stage planet gear that broke
and fell loose inside the gearbox. This caused a locking of the other gears and the damage of
one of the gears in the three-stage spur gear set, as seen in Figure 4.8. For Gearbox B one of
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(a)

Figure 4.8 — Damage to Gearbox A after failing to hold a payload equivalent to 95% of the
nominal torque of the motor: (a) Broken tooth from the second planetary stage. (b) Damage
to an n = 28: 12 gear from the three-stage spur gear set.
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Figure 4.9 — Comparison of the four gearbox designs for four selected tests: (a) Temperature
increase and (b) current consumption during continuous rotation with no output load tests.
The spikes are noise in the sensor readings. (c) Current consumption for the +360 deg oscilla-
tion with no load tests. (d) Current consumption for 20 cycles of payload holding (2.5 Nm).
From the plot we can infer that Gearbox B has more internal friction.
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Figure 4.10 — Results from the stress test of Gearbox D: six continuous rotation with no load
tests, 5 oscillation with no load tests, and 5 load-holding tests. Units are: [degrees] for relative,
absolute, and command positions, [A] for the current, and [°C] for the temperature.

the dowel pins detached as explained in Subsection 4.2.2 with similar consequences for the
gearbox. On the other hand, gearbox designs C and D successfully completed all the tests of
the experimental protocol.

Figure 4.10 shows an example of the data that we gathered for each gearbox design. From the
logged data we can derive useful information such as the backlash value and an estimation
of internal friction. In Figure 4.9 we show a comparison between the different designs that
shows the predicted high internal friction for Gearbox B.

4.4 Conclusions

In this chapter we described actuator scalability issues and the challenges in the design
of a custom actuator-gearbox system. We detailed changes in four design iterations of the
Roombots gearbox in which we adapted dimensions, manufacturing and assembly techniques,
and materials. We reported experimental protocol and results of a bench test of the four
designs. The newest version (Gearbox D) is able to withstand a twofold increase in output
load compared to the original design and is now ready for mass production.

In the next chapter we will analyze in detail the mechanical improvements made to another
fundamental component of a SRMR: the Active Connection Mechanism.

47






Connection Mechanism

Connection mechanisms are one of the key components of any Self-Reconfigurable Modular
Robot. They allow the modules to connect to each other or to connectors placed in the
environment.

In Section 5.1 we describe common classification methods. The most common type of con-
nector is based on mechanical forces, followed by those based on magnetic forces. We list
some of the desired properties of an ideal connector.

In Section 5.2 we explain the working principles of the ACMv3, the Active Connection Mecha-
nism that was originally developed for Roombots. ACMv3 is a 4-way symmetric, hermaphrodite
connector based on mechanical latches.

Although covering most of the desired properties, ACMv3’s robustness against misalignments
was somehow limited. In Section 5.3 we describe an improved implementation, ACMv4,
which has a larger gripping range and a better latch profile. This new connector allowed us to
perform single Roombots module locomotion through self-reconfiguration for the first time
on a vertical surface.

Even with the ACMv4, the robustness of the on-grid locomotion experiments was still limited.
In Section 5.4 we propose a hybrid connector which combines the advantages of the ACMv4
design with the use of magnets in order to improve alignment. This new design allowed us to
dramatically increase the number of successful on-grid locomotion trials.
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5.1 Introduction

Connection mechanisms are fundamental components for any (Self-) Reconfigurable Modular
Robot as they provide attachment points between modules, guaranteeing a strong and reliable
physical connection.

Connectors can be active, manual, or passive. Active Connection Mechanisms (ACMs) are
equipped with the necessary hardware to autonomously establish or unlock a connection
between two modules. Manual connectors such as ModLock [47] require human intervention
to operate. This property differentiates Reconfigurable Modular Robots from SRMRs. On the
other hand, passive connectors (or passive ports) can only receive a connection from an active
or manual connector.

Based on how neighboring mechanisms connect, connectors can be classified as either gen-
dered, hermaphrodite, or genderless. In gendered systems [137, 214, 146] there are two distinct
variants that mate together. One variant is active while the other is passive and they are usually
referred to as male and female. Hermaphrodite connectors combine both male and female
features on the same connector. Hermaphrodite connectors can mate to each other, with the
connection that can be establish by just one or both sides. They can usually also connect to
passive ports; this is for example the case in the Roombots ACM. The term genderless is often
used in the literature as a synonym for hermaphrodite. We prefer however to use it to distin-
guish systems in which active elements mate in such a way that either side can disconnect
without action from the other [152]. Some examples of genderless connectors are SINGO [191],
HiGen [152], and the self-soldering connector used in Soldercubes [141]. Hermaphrodite and
genderless connectors help simplify the self-reconfiguration planning because all connection
points are compatible [201].

Different coupling principles have been proposed in the literature. The vast majority of modu-
lar robots uses mechanisms based on mechanical coupling, i.e. physical latching [2]. Common
means of physical connections are pins and holes [237, 244, 47], latches and chamfered
notches [231, 216, 146], sliders [191], screws [178, 151], and grippers [132]. The second most
widely-used type of connectors use magnetic forces. These forces can be generated by perma-
nent magnets [264, 188, 148], electro-magnets [99], or switchable permanent magnets [66].
Some systems use magneto-mechanical connectors, in which permanent magnets are used
to make the connection between modules and a mechanical element is needed to separate
them [103, 46, 174]. Pneumatic forces are used in [84] and [221]. [86] use hydrodynamic forces
to keep modules connected. More recently, a number of novel connection methods that use a
phase changing binder material between connecting modules have been proposed: [127] uses
Peltier cells to freeze water between floating modules; [228, 24] use hot melt adhesives; [141]
describes self-soldering connectors based on Field’s Alloy which also automatically establish
an electrical connection between modules.
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The ideal connection mechanism should have the following desirable properties:

1. Mechanical strength. Connectors must function under all loading scenarios, which can
include holding long beams made of modules.

2. Size and weight. Since a reconfigurable robot can be equipped with multiple connec-
tors, their size and weight should be limited to keep the overall design compact and
lightweight.

3. Tolerance to misalignment. Perfect alignment of the connecting elements is not always
guaranteed; therefore, connectors should be able to withstand a certain degree of
misalignment. Passive (using specific face geometries, magnetic or electrostatic forces,
or simply chamfered edges) or active guidance (using sensor data in the module’s DoF
control loop) can help reduce the alignment before the connection process takes place.

4. Speed of connection and disconnection. Self-reconfiguration tasks should be per-
formed in a short amount of time and often the bottleneck is the connection/discon-
nection process. This property is crucial for lattice-type modules that perform flow
locomotion®.

5. Energy efficiency. The connector should not require a constant draw of energy to keep
the connection locked. Energy should be required only in transition phases.

6. Symmetry and gender. Connectors should be able to connect using multiple orien-
tations (e.g. the Roombots ACM is 4-way symmetric, allowing for rotations of 90° in
the orientation). With hermaphrodite and genderless connectors, self-reconfiguration
planning can be simplified because of a higher number of possible connection ports
available. Genderless connectors additionally allow for unilateral disconnection in case
one module is unresponsive.

7. Communication and power sharing. In SRMRs there is a large amount of information
that is shared between modules or with the centralized controller. Transferring data
through connectors is more favorable than establishing wireless networks. Sharing
power across modules can allow for a better power management.

8. Production scalability. As every other component in a modular robot, design, working
principle, assembly, and choice in materials should favor a scalable production.

These desirable properties guided the design of Roombots ACMv3 connection, explained in
the next section.

1See Chapter 7 for a definition of flow locomotion.
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Figure 5.1 — Actuation schematics of an ACMv3 unit. (1) DC brushed motor with 150:1 reduc-
tion. (2) Spur gear (n = 10). (3) Spur gear (n = 28:12). (4) Spur gear (n = 50). (5) Eccentric disk.
(6) Crank drive. (7) Slider. (8) Moving axis. (9) Latch. (10) Fixed axis. (11) Connector board.
(12) Position sensor. Part names as in [200]. Target connector greyed out at the bottom. Image
adapted from [200].

5.2 Original ACMv3 Design

The ACMv3 connector is a 4-way symmetric, hermaphrodite connector based on physical,
retractable latches [200]. It has been designed by Dr. Alexander Spréwitz in order to have a
simple, compact, robust, and efficient connector for Roombots. While initially inspired by the
AMAS [216] and M-TRAN III [101] coupling mechanisms, the ACMv3 aims at improving the
trajectory of the coupling latches. These perform a “scooping” movement that allows them to
actively pull closer the target connector, thus improving tolerance to misalignment.

Figure 5.1 shows a schematic view of the actuation of the ACMv3. This is composed of three
main parts:

1. Spur-gear train. The output shaft of a DC motor with 150:1 reduction (1) is connected
to a gear train (2-3-4). The number of teeth 7 of each spur gear is reported in the caption
of Figure 5.1. The total gear ratio is 1750: 1, calculated as:

150 28 50 1750

gearratio= — - —+— = ——
1 10 12 1

This high reduction is in itself already blocking.

2. Crank-slider mechanism. This mechanism converts the rotative motion of the spur
gear (4) into linear motion of the slider (7). The system is shown in Figure 5.2. The
system is designed in such a way that, after the slider reaches the top dead center (i.e.
the position which is farthest from the crankshaft), an additional rotation of the spur
gear (4) brings it to a self-blocked state. In this state the ACM can keep the connection
locked without requiring power from the motor.

3. Slider-latch mechanism. This part converts the linear motion of the slider (7) into a
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5.3. ACMv4

(a) (b) (c) (d

Figure 5.2 — Crank-slider mechanism (top view) in four states: (a) Fully retracted. (b) Partially
retracted. (c) Fully protracted. (d) Self-locked. Image from [200].

scooping movement of the tip of the latch (9). The latch motion is constrained by two
axes: a moving axis (8) that follows the same trajectory of the slider (7) and hinges the
latch, and a fixed axis (10), locked to the main frame of the connector, which guides the
latch with a pin-and-slot mechanism.

A potentiometer (12) mounted on the shaft that connects the spur gear (4) to the eccentric
disk (5) is used as latch position sensor for the electronic board that controls the ACMv3.
The latches create the active part of the hermaphrodite connector. They engage the target
connector on its passive part which is created by 4-way symmetric chamfered slots on the
connector board (11). The connection process requires approximately 2 seconds to complete.
The same time is also needed for the disconnection.

The ACMv3 is built using a combination of off-the-shelf components, machined glass fiber
plates, and ABS 3D-printed parts. The connector weights 57 g, is 65 mm wide, and between
19 mm (top of the electronic board) and 32 mm (top of the DC motor) high. Overall, consider-
ing the applications that we envision for Roombots, this design satisfies the desirable design
properties 1 (mechanical strength), 2 (size and weight), 4 (speed of connection and discon-
nection), 5 (energy efficiency), and 6 (symmetry and gender). Property 7 (communication
and power sharing) was planned but not implemented in the final product. The connector is
relatively cheap and simple to manufacture, but requires some time for the manual assembly.
Property 2 (tolerance to misalignment) is satisfied to certain extent. In the next section we will
discuss in more detail this property and the corrective actions that we took to improve it.

5.3 ACMv4

Although the ACMv3 has been designed with robustness against misalignments in mind,
this property could only be partially exploited during hardware experiments such as self-
reconfiguration tasks. A combination of backlash, structural deformations, and calibration
inaccuracy often caused the selected ACM to have poor alighment compared to the target
ACM, both in terms of offset and angle.
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(@)

T
v WK [T )

(b)

Figure 5.3 — Improvement of the scooping movement of the connection mechanism: (a)
ACMv3. (b) ACMV4. In green: own’s connector plate. In pink: target connector. For clarity, only
one of the four latches is shown.

This deviation limited the capabilities of the hardware robot. As we reported in [19], when
performing locomotion through self-reconfiguration on a vertical grid “we could not climb
further than position (h) because of elasticity effects in the RB hardware.” Position (h) in [19]
corresponds to the R3 movement shown in Figure B.2 (Appendix B).

We considered the ability to perform self-reconfiguration sequences and on-grid locomotion
to be of vital importance for the success of the Roombots project. For this reason we redesigned
the ACMv3 to improve its misalignment tolerance. Considering that most of the other desired
features were already satisfied and that the ACMv3 compact shape was already at the limit of
the available volume inside the module, we aimed at a least invasive redesign. This involved
an improvement of both the crank-slider and the slider-latch mechanisms. The new design,
ACMv4, increases the gripping range and changes the scooping movement trajectory, as shown
in Figure 5.3.

The tip of the latch can now enter 4.7 mm inside the target connector (compared to 3.1 mm
with the ACMv3) before starting to pull it closer. Therefore, the scooping movement is now
more accentuated. More importantly, the “leading edge” of the latch has now a sharper profile
that can actively pull the opposite connector.
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This redesign allowed us to autonomously complete the two on-grid locomotion sequences
for the first time as reported in Appendix B.

5.4 Hybrid ACM

Under standard laboratory conditions, the ACMv4 gripping range was sufficient to successfully
perform on-grid locomotion through reconfiguration on a vertical surface. The robustness
was however still limited. Experiments had to be restarted several times in order to have
flawless runs with no human intervention.

For this reason we created a hybrid connector that combines physical latches with permanent
magnets (Figure 5.4). We modified the assembly of the ACMv4 to fit a permanent neodymium
disc magnet (diameter 15 mm, height 3 mm, maximum strength 3.2 kg) at the center of the
connector. In this design the latches are used to align, grip, and maintain the connection.
The magnets are instead only used for passive guidance and to attract the target connector.
Contrary to magneto-mechanical connectors, the hybrid connector does not have an active
way to break the magnetic connection. The magnetic field is however weak enough compared
to the Roombots’s actuators so that an escaping movement is sufficient to pull the connectors
apart.

The hybrid ACM allowed us to dramatically increase the success rate of single Roombots
module locomotion through self-reconfiguration trials, making it an almost trivial task. It
is easy to understand that the passive alignment properties of the hybrid connector can
compensate misalignment only to a certain degree. This is particularly relevant in the case of

Figure 5.4 — Hybrid ACMs. Top connector in cross sectional view. The central magnet is used
for passive guidance only. This version of the ACM is gendered because we used magnets with
axial magnetization.
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on-grid Roombots metamodule locomotion?. In this case the misalignment produced by the
long lever, combined with the doubled weight of the structure, limits the effectiveness of the
hybrid connector. We believe however that other causes such as backlash in the actuation and
structural deflection are responsible for the failure of the on-grid metamodule locomotion.

In this version of the hybrid ACM we use magnets with axial magnetization (i.e. with their
north and south pole on the flat circular surfaces). This magnetization produces the strongest
magnetic field on the main axis of the disk. However, a connector can only have one of the two
polarities pointed towards the outside of the module. This affects its gender property. This
first version of the hybrid AMC is therefore not hermaphrodite but gendered. When preparing
the setup to perform self-reconfiguration experiments we have to take this into account and
distribute “north” and “south” connectors accordingly. This can be avoided by exchanging
the axial magnets with freely rotating diametrically magnetized magnets, with a mechanism
similar to the one used to connect mockup modules in [200].

As mentioned earlier, the hybrid ACM uses a physical connection, maintained by the four
latches. The magnets are only used to improve the alignment with the target connector and
are not strong enough to keep two modules connected together. However we thought that
the magnet could also be used to snap small external parts to Roombots modules®. To be
magnetically connected (without using the physical connection), these parts should have
a magnet with the opposite polarity on their surface, be light enough, and should also not
require a specific orientation. Since the hybrid ACM is not a magneto-mechanical connector,
these external parts cannot be automatically disconnected. Human intervention or the use of
an additional external device would be needed to pull the external parts apart.

5.5 Conclusions

In this chapter we presented the connection mechanism, one of the most fundamental compo-
nents of a Self-Reconfigurable Modular Robot. We explained how connectors can be classified
and we listed several desired properties that an ideal connection mechanism should have.
We described the Roombots ACMv3 connector as it was designed by Dr. Alexander Sprowitz
and explained its limits in terms of tolerance to misalignment. We then proposed two im-
provements to this design. ACMv4 has improved kinematics that create a larger scooping
movement of the latches, increasing the gripping range from 3.1 mm to 4.7 mm. This allowed
us to autonomously perform locomotion through self-reconfiguration for the first time on a
vertical surface, as reported in Appendix B. The Hybrid ACM combines the mechanical cou-
pling system of ACMv4 with small magnets used solely for passive guidance. This improved
the robustness of the connection process, allowing us to dramatically increase connection
success rate.

Active Connection Mechanisms can be used to change the connectivity of the SRMR, to attach

20n-grid locomotion is not the main focus of this thesis.
3This feature is discussed here but was never used for any of the studies reported herein.
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to connector plates fixed in the environment to perform on-grid locomotion, or to connect
and manipulate external parts and objects. In the next Chapter we will discuss some examples
of external attachments that can be used in conjunction with Roombots modules.
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External Attachments

Although we designed Roombots to be a homogeneous SRMR, we believe that it could take ad-
vantage of its ACMs for attaching to and manipulating different types of external attachments.
In this chapter we describe three types of attachments that we thought could be useful for a
SRMR and more specifically for our “Roombots as building blocks for furniture” scenario and
for improving locomotion.

In Section 6.1 we present passive parts, which are structural elements that can be used in
conjunction with active Roombots modules to create structures with increased mechanical
stability compared to those built entirely from active modules.

In Section 6.2 we list some possible specialized parts that could be directly connected to
Roombots modules to provide them with specific new functionalities. The use of these parts
would make Roombots a kind of heterogeneous system in which some complex tasks are
executed by dedicated modules. Some of these could include for example specific types of
actuators that would be hard to implement in a compact way just with Roombots modules,
additional sensors, or devices as displays, lights, or speakers.

Finally, in Section 6.3 we describe the use of compliant passive parts that could be used to
improve locomotion performance. Several different types of compliant external attachments
could be included in our SRMR. Here we focus on the construction of in-series intermodule
passive compliant elements. In Chapter 10 we report locomotion experiments with compliant
elements with two Roombots modules and with the 8-DoF Lola-OP™ Modular Snake Robot.
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Data analysis, Writing.
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My original contribution: Conceptual contribution, Experimental setup, Hardware experiments,
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60




6.1. Passive parts

6.1 Passive parts

The long term vision of the Roombots project is to create Self-Reconfigurable Modular Furni-
ture, as presented in the rendering in Figure 2.4 (Chapter 2). We believe that larger Roombots
structures are best built from a mix of active Roombots modules and lightweight passive
elements with embedded connection ports. Passive parts can be used to constrain the robotic
modules and allow a larger load to be applied to the overall structure, even when the modules
are switched off.

Figure 6.1 shows conceptual examples of structures built by active modules and passive parts.
The use of passive parts and multiple connection points can help increase mechanical stability.
These elements can be small blocks, the size of one or multiple lattice cells, manipulated
and transported in the environment by active Roombots modules or metamodules, as we
demonstrated in [15].

In the realization of the Self-Reconfigurable Modular Furniture scenario we also considered
passive parts created by larger structural parts (such as tabletops or long beams) or entire
standard pieces of furniture equipped with passive connectors. In Chapter 11 we will provide
some examples of this “augmented furniture”.

Figure 6.1 — Use of passive parts to increase mechanical stability and reduce the weight of a
structure. The leftmost structure is built using 8 Roombots modules. The others combine 4
Roombots modules and 2 passive parts.

6.2 Specialized Parts

For the design of specialized parts we brainstormed a list of possible items that we imagined
could be integrated in a Roombots structure. We put a particular focus on specialized parts
that could be useful in a domestic environment, such as those that we used in Chapter 11. All
these specialized parts should be equipped with Roombots passive ports.

The number and type of devices that can be included as specialized parts depends on the
application and type of task (e.g. locomotion, reconfiguration, manipulation). We report here
a partial list of objects sorted by their main function.
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e Structural support

— Passive stiff elements
— Cable systems (e.g. tensegrity)
— Pre-constructed body parts (e.g. table)

¢ Useful for locomotion

Wheels, Swedish wheels, Whegs

Articulated actuated legs

Tracks

External passive extensions, rubber feet

Sticky materials, grippers, anisotropic materials, claws, to create high friction with
the ground on a specific place

Inertial units, flywheels
* Impact protection

— Bumpers
— Soft enclosures

— Compliant extensions

¢ Sensors or end effectors

Exteroceptive sensors

Grippers

Tools

Lights, speakers, monitors
e Computation and power

— Computation units
- Datalogging and storage units

— Extra battery packs
e User’s input

— Control panel
— Communication board for input devices (e.g. IR remote controllers)

- Exteroceptive sensors for voice control or for gesture recognition
¢ Ergonomics

— Handles
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— Soft structures

- Inflatable pillows
* Aesthetics

— External covers

6.3 Compliant Parts

In Chapter 4 we explained how scalability affects homogeneous SRMRs. Actuators have to be
designed with the worst possible configuration in mind. One of the challenges in the field of
Reconfigurable Modular Robotics is to design modules that can push as much as possible this
scalability boundary, allowing modules to lift several times their own weight. For this reason,
many robots in literature are designed with large torque capability (e.g. with high reduction
ratio gearboxes), resulting in rather slow speeds and less dynamic gaits [182].

One approach that we explored to push this scalability boundary is by using compliance
in the structure. Compliance could be included in a number of ways, for instance in series
with the actuators or as softness in the body of the robot. In our work we used compliant
extensions, a special kind of specialized parts that can be connected to a modular structure.
These extensions can be plugged to any ACM available to create compliant links between
modules or soft protrusions that contact with the environment. We focused our work on the
first type, creating inter-module passive compliant elements.

We explored the use of these elements for off-grid locomotion tasks with (Self-) Reconfigurable
Modular Robots, under the hypotheses that added in-series compliance could bring benefits
in terms of:

* Improved energy efficiency by using the compliance to store and release elastic energy

* Increased system dynamics

* Better adaptation to rough terrain features and maximizations of the contact points
with the ground

¢ Reduced shock loads on the actuators and on the whole structure

Related Work

Running animals can save energy and reduce unwanted heat production by bouncing along on
elastic structures, using the principle of the pogo stick. For example, horses can generate 40%
of positive mechanical work for trotting and galloping from the elastic coil of their tendons [11].
They can save even more energy by using return springs to halt the legs at the end of each
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Figure 6.2 — Types of compliance

forward or backward swing. Most mammals have pads on their paws, which help moderating
the impact force of the foot on the ground and improve road holding by preventing chatter [3].

In classical robotic applications (e.g. industrial robots), designers have traditionally tried to
maximize interface stiffness between actuators and loads and minimize joint compliance [162].
This makes sense in industrial high-precision systems because stiffness improves accuracy,
stability, and bandwidth of position control. Stiffer interfaces allow increasing the bandwidth
of a position control feedback loop without compromising stability. However, mechanically
compliant systems have advantages as well, including:

¢ Greater shock tolerance and reduced damage in case of accidental collision
* Lower reflected inertia

¢ More accurate and stable force control

Potential for energy storage and restitution

It is therefore not surprising that, especially for application such as human-robot interaction
or dynamical legged robotics, several robots with compliant actuators, flexible links, and/or
compliant joints have been designed. Figure 6.2 gives a brief overview of how compliance or
compliant behavior can be included in a robot.

One way to introduce compliance in a robotic structure is by adding passive elastic elements.
This can be done, for instance, by constructing components or entire links using flexible
materials [94, 167]. These elements bend under the effect of an external force, converting it
into elastic potential energy that will then be partially fed back to the system. Smart Composite
Microstructures (SCM) technology [239] allows creating a layered heterogeneous structure
with local variations in materials properties which give high specific strength and stiffness
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in selected areas, while providing compliance in others. This offers the possibility to include
non-linear properties such as bio-inspired compliance gradients.

Passive compliance can also be lumped in elastic elements such as springs. These can be
created in many shapes (e.g. coil springs, leaf springs, cantilever springs), but there are three
basic types of springs:

* Compression springs, designed to operate with compression loads
» Extension springs, attached at both ends, designed to operate with tension loads

 Torsion spring, designed to operate with torques

An alternative to (steel) springs can be the use of air springs, or the use of elastomers [126] as
compliant medium.

Passive elastic elements can be added in series to the actuation. Many applications use electric
motors with gear reduction; while this can provide power at low speed, it also increases
reflected inertia, backlash, torque ripple and noise. Introducing series elasticity reduces
interface stiffness and can help reduce many of the previous problems. Among the many
advantages, series elasticity:

* Provides low-pass filtering of shock loads
* Turns force-control problems into position-control problems

* Provides for the possibility of energy storage

One notable implementation are the Series Elastic Actuators (SEA) developed by Pratt and
Williamson [161]. In alternative, when possible, using pneumatic or hydraulic actuators can
give already a certain degree of compliance and impact robustness [175, 190]. Soft Pneumatic
Actuators (SPA) are compact and lightweight actuators fabricated almost entirely out of highly
compliant elastomers such as silicone rubber [55].

Passive elastic elements are relatively easy to be added to a robotic structure; they provide
high bandwidth and great protection against impacts. However, their main limitation is that
the spring constant k is fixed once for all.

To overcome this limitation, it is possible to employ adjustable stiffness elements. If applica-
ble, one simple way to change the behavior of a spring is by changing its pre-compression.
Alternatively, in case of cantilever springs, it is possible to reduce the length of the beam to
increase the stiffness (e.g. with a rigid slider [59, 60]). Passive, controllable stiffness actuators
can be implemented using for example antagonistic-controlled stiffness (using non-linear
springs), Variable Stiffness Actuators (VSA) or Variable Stiffness Joints (VS]). A good review on
compliant actuator design is presented in [73]. Tunable stiffness can also be achieved with
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Figure 6.3 — Types of in-series compliance explored in this work: (a) “Omnidirectional” com-
pliance. (b) Torsional compliance.

structures based on electroactive polymers (EAP) that are lightweight and simple and can
change their stiffness and damping properties very quickly [45]. Shape Memory Alloy (SMA)
wires can be coated with thin layers of Shape Memory Polymer (SMP) and sewn onto pieces of
fabric to create a variable stiffness fabric for wearable devices [32].

Finally, compliance can also be included as active compliance achieved through the robot’s
control loop. Common approaches are Compliance Control, Impedance Control, Force Con-
trol and Hybrid Force/Motion Control [197]. The main drawback of active compliance is that
it is not an intrinsic property of the robotic structure, but it is a response of the control to an
external perturbation. Active compliance depends on the sampling rate of the system and
therefore the response cannot be instantaneous. This means that it has a limited response
rate and the mechanical structure could be damaged from peaks of impact force.

6.3.1 Compliant parts for Roombots modules

In order to study the effect of compliance in a reconfigurable modular structure we analyzed
the locomotion on flat ground of two Roombots modules with in-series compliant elements.
Details on the work and results are reported in Section 10.1. Here we describe the implemen-
tation and manufacturing of the elements.

We focused on two different types of compliance, namely “omnidirectional” and torsional
compliance (Figure 6.3). The basic element of the first set, referred as compliant rod (CR), is a
cylindrical beam made of polyoxymethylene (POM), blocked on each side (Figure 6.4.a). By
changing the diameter d of the beam, we were able to produce different stiffness values. The
length of the beam is fixed at £ = 0.081 m so that the total length of the element (including

66



6.3. Compliant Parts

(a) Compliant Rods (CR) (b) Torsional Springs (TS)

Figure 6.4 — Compliant elements used for the experiments: (a) Five compliant rods made in
POM. (b) Top: torsional spring construction for 7S;-TS,, using off-the-shelf springs; bottom:
torsional spring for 7S5, with a custom designed POM spring. Image from [224].

the fixation on each side) is equal to the basic Roombots grid size (0.11 m). Given the axial
symmetry, the CR can bend in every direction perpendicular to its longer axis. In addition, CR
elements have also some torsional stiffness (torsion of a beam).

To recreate pure torsional compliance, we developed two different designs of torsional springs
(TS). The first design (mechanism type 1, used for TS,-TS;) was made using pairs of off-the-
shelf torsional springs, slightly pre-compressed, mounted in a mirrored configuration so that
they act one against each other (top row of Figure 6.4.b). This way, the resulting compliant
element has the same stiffness value when rotated clockwise or counterclockwise. The range
of motion of this design is +60 deg. The second TS design (mechanism type 2, used to get a
higher stiffness value for TSs) was inspired by the work of Carpino et al. [30] (bottom row of
Figure 6.4.b). This design was chosen because it is symmetrical along the direction of rotation,
the stiffness value can be varied by changing the thickness, and it is quite compact and easy to
manufacture. 7S5 was made in POM and has a range of motion of £30 deg.

For each type of compliance we manufactured five elements with different compliance. Stift-
ness values of these elements are reported in Table 6.1. These values where chosen among a
larger selection so that, during the locomotion of the Roombots structure, the most compli-
ant elements (CR; and TS;) naturally bent almost to their full range. Each of the next three
elements (CR,—CR, and TS,—-TS,) roughly doubles the value of the previous one. The stiffest
elements (CRs and TSs) are of an order of magnitude higher than the previous, to provide an
“almost stiff” test case. For the CR, the stiffness values were calculated using beam theory. If
we consider the material as homogeneous, we define two types of stiffness:
EI _End*

Fl 1 stiff; tkp=—= 6.1
exural stiffness: kg 7 o, (6.1)
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Table 6.1 - Compliant elements specifications. kcg,r: flexural stiffness (from Equation 6.1);
kcr,r: beam’s torsional stiffness (from Equation 6.2); krs: torsional spring stiffness (from
datasheet (TS;-TS4)) or FEA (TS5)).

Item name d [mm] Flexural stiffness [Nm/rad] Torsional stiffness [Nm/rad]
Compliant Rod 1 5 kcr,,r=1.06 kcr,,7=0.78
Compliant Rod 2 6 kcr,r=2.19 kcr,, 7 =1.63
Compliant Rod 3 7 kcr,,r=4.07 kcr,, T =3.02
Compliant Rod 4 8 kcr, r=6.95 kcr, T=5.15
Compliant Rod 5 12 kcr,r=35.2 kcr,, T =26.1
Item name Torsional stiffness [Nm/rad] Mechanism type
Torsional Spring 1 krs, =0.44 1
Torsional Spring 2 krs, =0.58 1
Torsional Spring 3 krs,=1.18 1
Torsional Spring 4 krs, =1.63 1
Torsional Spring 5 ks, =16.6 2
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GJ] Gnd*
Torsi 1 stiff ckr=—= 6.2
orsional stiffness: kr 7 327 (6.2)

where E is the Young’s modulus for the material (we used 2.8 GPa for POM), G is the shear mod-
ulus calculated as ﬁ (Poisson’s coefficient v = 0.35 for POM), and I and J are respectively
the area moment of inertia and the polar moment of inertia.

For the first TS design, it can be demonstrated that the total stiffness is equal to the sum of
the two springs. Since we used off-the-shelf components, their stiffness value was provided
by the manufacturer. For the second TS design, the stiffness value was estimated using finite
elements analysis (FEA). It is worth pointing out that we are mostly interested in the order of
magnitude and the relative stiffness value between different compliant elements rather than
their precise value.

We imagined these passive elements as extensions that can be easily connected to Roombots
modules using Active Connection Mechanisms. However, in order to simplify the long ex-
perimental work presented in Section 10.1, we manually and tightly fixed them to available
sockets on the Roombots shells using screws.

6.3.2 Adding Compliance to the Lola-OP™ Snake Robot

We decided to extend our study on passive compliant extensions using a Modular Snake
Robot, a special case of Reconfigurable Modular Robot. This decision was mainly driven by
the readily availability of the Bioloid platform [12], which allows to build modular robots built
entirely using off-the-shelf components and controlled using standard Dynamixel libraries.
The system has a commercial-grade robustness which makes it perfect for running exten-
sive hardware experiments. Its modularity and reconfigurability allows to quickly construct
different configurations.

We assembled Bioloid modules in the shape of a snake robot, using the Lola-OP™ configu-
ration described in Section 2.3. In Sections 10.2 and 10.3 we will analyze the effect of added
in-series compliance in the interconnection between each module of an 8-DoF Lola-OP™. In
the following we we give details on the manufacturing of the compliant elements.

Compliance has been added in the form of cylindrical beams, fixed on each side, able to bend
in any tangential direction and twist on their longitudinal axis. These compliant elements are
equivalent to the Compliant Rods for Roombots modules presented in the previous section.
The stiffness level of these elements depends on their length, ¢, their diameter, d, and the
mechanical properties of the materials used for construction.

We manufactured elements with 4 different levels of compliance from relatively soft to stiff.
For the first three elements (denoted as C1, C2, and C3) the compliant elements are made
from super-elastic Nitinol wires with diameters of d = 1.0, 1.5, and 2.0 mm. These elements
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Table 6.2 - Compliant elements specifications.

Item d [mm] Flexural stiffness [Nm/rad] Torsional stiffness [Nm/rad]
C1 1 (Nitinol) ke = 0.46 ke =0.35
C2 1.5 (Nitinol) kcop =23 kco,r =1.75
C3 2 (Nitinol) kesp =73 kes,r=5.54
C4 8 (POM) kcap=70.4 kcar =523

have a total length of 25 mm, but are mechanically fixed on each side to a supporting structure
of thickness 8.5 mm, as shown in Figure 6.5. Thus, their effective length is £ = 8 mm. The
fourth element (denoted as C4) is made using the exact same principle, but with a 8mm-wide
cylindrical rod made in POM (polyoxymethylene).

Each of these elements can bend in any direction tangential to their longitudinal axis, and
also twist about it. We calculated flexural and torsional stiffnesses using Equations 6.1 and 6.2.
For the Young’s modulus E we used 75 GPa for Nitinol and 2.8 GPa for POM. For the Poisson’s
coefficient, needed to calculate the shear modulus, we used v = 0.33 for Nitinol and 0.35 for
POM. The resulting values of stiffness are reported in Table 6.2.

We chose C1 as alower bound, as it corresponds to a soft element that highly deforms under

Figure 6.5 — CAD model of a segment of the Lola-OP™ robot, with a broken-out view of a
C3-type compliant element: (1) Dynamixel AX-12A® actuators. (2) Bioloid Flange F2. (3)
Machined POM parts. (4) Super-elastic Nitinol wire (for C1, C2, and C3) or POM rod (for C4).
(5) Bioloid Flange F3. Dimensions are expressed in mm. Image from [225].
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Figure 6.6 — Simulation of compliant 8-DoF Lola-OP™ robots under the effect of gravity. The
first module is fixed to a frame. All servos are locked at zero position to show only the bending
of the compliant elements. Image adapted from [225].

the nominal forces applied by the motors. C2 and C3 have higher levels of stiffness, but are
still partially deformed during runtime. C4 is chosen as upper bound and has a rigid behavior.

To get an intuition of the chosen range of flexural values of stiffness, in Figure 6.6 we show the
effect of gravity on simulated cantilevered 8-DoF Lola-OP™ robots.

6.4 Conclusions

In this chapter we proposed the use of external attachments in conjunction with active mod-
ules. Passive parts create mechanical stability while reducing weight and price compared to
structures built completely from active modules. Specialized parts can create new features, for
example by adding new end effectors to the modular structure, or improve existing ones, as
in the example of the Swedish wheel part that could replace the use of roombots modules as
wheels. In Chapter 11 we show some examples of how these specialized parts can be used in a
household to improve quality of life. A third type of external attachments, compliant parts,
can be useful for locomotion to store and release elastic energy, to loosen internal constraints,
or to reduce shock loads on the structure or its actuators. Compliant parts have been used in
several studies reported in Chapter 10.

This concludes our contribution to the hardware challenges for SRMRs. In the next part we
will tackle locomotion challenges by learning how to coordinate large numbers of degrees of
freedom after self-reconfiguration and improving locomotion performance through the use of
compliance.
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7d Overview of the Roombots
locomotion control

Locomotion is one of the basic tasks of a Self-Reconfigurable Modular Robot. We are particu-
larly interested in the off-grid locomotion (which will also be referred to as gait locomotion),
in which the different degrees of freedom move together in a coordinated manner to produce
a translation of the center of mass of the structure along a desired direction.

In Section 7.1 we describe the challenges in designing a locomotion controller for a (Self-)
Reconfigurable Modular Robot and discuss common methods used in literature.

In Section 7.2 we present the locomotion controller that we used in our experiments which
uses a network of coupled non-linear oscillators representing a bio-inspired Central Pattern
Generator (CPG).

Some parts of this chapter have been adapted from:

[224] M. Vespignani, E. Senft, S. Bonardi, R. Moeckel and A.J. Ijspeert. “An experimental study
on the role of compliant elements on the locomotion of the self-reconfigurable modular robots
Roombots". In 2013 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS). Nov.
2013, pp. 4308-4313.

My original contribution: Conceptual contribution, Experimental setup, Hardware experiments,
Data analysis, Writing.

[130] R. Moeckel, Y.N. Perov, A.T. Nguyen, M. Vespignani, S. Bonardi, S. Pouya, A. Sprowitz, J. van den
Kieboom, E Wilhelm, and A.J. Ijspeert. “Gait optimization for Roombots modular robots - Matching
simulation and reality". In 2013 IEEE/RS] International Conference on Intelligent Robots and Systems
(IROS). Nov. 2013, pp. 3265-3272.

My original contribution: Conceptual contribution, Experimental setup.
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7.1 Locomotion Controllers for Self-Reconfigurable Modular Robots

Locomotion is an essential skill of any autonomous robot and one of the basic tasks of a (Self-)
Reconfigurable Modular Robot. Lattice-type systems move by dynamically changing the shape
of the structure, generating the so-called flow locomotion. Modules move individually by
rearranging their connectivity on a substrate that can be made of static grid environment
or other modules. Although flow locomotion can be modeled as a Self-Reconfiguration
Problem (SRP) and solved adapting methods from this domain [199], the resulting motion is
extremely slow and inefficient [2]. Moreover flow locomotion is highly affected by hardware
imperfections and limitations: alignment problems or unwanted structural deflection can
cause two neighboring modules to not be able to successfully dock, thus blocking the self-
reconfiguration process.

In our research we are interested in the locomotion of chain- and hybrid-type robots. These
systems can use the more energy-efficient gait motion, in which off-grid coordinated actuation
of the joints results in a translation of the center of mass along a desired direction. In gait
motion no attachment/detachment actions take place and the morphology of the modular
robot remains fixed during locomotion!. Reconfiguration occurs only in order to adapt to a
new environment or situation.

Despite the large number of developed gait controllers for bipedal, multi-legged, crawler, cater-
pillar, and snake robots, their direct adaptation to modular robots is not straightforward [2].
“Conventional” robots are usually designed (e.g. in terms of morphology and number, type,
and placement of the DoF) to suit a particular locomotion gait; on the other hand modular
robots are normally designed to be general purpose, they are expected to exhibit multi-modal
locomotion, and their shape and distribution of degrees of freedom is highly dependent on the
number and type of modules used in the structure. Hence, achieving locomotion in modular
robots usually imposes more challenges than in conventional robots.

7.1.1 Related Work

In order to realize a particular gait, it is necessary to define two elements: a control method
and a synchronization method. The control method defines the cyclic set of actions that each
module has to perform at each time-step. Synchronization methods are needed to coordinate
the motion of modules so that the overall structure creates smooth gait motion.

One of the first and simplest control methods for reconfigurable robots was gait control
tables, in which modules have a list of predesigned mappings from a set of states to a set
of actions [243, 211]. The control usually runs in open-loop, with the assumption that all
modules are synchronized. The main weaknesses of this method are that it is not scalable as
the number of modules in the structure increases, it cannot generate non-periodic gaits, and
it is not adaptable to environmental changes.

1Unless explicitly stated, for the rest of the thesis we will use the term locomotion as a synonym for gait motion.
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Recently Christensen et al. [36] presented a distributed reinforcement learning strategy for
morphology-independent lifelong gait learning for modular robots. All modules run identical
controllers that optimize their action selection based on the robot’s velocity as a global, shared
reward signal. This method can be used to learn simple control tables and can recover the gait
in case of self-reconfiguration or module failure.

Zhang et al. introduced Phase Automata [261], a way of programming scalable locomotion
gaits using an event-driven state automaton with an initial phase delay. Phase automata can
produce periodic and non-periodic gaits, can create terrain-adaptive gaits, and it is scalable. It
was used to control the locomotion of hardware structures composed of more than 50 PolyBot
modules. However, transition rules have to be manually designed.

Found in many vertebrates and invertebrates, Central Pattern Generators (CPGs) are neural
circuits capable of producing coordinated patterns of high-dimensional rhythmic output
signals while receiving only simple, low-dimensional, input signals, even in isolation from
motor and sensory feedback [81]. CPGs can be modeled as distributed systems of coupled
non-linear oscillators, usually with one oscillator per degree of freedom [116]. CPGs can
produce both periodic and non-periodic gaits, are robust against perturbations, and can
produce coordinated patterns in absence of feedback. Their parameter optimization however
does not scale well as the number of degrees of freedom in the modular robot increases [158].

Neuro-Evolution of Augmenting Topologies (NEAT) is a Genetic Algorithm that evolves at
the same time weighting parameters and structure of an Artificial Neural Network [206].
HyperNEAT, an evolution of NEAT, has been used to create efficient gaits for modular robots [71,
43]. Reinforcement Learning (RL) has been used to solve the “Control Your Own Body” (CYOB)
problem on simulated YaMoR and Roombots modules [44, 230]. D’Angelo recently showed
that the RL POWER algorithm is much faster in achieving high performance compared to
HyperNEAT [43]. The quick convergence of RL does not come at the cost of solution quality.

SRMRs are a perfect platform to use co-evolutionary algorithms in which morphology and
controller are evolved simultaneously to suit a particular task [115]. In nature there is never an
“empty” organism, but brain and body co-evolve [155]. Pfeifer and Bongard [154] emphasized
the advantages that can be achieved by exploiting morphology in parallel with control aspects.
The co-evolution of body and mind was first investigated by Sims in his seminal paper [198],
and later used by several other authors in simulation [34, 116, 72, 159, 54] and directly on
hardware robots [24].

As discussed earlier, in order to realize a particular gait it is necessary to also define a synchro-
nization method. There are two main categories: blocking and non-blocking.

Blocking methods keep modules synchronized at all time, but can result in discrete movements
with pauses between each action. Examples include the Master Control, used by Yim [247],
and Hormone-Based methods such as those developed by Shen et al. [192, 195]. Moreno and
Gomez [133] developed a hybrid system that uses hormone messages to propagate sensory
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feedback information, in combination with a CPG for motion generation.

On the other hand, non-blocking methods avoid interruptions in the module movements
caused by delays in the synchronization messages. In [210] joint angles are calculated with
a cyclic function with period T; after a time interval d (delay), each parent module sends
a synchronization message to its child modules to ensure that their action is delayed by d.
The simplest form of continuous synchronization would be to have one clock signal shared
between all modules; however in many applications it is assumed that all the modules’ clocks
stay synchronized for the duration of the experiments [247, 208].

Unless otherwise stated, for the locomotion studies presented in the next chapters we used
bio-inspired control methods based on Central Pattern Generators combined with learning
techniques. The chosen design of the CPG controller is described in the next section. The
CPG control parameters are found using Particle Swarm Optimization (PSO), as explained
in Appendix E. For the experiments with hardware robots in Chapters 9 and 10, a “start
experiment” signal is broadcasted via Bluetooth to all the modules. Therefore we assume
that the clocks of the different modules are sufficiently synchronized and use a non-blocking
control.

7.2 Central Pattern Generators (CPGs)

We control Roombots structures through Central Pattern Generators [81], networks of coupled
nonlinear oscillators. CPGs were preferred to other control methods for the following reasons:

1. They are capable of generating synchronized movement patterns using only a few
control parameters (as in Loeb’s marionette puppets analogy [110]). Thus only a few
parameters have to be learned during the optimization process to achieve complex
behavior.

2. In principle, CPGs provide a scalable control scheme that can be easily adapted to
the number of modules forming the robotic structure by simply adding or removing
oscillators from the network?.

3. CPGs ensure smooth transitions of motor set points after a modification or perturbation
of the state variables. This avoids abrupt changes of the motor states which is typically
preferred to achieve stable gaits and expand motor and robot life time.

4. They can be easily expanded to generate different types of locomotion patterns. In this
work we only considered sinusoidal waves.

5. State variables can be influenced by sensory feedback signals. This feature however was
not exploited in the work presented in this thesis.

2In practice, as discussed later in this section and in Section 7.3, parameters optimization becomes challenging
as the number of DoF increases.
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Similar to bio-inspired lamprey models, each CPG is modeled using a phase oscillator, as
in [82]:

bi=2m-f+) wij-rj-sin(¢;—di—yij) =
J

ri=a;(Ri—r;) 72

01 = rs-sin(¢i) + X; (7.3)

where i and j are the indexes of the oscillators, 0; is the oscillator output controlling the
position set-point of the degree of freedom i, and r; and ¢; are state variables that encode
amplitude and phase of the oscillation. The parameters w;; and v/;; are respectively the
coupling weight and phase bias of the coupling between oscillators i and j. a; is a positive
constant which determines the rise time of the amplitude r; to the desired value R;. We use
one common frequency for all oscillators (f = 0.2 Hz), which fits well with the nominal speed
of the hardware actuators.

Each oscillator i has the following open parameters that are subject to optimization:

* The desired amplitude R;
¢ The offset X;

* The phase lags y;; with respect to the other oscillators

While each oscillator has only one amplitude and offset, it is clear that the number of param-
eters for the phase lag y/;; can increase exponentially with the total number of degrees of
freedom. In order to limit this number, in our experiments we use symmetric bi-directional
couplings such that y; ; = -y ;;. Additionally, we only consider nearest-neighbor coupling, i.e.
only phase oscillators of neighboring DoF are coupled together, as shown in Figure 7.1 for two
structures composed of three Roombots modules. All coupling weights are set to w;; = 2, as
in [158].

With these predefined rules, any arbitrary Roombots structure composed of m modules and
n = 3m degrees of freedom has the following open parameters: n amplitudes, n offsets, 2m
phase lags y/; ; between oscillators belonging to the same modules, and 1 phase lag value for
each physical connection between modules. This means 9m — 1 parameters if the structure
does not have closed loops.

CPG’s equations were modeled and integrated over time using the Codyn Framework devel-
oped by Jesse Van den Kieboom [39, 93], whom we thank for his valuable support. In order
to find optimal values for the open parameters we used Particle Swarm Optimization, as
described in the next section.
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Figure 7.1 — Examples of Roombots CPG topologies with one oscillator per degree of freedom
and nearest-neighbor coupling. Each structure has 26 parameters subject to optimization: 9
amplitudes, 9 offsets, and 8 phase lags.

7.3 Conclusions

In this chapter we described and analyzed existing control methods for (Self-) Reconfigurable
Modular Robots. For our locomotion experiments we generate joint angle positions using
Central Pattern Generators (CPGs), bio-inspired networks of coupled nonlinear oscillators.

As discussed in Section 7.2, despite using some simplification rules to design the CPG topol-
ogy such as nearest-neighbor coupling, the locomotion controller for a Roombots structure
composed of m modules has at least 9m — 1 open parameters that require optimization. This
number does not scale well with the number of modules in the structure. As the search
space of the optimization becomes larger, more particles and more iterations (i.e. more opti-
mization time) are needed to explore it thoroughly. In the next chapter we will describe two
bio-inspired methods that we developed in order to reduce the number of parameters that
need optimization.
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Body/Limb and Symmetry Finder
Algorithms

Designing a locomotion controller for a Self-Reconfigurable Modular Robot is challenging
because the morphology and connectivity of the robot can change arbitrarily at any time
during the completion of a task. In this chapter we consider the case of a robotic structure
self-reconfiguring into a “never seen before” morphology, meaning that the robot does not
have any prior knowledge on how to locomote with this structure (i.e. it cannot use a gait
table). As discussed in Section 8.1, one typical example would be a SRMR that faces a hardware
failure of some modules during a time critical mission and is forced to reconfigure into a new
shape and re-optimize its locomotion controller. Given the time criticalness of the mission,
the robot cannot wait until full convergence of the optimization algorithm, but has to accept a
“good enough” quick solution.

In Section 8.2 we propose a new method (BLF) to speed up the learning process by automat-
ically extracting morphological features in order to reduce the number of parameters to be
optimized. The proposed method is based on the detection of bio-inspired sub-structures, i.e.
body, limbs, and articulation joints, inside any arbitrary modular structure to create reduced
network topologies. Additionally, information on structural symmetries (SYM) is used to
further reduce the open parameters.

We test combinations of the proposed methods on three simulated structures (Section 8.3),
showing in Section 8.4 that they can lead to significantly better results until at least the 30*"
iteration of the optimization process, with fitness values on average three times higher than
the complete unreduced optimizations.

Some parts of this chapter have been adapted from:

[17] S. Bonardi, M. Vespignani, R. Moeckel, J. Van den Kieboom, S. Pouya, A. Sproewitz, and A.J.
Ijspeert. “Automatic generation of reduced CPG control networks for locomotion of arbitrary modular
robot structures". In: Proceedings of Robotics: Science and Systems. 2014.

My original contribution: Conceptual contribution, Simulation experiments.
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8.1 Introduction

As already discussed in Chapter 2, one of the potential advantages of SRMRs is their ability
to autonomously modify their structure to adapt to changes in their surroundings. These
morphologic changes bring the burden of having to also adapt the locomotion controller to
each new situation. If the new structure was known beforehand, it is possible to use previously
learned parameter sets, e.g. using gait tables. However, if the robot reconfigures into a new
structure that was never seen before, it is necessary to employ some type of locomotion
learning algorithm.

A possible way to find optimal sets of control parameters is to use model-free optimization
methods such as Powell’s Method [160] or Particle Swarm Optimization [90, 157]. These
methods have been used for example to find optimal CPG parameter sets for several Roombots
structures [158]. Their main downside is the time required to sufficiently explore the parameter
space, which is tightly linked to the number of parameters that needs to be optimized.

Figure 8.1 - Example of application of the BLF algorithm: (a) A quadruped structure composed
of 9 Roombots modules. (b) Corresponding graph representation. (c) Detected body and
limbs. (d) Articulations detected using the set of rules described herein. Image from [17].

82



8.1. Introduction

In this work we propose an automated method to generate reduced control networks for
the locomotion of arbitrary structures made of modular robots'. This method can speed up
the learning of new parameters and it is particularly efficient in those situations in which
there is limited time available for the optimization process. Using predefined sets of rules we
reduce the number of active degrees of freedom and therefore of optimization parameters.
Our approach is based on the decomposition of the robotic structure into morphologically
relevant sub-structures (e.g. body and limbs) and on the automated identification of bio-
inspired articulation joints. These joints correspond to the actuated DoF while all the other
actuators are kept in a locked state. Additionally, we also considered existing symmetries in
the structure to further reduce the number of open parameters.

Our work is driven by the following hypotheses:

1. The use of bio-inspired functional patterns and symmetries to generate a reduced CPG
network can help for fast re-optimization after structural changes due to hardware
failure or changes in the environment. The advantages in terms of forward speed
and collisions, compared to a fully open optimization, are higher during the first few
iterations of the optimization process.

2. The quality of the solution (e.g. the locomotion speed after convergence) is not signifi-
cantly modified in comparison to a fully open optimization.

8.1.1 Related Work

Modular robots offer the advantage of morphology that can change depending on external
factors (e.g. changes in the environment) or internal ones (e.g. sudden hardware failure). This
flexibility brings an additional challenge in comparison with monolithic robots in terms of
design of efficient controllers. Moreover the increase in the number of degrees of freedom with
each module added to the structure makes it difficult to hand-design specific gaits. Monolithic
robots can also have to cope with a change in their morphology due to hardware issues,
requiring as a consequence a re-design of their locomotion controller. The optimization of the
set of parameters to generate efficient locomotion is often time consuming.

Since the early work by Yim [243] on the caterpillar locomotion of Polypod robots, several
approaches have been proposed for the control of the locomotion of structures made of
modular robots. For example, Shen et al. [193] proposed a hormone based method to control
the locomotion of CONRO robots, Stoy et al. [212] used role-based control and cellular
automata, and Yu et al. [256] described a consensus based approach for the locomotion
control of 2D modular robots. CPGs, implemented as systems of coupled oscillators, are well
suited for distributed locomotion control and various techniques have been investigated [81,

1Based on the proposed implementation, the only limitation is that structures cannot be fully linear (e.g. a
snake robot or a Roombots metamodule) nor fully cyclic (e.g. in a closed chain). Dedicated rules could however be
introduced to cover also these situations.
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115, 116, 42, 202]. The main drawbacks with those approaches is that they consider a fixed
morphology and require the manual design of the CPG network, which might prove to be
a tedious task for large structures. Some authors [198, 21, 107] used evolutionary methods
and co-evolution to make the robot discover its own morphology, or used genetic algorithms
to evolve possible gaits for given structures [87]. Those methods are often computationally
demanding and time consuming, making them difficult to transfer on-board and on-line.
More recently, accelerated learning methods have been investigated [37, 38, 36] based on a
distributed and morphology independent learning process. The main difference with our
approach is that we propose to optimize beforehand the control network itself instead of
approximating the learning reward for the different possible actions. Christensen et al. [35]
described a control framework to generate full body behaviour based on the decomposition
of the structure into bio-inspired parts (like muscle or bones) with pre-defined function (e.g.
muscles can contract). The control is then done at the level of those sub-parts, abstracting
away their individual components. Although this approach is similar in essence to our method,
the main difference is that we propose an automatic detection of bio-inspired joints and
symmetries in any arbitrary structure instead of considering predefined structures built from
known sub-parts.

8.2 Materials and Methods

For this work we used a simulated model of Roombots developed in the mobile robot simulator
Webots [229]. For the locomotion controller we used a CPG formulation similar to the one
described in Chapter 7. In order to find the most efficient gait for each structure, we use Particle
Swarm Optimization (PSO) to generate (off-line) the set of CPG control input parameters.

In this work we used CPG networks to control the locomotion of the different structures. Our
approach can however be generalized to other control strategies (e.g. based on simple sine
waves).

8.2.1 Body/Limb Finder

In many vertebrates, body (torso) and limbs are clearly separated and have different roles
in the generation of coordinated movement for locomotion. We developed a bio-inspired
algorithm, called Body/Limb Finder (BLF), that can automatically identify body and limbs
sub-parts in arbitrary modular structures.

Figure 8.1 shows an example of application of the Body/Limb Finder algorithm of the quad9
structure, composed of 9 modules. The robotic structure is first represented as an undirected
graph in which each node represents a module and each vertex represents a connection
between two modules. The main idea of the BLF algorithm is that the removal of the body
from a given structure will lead to several disconnected elements that represent the limbs. For
more complex structures, the body could be further decomposed into a linear part and/or a
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Figure 8.2 — Step by step application of the body-limb finder algorithm on structio (a), a
structure with 10 Roombots modules used for our experimental validation. (b) The structure
is converted into an indirected graph in which each node represents a module and each edge
represents a physical connection. (c) Detection of bi-connected components (bcc) in the
graph and sorting depending on the number of nodes they contain. (d) Cycles found in the
previous step (i.e. bcc containing more than 2 nodes) are tested to find body parts (bcc4 is
one). (e) Detection of articulation nodes (marked with an A) for the remaining bcc. (f, g)
Articulation joints are tested to check whether they are still part of the body (if the removal of
each articulation joint leads to more than two sub-graphs). The two bcc2 are not part of the
body. Image from [17].

cyclic part. A cyclic part is defined as a closed loop of connected modules.

We set specific rules for the actuation strategy (e.g. amplitude of oscillation) of each sub-part.
In this work we defined some rules to differentiate between spine, hip, knee, and ankle joints.

8.2.2 BLF Rulebook
Body/Limbs Differentiation

The BLF algorithm is primarily based on the notion of bi-connected component (bcc). In a
graph, a bi-connected component is one such that, if removed, leads to a disconnected graph.
Figure 8.2 shows the three main steps of the BLF algorithm:

1. Decomposition into bi-connected components. Starting from the graph representa-
tion of a structure (b), we identify all the bi-connected nodes (c). From this classification
we can already identify the linear parts in the structure (i.e. bcc composed or 2 of less
nodes) and the cycles (i.e. bcc composed of more than 2 nodes), if any.
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Table 8.1 — Boundaries for the amplitude parameter depending on the type of articulation
considered.

Articulation joint:

Spine Hip Knee Ankle

Minimum value 0 0 0 0

Maximum value =

SIE]
SIE]
1B

2. Identification of the cyclic parts of the body. Cyclic parts of the body correspond to
groups of modules that are fully linked together, meaning that at least two paths exist
between any pair of the group. For each cyclic part, we check the connectivity to detect
if they are part of the body (d). After removal of the cyclic part, if the remaining graph is
disconnected then the cycle is part of the body.

3. Identification of the linear parts of the body. For this step (e) we consider the bcc2
nodes (bi-connected components with two nodes) found at step 1. We select only nodes
that satisfy the following two rules:

i Clustering power: if the removal of the node leads to a number of components for
the remaining graph strictly greater than 2 then the node is a linear part of the body.

ii Articulation: the node must be an articulation of the graph.

After that, we calculate the shortest path between the selected nodes and we include it
in the linear part of the body (minus the intersection with the nodes found at step 2).

The limbs are the disconnected components remaining after the removal of the previously
found body.

Articulation Rules
The following are empirical rules that we defined for the selection of bio-inspired articulation
joints.

 Spine: The spine joints are defined with the following:

- Spine joints can only be defined in linear parts of the body.

— Every joint inside the linear part of the body is part of the spine, except for hip
joints.

— Only the middlemost joint is actuated. The other ones are locked.
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- In case of multiple options, the tie is solved at random.
We chose to consider the cyclic parts of the body as non-actuated.
* Hip: There is only one hip per limb, and it must satisfy the following rules:
— Ahip is ajoint at the frontier between a limb and the body. It must therefore have
at least one neighboring joint being part of the body.

- Ahip joint can be physically placed either in a limb node or in a body node.

— In case of multiple options, the most proximal joint is chosen as hip.
* Knee: There can be only one knee per limb (or none), satisfying the following:

- Aknee joint must be part of a limb.

— Aknee joint is at the center of the limb, at equal distance between the hip and the
most distal joint.

— The limb segment between hip and most distal joint must have at least two joints
in order to classify one of them as knee. Otherwise no knee joint can be defined for
the limb.

- In case of multiple options, the more proximal joint is chosen as knee.

* Ankle: The ankle joint follows exactly the same rules defined for the knee, but with the
knee joint in place of the hip joint.

The unclassified degrees of freedom are considered as locked. Figure 8.1 shows an example of
joint classification on a structure made of 9 Roombots modules.

Generation of Reduced CPG Networks

After the detection of bio-inspired sub-parts and joints, we let the algorithm generate the
reduced CPG network. We assign one oscillator for each detected articulation joint. All the
other degrees of freedom are locked. The parameter boundaries for the amplitude of each
oscillator depend on the type of articulation. Boundaries used in this work are reported in
Table 8.1.

Couplings between oscillators are inspired by the typical bone structure in many vertebrates
and are defined by the following rules:

* The spine oscillators are fully coupled together.

* The hip oscillators are fully coupled together. They are further coupled to the closest
spine oscillator in the structure.

» Each knee oscillator is coupled to the hip oscillator of the same limb.
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(@ (b) ()

Figure 8.3 — Test structures used to validate the algorithm: (a) quad5-sym, a quadrupedal
structure composed of 5 Roombots modules with symmetric limbs. (b) quad5-unsym, similar
to quad5-sym, but one of the limbs is not symmetric since it is connected to the body with a
different orientation. (c) structl0, a pseudo random structure of 10 modules with no symmetric
limbs. Image adapted from [17].

» Each ankle oscillator is coupled to the knee oscillator (if it exists) or the hip oscillator of
the same limb.

In [17] we demonstrate that for any structure the number of parameters in the reduced CPG
network is strictly less than in a “fully open” network (i.e. the general CPG network applied to
the original topology).

8.2.3 Distance-based Symmetry

In addition to the BLF algorithm, we also tested a parameter reduction method based on
geometrical symmetries between the limbs. The underlying idea is that similar limbs can
share the same optimized trajectory (same amplitude and offset for the different oscillators).
They will differ in phase shift, which is the parameter that can define different gait patterns.

We defined as “similar” the limbs in which the distribution and orientation of both the degrees
of freedom and the mechanical connections between modules and with the body are identical.
The complete mathematical description of our distance-based Symmetry Finder algorithm is
provided in [17].

8.3 Experimental Results

We evaluated our method on three simulated structures made of Roombots modules, shown
in Figure 8.3. The first, named quad5-sym, is a quadruped-like structure made of 5 modules in
which all four limbs are symmetrical. The second strucutre, called quad5-unsym, is similar
to the first one, but with a limb connected to the body with a different orientation. In this
case, only 3 limbs are symmetric. The last structure, struct10, is a pseudo random asymmetric
structure made of 10 Roombots modules. The first two structures were chosen to represent
bio-inspired structures with symmetric and partially symmetric limbs. StructlOwas selected to
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Table 8.2 — Number of optimized network parameters for the three case structures in the four
different conditions. Numbers in brackets correspond to previously defined networks; these
cases are optimized only once.

Structure:
quad5-sym quad5-unsym  structl0

FO 44 44 90
y
S  BLF 21 21 26
<
§ BLF-SYM 15 17 (26)
SYM 26 30 (90)

test our method on a larger structure in which no intuitive gait could be engineered. Moreover
the simulation of this larger structure required a longer computation time; this is exactly
the type of situation in which we would benefit from a quick learning of new locomotion
parameters in just a few optimization iterations.

In order to evaluate the effectiveness of the BLF algorithm and of the Symmetry Finder method,
we compared results for four conditions:

1. Fully Open optimization (FO): all the parameters of the network are considered open.
We used one oscillator per DoF and nearest-neighbor coupling. For each oscillator the
amplitude is only constrained to [0, ].

2. Body/Limb Finder reduced network (BLF): we use the BLF technique to generate a
reduced network for the structure. The amplitude parameter is constrained depending
on the type of articulation, as in Table 8.1.

3. BLF network and Symmetry Finder (BLF-SYM): we apply the Symmetry Finder method
to the reduced network generated by the BLF to further decrease the number of param-
eters to optimize. The amplitude parameter is constrained depending on the type of
articulation considered.

4. Symmetry Finder (SYM): we applied distance-based symmetries between the limbs to
reduce the number of parameters in the Fully Open network. Contrary to the BLF-SYM,
this method uses the BLF algorithm just to detect body and limbs, without detecting
bio-inspired articulation joints.

Table 8.2 summarizes the number of parameters to be optimized for each structure in the
different cases. The parameters used for the PSO optimization for each case are listed in
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Table 8.3 — Particle Swarm Optimization settings for the different structures.

Parameters quad5-sym quad5-unsym structlQ
Number of particles 80 80 160
Number of iterations 800

Trial time (t;01q1) 30s

Maximum velocity 0.6

Social factor 2.05

Cognitive factor 2.05

Constriction factor 0.729

Table 8.3. The CPG networks for the three structures generated using the four conditions listed
above are shown in Table 8.4.

We ran the PSO optimization twenty times with different initial random populations for the
three structures quad5-sym, quad5-unsym, and structl0. For the latter, only the FO and BLF
networks were tested, since this structure has no geometrical symmetries.

The fitness function f chosen for the optimization process takes into account the displacement
of the structure and penalizes collisions between modules:
d
f= X C (8.1)

Ltotal

where d corresponds to the displacement of the robot during the total experiment time #;,¢4;
and c is a penalization factor used in case of self-collision equal to 0.001 if there is a collision
and 1 otherwise.

Figure 8.4 shows the results of these twenty optimization runs for each structure. Each point
in the plots is the average between the best particle at that specific iteration for each of the
twenty optimizations.

8.4 Discussion

We based this work on two hypotheses. The first one regards the possibility to quickly learn
new locomotion parameters in the first few optimization iterations. We hypothesized that
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Table 8.4 — CPG networks for the three case structures and different conditions. In the FO case,
circles represent generic oscillators. For the BLF and BLF-SYM cases, the limbs are represented
in green, the body in orange, and the shape coding is as follows: spine oscillator are circles,
hip oscillators are squares, knee oscillators are hexagons, and ankle oscillators are crosses. For
the BLF-SYM and SYM cases, symmetric oscillators have similar stripe pattern.
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Figure 8.4 — The mean value of the fitness function over twenty optimizations for quad5-sym
(@), quad5-unsym (b), and struct10 (c). Results are displayed in semi-log scale. Images adapted
from [17].
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Figure 8.5 — In black, mean value of the fitness function for the four best FO optimization runs
of the structl0 structure. In red, mean fitness value of four randomly chosen optimization
solutions in the BLF case. Image adapted from [17].

using a reduced CPG network generated using bio-inspired rules would significantly reduce
the number of iterations needed to obtain an acceptable solution. ANOVA tests ran on the
results (detailed information available in [17]) show that the reduced CPG network dominated
the fully open population at least until the 30" iteration for the quad5-sym and quad5-unsym
structures.

For the structl0 structure, restricting the search space by introducing automatically generated
prior knowledge and boundaries to the parameters created a clear advantage compared
to the FO network. Fitness values are significantly better up to the 200" iterations and
the convergence is significantly faster. This was mostly caused by the difficulty to find self-
collision free solutions in the large search space of the Fully Open network. Out of twenty
runs of the struct10 FO cases, only in four cases we converged to solutions that did not induce
self-collisions. Our first hypothesis holds even if we consider only these four solutions with
no self-collisions. Figure 8.5 shows these four FO best solutions compared to four randomly
chosen BLF solutions. The results from the reduced network are significantly better at the
beginning of the optimization process (until iteration 71) before being dominated by the FO
solutions.

The second hypothesis concerned the quality of solutions at convergence. We can see from
our results that in all cases no significant differences can be found between our three proposed
methods and the standard FO case.

One typical test situation for our method would be some hardware failure of a SRMR during a
time critical mission: the robot is forced to reconfigure into a new shape and to re-learn how
to move. It can, for example, connect to a cloud service to ask for new possible gaits but it
cannot wait until the full convergence (meaning hours of computation for large structures).
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Figure 8.6 — The mean fitness values and standard deviation at iteration 5, 25, 50, and 100
for the different network topologies applied to quad5-sym (a) and quad5-unsym (b). Images
from [17].

Our approach could be used to characterize the new configuration of the robot and propose
corresponding reduced CPG networks to speed-up the optimization of the gait.

With our proposed techniques, after only five iterations (around one minute of optimization
on average on our computer cluster) we manage to provide gaits for both quad5-sym and
quad5-unsym with a fitness on average 3 times higher than the FO case, as shown in Figure 8.6.
Similar trends are can be observed at iterations 25, 50 and 100 (5, 10 and 20 minutes of

computation, respectively).

We can also observe on Figure 8.4 that the reduced networks generated using the distance-
based Symmetry Finder method (SYM) obtain better results relatively to the two other reduced
networks (BLF and BLF-SYM). This can be explained by the fact that the amplitude for the
oscillators has larger boundaries than in the two other cases. A qualitative analysis of the
resulting gait showed that in the SYM case, as well as on the FO case, the structure tends to rely
much on almost rolling movement of some joints to increase its momentum. On the contrary,
in the BLF and BLF-SYM cases, the structure tends to have a smaller amplitude of oscillation
and favor animal-like displacement of the limb, making the obtained gaits more hardware

friendly.

8.5 Conclusions

In this chapter we presented two parameter-reduction methods for Self-Reconfigurable Mod-
ular Robots that allow for quick locomotion-parameter optimization in the first minutes after
a change in morphology.

The Body/Limb Finder (BLF) algorithm detects bio-inspired sub-structures and articulation
joints in any arbitrary modular structure and applies parameter reduction using a set of
pre-defined rules that restricts the number of active degrees of freedom.
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The Symmetry Finder (SYM) method identifies geometrical symmetries, allowing sub-parts of
the structure to share the same optimized parameters.

Both methods and their combination (BLF-SYM) outperformed the “fully open” optimization
at least until the 30" iteration of the optimization process (approximately 5 minutes of
optimization time on our computer cluster). This makes them ideal for learning “good enough”
gaits with just a few optimization iterations for a SRMR engaged in a time-critical mission.

The results presented in this chapter have been obtained using simulation experiments. When
transferring optimized locomotion-control parameters to the hardware robot, there could
be a mismatch in the expected performance, known as reality gap. To ensure portability of
the solutions, in the next chapter we present a hybrid optimization method that allows the
simulator to produce results that match well hardware experiments.

95






Hybrid and Meta-Optimization

As the number of degrees of freedom in a Self-Reconfigurable Modular Robot increases,
locomotion parameter optimization algorithms require more iterations, and therefore more
time, to properly explore the larger search space. In Section 9.1 we describe benefits and
drawbacks of online and offline optimization techniques. Online optimization leads to reliable
results but is extremely time consuming and could damage the hardware robot. On the other
hand, offline optimization can be highly parallelized but results can suffer from the reality gap
(i.e. a mismatch between the behavior in simulation and in hardware).

In Section 9.2 we present a hybrid optimization technique that combines advantages of offline
and online optimization by providing simulation results that are well matched with hardware
experiments. The process is a cycle composed of three steps: (1) an offline optimization
to find efficient locomotion controller parameters; (2) a hardware validation of a selected
set of solutions; and, (3) a meta-optimization process which improves simulator and model
parameters to reduce the reality gap. The hybrid optimization cycle can be repeated multiple
times until a good matching is achieved.

In Section 9.3 we show the results of one hybrid optimization cycle applied to the problem of
learning locomotion for a Roombots metamodule. Similarity ratio between simulation and
hardware experiments is increased by 65%, leading to a visually almost perfect matching.

We conclude in Section 9.4 with an analysis of the benefits of hybrid optimization compared
to offline and online optimization. We estimated at least a 2.5-fold reduction in the required
optimization time compared to online optimization, while generating results that can be
almost seamlessly transferred to the hardware robot.
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Some parts of this chapter have been adapted from:

[130] R. Moeckel, Y.N. Perov, A.-T. Nguyen, M. Vespignani, S. Bonardi, S. Pouya, A. Sprowitz, J.
van den Kieboom, E Wilhelm, and A.J. [jspeert. “Gait optimization for Roombots modular robots -
Matching simulation and reality". In 2013 IEEE/RS] International Conference on Intelligent Robots and
Systems (IROS). Nov. 2013, pp. 3265-3272.

My original contribution: Conceptual contribution, Experimental setup.
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9.1. Introduction

9.1 Introduction

In Chapters 7 and 8 we already discussed the challenges in finding suitable controller parame-
ters to generate efficient locomotion in a Self-Reconfigurable Modular Robot. As the number
of robotic modules and degrees of freedom increases, the (automatic or manual) design of
efficient locomotion gaits becomes onerous and time consuming. Typically, optimization
techniques can be applied either online or offline.

In an online optimization the optimization process is performed directly on the hardware
robot. Candidate solutions are tested by making the robot move for a few seconds with their
corresponding sets of locomotion parameters. While the quality and realism of the solutions
is really high, the process is extremely time consuming. The process requires experiments
running in real time and usually cannot be parallelized unless many copies of the robot
are used at the same time. During online optimization the robotic hardware needs to be
used extensively, increasing the risk of failures. Additionally, if not properly detected, some
candidate solutions could produce self-collisions, excessive torques, or lead to high impacts
with the ground which can damage the robot.

On the other hand, offline optimization takes place in a virtual environment, running either
on a microprocessor inside the robot or externally on a standard personal computer or on
a cluster on the cloud. Simulations can often run faster than real time and in parallel over
multiple processors. Repetitive time consuming tasks such as resetting the robot after each
experiment or recharging the batteries are eliminated. Locomotion parameters can be tested
safely without any risk of damaging the robotic hardware. These are some of the reasons for
the widespread use of simulation. The major drawback of offline optimization is that results
cannot always be directly transferred to the hardware robot. Simplifications in the model and
in the physics engine can often produce behaviors that are only partially reproducible, or even
unreproducible, on the robot. Quoting an old article from Rodney Brooks [26]:

“There is a real danger (in fact, a near certainty) that programs which work well on
simulated robots will completely fail on real robots because of the differences in real
world sensing and actuation.”

This problem is known as the reality gap. In robotics, crossing the reality gap would mean
that any behavior evaluation performed in simulation gives almost exactly the same outcome
when performed in reality [258].

9.1.1 Related Work

Several researchers have been targeting the problem of reducing the reality gap using different
approaches [108, 67, 41, 56]. Jakobi added random noise to the simulated robot’s sensors to
ensure that evolved controllers are robust [85]. Adams incorporated feedback from the physical
robot into a NEAT evolution to improve the use of artificial evolution as a tool for generating
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Offline Optimization
1 (in simulation)

Verification on
Robotic Hardware

Meta-Optimization of
Simulation Parameters 3

Figure 9.1 — Hybrid optimization is a cyclic process combining (1) offline optimization, (2) ex-
ploration of control parameters found in simulation on hardware, and (3) meta-optimization
to improve matching of software models and hardware.

controllers for physical robots [1]. Bongard and Lipson used a co-evolutionary approach,
called the estimation-exploration algorithm, for automatically improving a robot simulator by
changing mass distribution and sensor time lags properties based on how well the controllers
evolved in simulation transfer to the hardware robot [20]. Koos et al. developed a reality gap
reduction method based on a multi-objective optimization on an 8-DoF quadrupedal walking
robot [97] . They use a task-dependent fitness (evaluated in simulation) and a simulation-to-
reality disparity measure that estimates the controller’s transferability when reproduced on
hardware. Klaus et al. published a comparison of different strategies for simulator tuning [96].
A review on different approaches to minimize the impact of reality gap has been recently
presented by Eaton [50].

In this work we explored hybrid optimization as a solution to combine advantages of online
and offline optimization to efficiently find optimal locomotion parameters for arbitrary mod-
ular structures. Using a meta-optimization cycle, we also optimized simulation parameters
allowing for a good match with the hardware.

9.2 Hybrid Optimization

In order to exploit the benefits of offline optimization, we explored the use of hybrid opti-
mization on a Roombots metamodule. Hybrid optimization is a cyclic method that allows to
have reliable simulation results by improving control and model parameters while minimizing
the use of hardware experiments. Figure 9.1 shows the three steps of this cycle. In the first
step, offline optimization is performed using standard simulation and model parameters. A
number of virtual sensors record the behavior and the performance of the simulated robot. A
selection of optimized gaits is then transferred to the hardware and tested for a certain time.
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Hardware sensors analogous to the virtual ones also monitor the behavior of the hardware
robot. The third step is the meta-optimization process in which behavior of simulation model
and robotic hardware for each selected gait are compared in order to optimize simulation and
model parameters. After this step the cycle repeats with a offline optimization run. We will
now describe in detail the work done for each step of the hybrid optimization cycle.

9.2.1 Offline Optimization

For the offline optimization step we simulated a Roombots metamodule in PER configura-
tion [205] using Webots [229]. We used a CPG-based locomotion controller similar to the one
described in Chapter 7. We used nearest neighbor coupling and a fixed oscillation frequency
of 2 Hz. The open parameters that need to be optimized are six amplitudes of oscillation (4;),
six offsets (X;), and five coupling phases (v ; -

To optimize the CPG control parameters we used Particle Swarm Optimization with 300
particles and 200 iterations running on our computer cluster. Each particle corresponded to 30
seconds of physical simulation and was repeated three times to favor robust solutions. For the
fitness evaluation we averaged the speed of the robot over the three repetition. Particles that
generated self-collisions were heavily penalized. Given the complex geometry of Roombots
shells, the simulation ran only slightly faster than real time and required 22 hours on our
cluster.

From the 300 optimized particles we chose 17 fast gaits with no self-collisions and that seemed
safe for the hardware robot in terms of impacts with the ground. Solutions were not only
chosen based on their speed but also on the emerging locomotion strategy, in order to increase
the variability of the gaits used for the meta-optimization process.

We added a virtual Microsoft Kinect camera in the simulation and replayed the 17 selected
parameter sets while recording the outline of the robot over time. This virtual sensor was
added only at this point to avoid slowing down even more the optimization.

9.2.2 Hardware Experiments

For the validation on the robotic hardware we used the test arena shown in Figure 9.2, com-
posed of:

* A2x2 mrubber flooring used to alleviate the impacts of the robots with the ground.

* A Microsoft Kinect (mounted overhead) using its depth sensor to track the robot and
extract its center of mass and its contour.

* A control computer that logs the data from the Kinect and sends CPG control parameters
via Bluetooth to the robot.
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Figure 9.2 — Test arena used to run the hardware experiments. A 2x2m-wide area is in the
field of view of a Microsoft Kinect mounted overhead. A control computer sends sets of CPG
parameters to the robot and tracks the Roombots’s projection over time. Image adapted
from [130].

Similarly to the Webots simulation, each of the 17 sets of parameters was tested for a trial
duration of 30 seconds while the Kinect recorded the outline of the robot. Six of the selected
gaits were used in the next step of the hybrid optimization cycle for optimizing simulation
parameters during the meta-optimization. The remaining 11 gaits were used later to validate
the optimized simulation and model parameters. This was done to test for overfitting in the
meta-optimization.

9.2.3 Meta-Optimization

For the last step of the hybrid optimization cycle we used meta-optimization to reduce the
reality gap. Meta-optimization involves a second offline PSO run that does not optimize CPG
locomotion controller parameters but instead simulation parameters. We decided to optimize
22 parameters (reported in Table 9.1) that characterize the Webots environment, the Roombots
metamodule model, and the virtual Kinect camera. We used 100 particles and 100 iterations.

The fitness function used for meta-optimization is a quantification of the matching between
the robot behavior in simulation and in hardware. In our experiments we considered the
overlapping over time between the outlines of the Roombots metamodule recorded by the
virtual Kinect (V) and by the hardware Kinect (H). We defined the similarity ratio R as the
overlapped area divided by the total area of the robot projections. If there is a perfect match, R
is equal to 1. Figure 9.3 shows an example frame with the virtual projection V (in blue), the
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hardware projection H (in red), and their overlap (in green).

Body projection of
simulated robot (V)

Body projection of
hardware robot (H)

Figure 9.3 — Similarity measured as overlap between the robots’ projections onto the ground
as observed by a virtual and a hardware Kinect. Image adapted from [130].

Since meta-optimization has to maximize the similarity ratio over time (for each frame),
simultaneously for all selected gaits, we defined the following fitness function:

2 gaits |Wgait - m 2 frames RIH(1), V(£ +9)]

9.1
Zgaits Wgait

meta =

where H(t) is the movie frame at time ¢ from hardware experiment and V (¢ + s) is the movie
frame from the virtual Kinect at time 7+ s, where s is a time shift variable defined to synchronize
hardware and simulation trials. For each gait the similarity rate R is modified by a gait-
dependent weight W, that is influenced by the speed and repeatability in hardware (more
details in [130]).

9.3 Experimental Results and Discussion

We followed the steps described in Section 9.2 to perform one full cycle of hybrid optimization
for the locomotion of a Roombots metamodule on flat ground. From the 17 selected optimized
gaits, we used 6 (training set) to run the meta-optimization algorithm. Table 9.2 shows the
values of similarity ratio R before and after the optimization of simulation parameters. We
recorded a 65% increase in similarity ratio for the 6 gaits in the training set.

Figure 9.4 shows snapshots of the fastest gait found with the first cycle of hybrid optimization.
The robot achieved a speed of 6 cm/s in simulation and 5.8 cm/s in hardware. Visually the
matching seems really good even though a similarity ratio of 0.4 is far from the ideal value of
R =1. We concluded that this is due to the following reasons:

¢ The measure of similarity that we defined might not be optimal. We used a measure
based on the visual similarity over time of the robots’ outlines as seen by external
Kinect cameras. This might not capture the full dynamics of the system, limiting the
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9.3. Experimental Results and Discussion

Table 9.2 — Improvement of similarity ratio R between simulated and hardware robot after
meta-optimization. The training set corresponds to the 6 gaits used for meta-optimization.
The remaining 11 selected gaits are part of the test set.

Rof Rof
hand-tuned meta-optimized Improvement
simulation simulation
Training set 0.250317 0.414293 65.51 %
Test set 0.325153 0.402104 23.67 %
Training + Test set 0.281152 0.409271 45.57 %

Figure 9.4 — Snapshots of a Roombots metamodule gait in hardware (top) and simulation
(bottom) after a cycle of hybrid optimization. Similarity ratio R is about 0.4. Time between
snapshots is 12 seconds. Images from [130].
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Chapter 9. Hybrid and Meta-Optimization

effectiveness of the meta-optimization step.

* The evaluation of F,;,.;, required perfect synchronization between the images recorded
by the virtual Kinect and the hardware one. The use of the variable s in R[H (), V(t + )]
might not be sufficient to also adjust for frame rate differences.

¢ The simulation and model parameters that we optimized with meta-optimization (listed
in Table 9.1), and more generally the physics generated by ODE!, might not be sufficient
to simulate complex realistic dynamics.

* Noise in the hardware experiments always produces small differences between different
repetitions of the same locomotion pattern.

To verify how well the meta-optimization generalizes to other gaits we compared hardware
and “meta-optimized” simulation runs with the 11 gaits in the test set. Table 9.2 shows that
the similarity ratio reached by the gaits in this test set in comparable to the R of the training
set. Thus, results of meta-optimization can be generalized, at least for different locomotion
patterns with the same robot. The optimized simulation and model parameters can be used
to run additional offline locomotion parameter optimizations to find new suitable gaits. At
any point, hardware validation can be used to evaluate the reality gap and, if necessary, trigger
a new hybrid optimization cycle. Meta-optimization results might not generalize to gaits
performed by different robots, or in case of self-reconfiguration for SRMRs. In these cases,
hardware validation should be performed early on.

9.4 Conclusions

We presented a hybrid optimization technique that combines advantages of offline and online
optimization by providing simulation results that are well matched with hardware experiments.
The process starts with a run of offline optimization to find efficient and safe locomotion
controller parameters. A set of selected solutions are evaluated in hardware while the per-
formance of the robot is recorded. The last step, the meta-optimization, aims at improving
simulator and model parameters through a second optimization process. The fitness function
of this second optimization is related to the percentage of matching between simulation and
hardware experiments. The hybrid optimization cycle can be repeated multiple times until a
good matching is achieved.

In contrast to offline optimization, the extra steps required by hybrid optimization allow results
to be almost seamlessly transferred to the hardware robot. Compared to online optimiza-
tion, we estimated at least a 2.5-fold reduction in the required optimization time (a detailed
analysis is reported in [130]). The benefits of hybrid optimization increase for more extensive
optimizations with a larger number of particles and iterations. Additionally, most of the time
required for hybrid optimization is computation time which does not require the physical

10pen Dynamics Engine, the physics engine used in Webots [144].
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9.4. Conclusions

presence of an operator. Lastly, unsafe parameter sets that could lead to self-collisions, high
actuator torque, or excessive impact forces with the ground can be tested in simulation and
discarded before being used on the hardware robot.

The hybrid optimization technique can be used in combination with our BLF and SYM meth-
ods to create a locomotion optimization framework that allows for fast locomotion-parameter
learning after a morphological change. This was used for example to optimize the quadrupedal
gait of the Roombots structure presented in Appendix C.

This concludes our contribution on methods that allow arbitrary modular structures to learn
to locomote in efficient ways. In the next chapter we will explore another contribution to the
locomotion challenge which is the use of compliance in the structure to improve locomotion
speed and energy efficiency.
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1{I] Locomotion with Compliant Elements

In Part II, Chapter 4, we discussed how scalability affects the design choices for the actu-
ation system of a homogeneous Reconfigurable Modular Robot. Moreover, in Section 6.3
we described how compliance could be used to push performance and gave details on how
we included passive compliant elements in Roombots structures and in the Reconfigurable
Modular Robot Lola-OP™, In this chapter we show the results of three studies in which we
studied the effect of compliance on locomotion.

In Section 10.1 we use two types of in-series compliant elements (rotational and omnidi-
rectional), with five different stiffness values for each of them, on a structure made of two
Roombots modules. We run dedicated online locomotion-parameter optimization for six
different configurations of the hardware robot moving on flat ground, evaluating their per-
formance in terms of locomotion speed. For both types of compliant elements we report an
increase of locomotion speed when using softer elements.

In Section 10.2 we create a simulated model of an 8-DoF Lola-OP™ Modular Snake Robot
with in-series omnidirectional compliant elements to explore the effect of element stiffness for
different gaits, types of terrains, and locomotion frequency. Compliance is simulated with a
compliant ball joint with eight different levels of stiffness. Two snake locomotion gaits (rolling
and sidewinding) are tested over flat ground and three different types of rough terrains. We
perform grid search and Particle Swarm Optimization to identify the locomotion parameters
leading to fast locomotion, and analyze the best candidates in terms of locomotion speed
and energy efficiency (cost of transport). Compared to the previous results obtained with
Roombots modules, presented in Section 10.1, in this study we do not observe the same clear
trend in favor of using compliant structures but a more flat response over different levels of
compliance. Compliant and stiff elements lead to comparable performances.

In Section 10.3 we report part of the experiments done in order to extend the work of Sec-
tion 10.2 using a hardware implementation of the compliant 8-DoF Lola-OP™ Modular Snake
Robot with four different levels of compliance. We perform grid search experiments with
rolling gaits on horizontal pipes with several geometrical characteristics such as different
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Chapter 10. Locomotion with Compliant Elements

diameter, surfaces with presence of obstacles, and considerable changes in diameter. Perfor-
mance across different compliance values is evaluated in terms of speed of locomotion and
power consumption. While also in this scenario locomotion speed is similar at different levels
of stiffness, the compliant robots prove to better adapt to different terrains, especially in terms
of power consumption. Motor current measurement show that the stiff robot uses more than
double the power compared to softer one, which often results in actuators heating up and
engaging their safety shut-down feature.

Some parts of this chapter have been adapted from:

[224] M. Vespignani, E. Senft, S. Bonardi, R. Moeckel and AJ. Ijspeert. “An experimental study
on the role of compliant elements on the locomotion of the self-reconfigurable modular robots
Roombots". In 2013 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS). Nov.
2013, pp. 4308-4313.
My original contribution: Conceptual contribution, Experimental setup, Hardware experiments,
Data analysis, Writing.

[226] M. Vespignani, K. Melo, S. Bonardi, and A.]. Ijspeert. “Role of Compliance on the Locomotion of a
Reconfigurable Modular Snake Robot". In 2015 IEEE/RS] International Conference on Intelligent Robots
and Systems (IROS). Sept. 2015.

My original contribution: Conceptual contribution, Software development, Simulation experi-
ments, Hardware experiments, Data analysis, Writing.

[225] M. Vespignani, K. Melo, M. Mutlu, and A J. Ijspeert. “Compliant snake robot locomotion on horizontal

pipes". In Safety, Security, and Rescue Robotics (SSRR), 2015 IEEE International Symposium on. Oct. 2015.
My original contribution: Conceptual contribution, Experimental setup, Hardware experiments,
Data analysis, Writing.
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10.1. Roombots Locomotion with In-Series Compliant Elements

10.1 Roombots Locomotion with In-Series Compliant Elements

One of the challenges in the field of (Self-) Reconfigurable Modular Robotics is to design
modules strong enough to be able to lift several times their own weight. For this reason, many
robots in literature are designed with large torque capability (e.g. with high reduction ratio
gearboxes), resulting in rather slow speeds and non-dynamic gaits [182].

This research study aims at investigating whether compliance can be beneficial for the locomo-
tion of SRMRs, pushing their physical performance boundaries (e.g. getting more dynamical
and energy efficient gaits by storing and releasing elastic energy) and reducing the complexity
of their control system (e.g. to passively adapt to the shape of the terrain [248]), with the ulti-
mate goal of contributing to the hardware scalability challenge [249]. To pursue this objective,
we investigated the effect on flat-ground locomotion of added in-series compliance in the
inter-connection between two Roombots modules (Figure 10.1).

Roombots
module 2

Compliant
connecting
element

Figure 10.1 — Two Roombots modules interconnected with a compliant rod. Image adapted
from [224].

This work is guided by the following three main hypotheses:

1. Compliance can improve the locomotion performances of a Self-Reconfigurable Modu-
lar Robot. Among the several factors that can define the performance of locomotion,
we considered the speed (displacement divided by elapsed time) of the gait and its
repeatability.

2. Different types of compliant elements will produce a significantly different behavior.
For this study we analyzed the effect of torsional and omnidirectional springs.

3. When testing a set of compliant elements with different values of stiffness, the loco-
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Chapter 10. Locomotion with Compliant Elements

motion control parameters optimized for an intermediate value of the set will perform
better when tested on any other member than the control parameters optimized for the
stiffest or the softest element in the set.

10.1.1 Related Work

While the role of compliance in a monolithic robotic structure has long been suggested
and studied, for instance in the field of articulated locomotion [164, 80], to the best of our
knowledge this is still a scarcely explored topic in the field of Reconfigurable Modular Robot.

Previous work has been done by Aoi et al. [5], who investigated the role of joint compliance in
achieving high maneuverability for the locomotion of a simulated multilegged modular robot.
Yu et al. [257] presented Morpho, a self-deformable modular robot where active and passive
links work together to shape the structure into different geometries.

The work that reflects more closely our objectives of exploring and exploiting the effect of
compliance in a (Self-) Reconfigurable Modular Robot was done by Sastra et al. [181, 184]. In
their research, they used the reconfigurable modular robot CKBot as a tool to quickly build
robotic structures with different morphologies and explore a novel biologically-inspired legged
style of locomotion. They designed a set of purely passive compliant legs for CKBot in order
to increase its dynamics and show a bouncing gait that runs like a Lateral Leg Spring (LLS)
model.

10.1.2 Materials and Methods
Compliant Elements

In this work we studied the effect of multiple types of compliance in several structures us-
ing two Roombots modules. The modules were assembled in a configuration similar to a
Roombots metamodule in PER configuration [205]. However the modules were not directly
connected to each other but separated using passive compliant elements between them, as
described in detail in Section 6.3.

We used two types of compliant elements: Compliant Rods (CR), that are cylindrical structures
that can bend in any direction tangential to their longer axis and twist around it, and Torsional
Springs (TS), that only allow rotation. For each of the two types of elements we chose five
stiffness levels, as reported in Table 6.1.

To ensure mechanical stability and remove any external source of uncertainty, we mechanically
fixed the compliant elements to the modules (using the same threaded insert usually used to
hold the connector plates) instead of using ACMs. To simplify the communication between
central host and robots and ensure perfect synchronization we used only one wireless com-
munication board and a wired communication channel between modules (the intra-module
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10.1. Roombots Locomotion with In-Series Compliant Elements

Table 10.1 — Open CPG parameters used for the on-line PSO optimization of two Roombots
modules with in-series compliant elements.

Variable Range Units
Amplitude [0.8,0.757] [rad]
Offset X3 [-1.2,1.2] [rad]
Offset X, [-1.2,1.2] [rad]
Phase lag v3=13> [—7, ] [rad]
Phase lag ¥34=y/43 (-7, 7] [rad]
Phase lag ¥45=154 [-m, 7] [rad]

communication cable can be seen in Figure 10.1).

Control and Optimization Framework

The two Roombots modules were controlled using a network of six coupled non-linear oscil-
lators representing a CPG. We designed an oscillator network topology which matched the
hardware morphology, with one oscillator per degree of freedom (Figure 10.2), with rules
according to those described in Chapter 7.

SICICHEERE OESES

T 23 4756

Figure 10.2 - CPG topology used to control two Roombots modules with in-series compliant
elements. The topology is similar to the one used to control a Roombots metamodule: each
joint is represented by one oscillator and all oscillators have nearest-neighbor coupling. Image
from [224].

To reduce the number of open parameters, we used only one amplitude A; = A, set the
external oscillators (1 and 6) to a locked state, and set the offset for the oscillators 2 and 5 to
zero (we assumed that the external geometry of the modules could be simplified with spheres).
We did not however induce any artificial symmetry, i.e. we did not apply any mirroring of
parameter sets along our network, to avoid restricting the possible variety of parameters. Table
10.1 summarizes the open CPG parameters and their range of values.

In order to find the fastest gait for each type of compliant element, we let a population-based
algorithm based on Particle Swarm Optimization (PSO) provide an automatic design of the
CPG control input parameters. For this work we chose to run all the experiments with the
hardware robot, avoiding simulated (off-line) gait optimization experiments. This choice was
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based on the following reasons:

¢ Compliant elements are in general complex to model and can often induce numerical
instability. At the time this work was performed, Webots [229] (Version 6.4.4) did not
include compliant Balljoint nodes (feature that we used in the work presented in Sec-
tion 10.2). Instead, compliant elements could be modeled using a physics plugin (slow,
computationally expensive), or a combination of compliant hinge joints (unstable).

* Approximations in the model and in the physics engine result in a gap between simula-
tion and reality. This makes it difficult to transfer results from simulation to the hardware
robot, even though hybrid optimization techniques (as explained in Chapter 9) could
be used.

¢ The complex shape of Roombots modules, combined with the possible need for a
physics plugin or multiple joints, slows down simulation time to one or more orders
of magnitude below real-time. Simulations can anyway run in parallel and without
the constant supervision of a human operator, but we considered the time required to
develop the simulated model, combined with the time needed to transfer results to the
hardware robot, was not worth the advantages that this slow simulation could bring.

Therefore, instead of using simulation, all the parameters used herein were evolved using
on-line optimization, with each particle of the PSO tested directly on the hardware modules.
The typical optimization for one set of parameters consisted in 9 particles and 20 iterations
(180 particles to be tested).

The test arena used for on-line optimization is similar to the one used for hybrid optimization
(Figure 9.2). For each trial, the computer generates the PSO particle containing the new
CPG parameters to be tested. These are sent via Bluetooth to the Roombots structure, which
checks whether to accept the set of parameters using an internal collision detection routine.
If the particle is discarded, a fitness value of zero is returned. Otherwise the robot uses the
parameters in its on-board CPG controller, for a trial duration of 30 seconds. The first five
seconds of the trials are not evaluated, in order to wait until the CPG reaches a stable state.
At the end of the trial, the computer measures the robot’s displacement using the position
data collected with the Kinect and calculates the fitness value as displacement divided by
elapsed time. We did not restrict the evaluation of the speed to any specific direction. We also
did not use any strategy in order to minimize the sideways displacement compared to the
main direction of motion. The position information provided by the Kinect was used solely
for the fitness evaluation. The CPG controller runs in open-loop with no sensory feedback
components.
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10.1. Roombots Locomotion with In-Series Compliant Elements

Comparison Methodology

Defining a good quantitative experimental protocol to evaluate and compare the effect of
compliance in a robotic structure can be a quite challenging task since several factors are
affected. In order to evaluate Hypothesis 1 (improvement of performance), we compared the
maximum speed that we were able to achieve for each configuration and stiffness value. In the
data analysis, we also considered repeatability, a measure of the variability of the speed when
repeating the same experiment multiple times. Since the CR configurations have a bigger size
(5 Roombots grid units) compared to the TS (~4 Roombots grid units), we also considered
the body-lengths per second as a simplistic method to compare different types of compliant
elements.

Since the speed of locomotion depends both on the gait and on the type of compliant element
used, and considering that a good gait for one element might not be well suited for another
one, we developed the following experimental protocol to test Hypothesis 3:

* We defined three test cases (soft structure, medium structure, and stiff structure) corre-
sponding to the first, third, and fifth stiffness value for each type of compliant element.

* We ran a full on-line optimization (using speed of locomotion to evaluate the fitness
value) for each of these three cases (a total of six optimizations) to find good sets of
control parameters (soft pattern, medium pattern, stiff pattern), fit for the value of
stiffness of each test case.

* We tested these patterns on structures with the same type of compliant element but
different stiffness values and evaluated how well they performed.

Hypothesis 2 was evaluated qualitatively from video recordings of the experiments.

10.1.3 Experimental Results and Discussion

Following the methods described in the previous section, we ran six different on-line param-
eter optimizations, namely for CR1, CR3, CR5, TS1, TS3, and TS5, and obtained six sets of
CPG parameters (patterns). We then tested each compliant element with all three sets of
parameters obtained for that type of compliant element. We repeated each experiment 10
times (30 seconds per run) to test the repeatability of the gait. Using the Kinect tracking, we
evaluated the displacement and thus the speed.

Figures 10.3.a and 10.4.a show the mean speed value for each CR and TS experiment. The error
bars represent the standard deviation of the 10 repetitions. The x-axes are represented in a
logarithmic scale in order to properly fit the stiffness values used herein. The circles represent
the data points that have been optimized for that particular structure.

For the Compliant Rod (Figure 10.3.a), the medium pattern can be used to achieve very good
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Figure 10.3 — Results of the experiments with the Compliant Rod (CR) elements: (a) Mean
robot speed for each type of pattern elements. The error bars represent the standard deviation
for 10 repetitions. The circled data points are the direct result of on-line optimization. (b)
Maximum robot speed for each level of compliance. The speed in body lengths per second was
calculated using a length of five Roombots units (0.55m). Points two and four are not the result
of a dedicated optimization but obtained by running the medium pattern CPG parameters.
Images from [224].
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Figure 10.4 — Results of the experiments with the Torsional Spring (TS) elements: (a) Mean
robot speed for each type of pattern elements. The error bars represent the standard deviation
for 10 repetitions. The circled data points are the direct result of on-line optimization. (b)
Maximum robot speed for each level of compliance. The speed in body lengths per second
was calculated using a length of four Roombots units (0.44m). Points two and four are not the
result of a dedicated optimization. Point two was obtained by running the soft pattern; point
four was obtained by running the medium pattern CPG parameters. Images from[224].

locomotion gaits while changing stiffness value (Hypothesis 3), except for the stiff structure.
For this configuration, the presence of compliance deeply affected the locomotion pattern.
The stiff pattern produced a movement perpendicular to the main axis of the robot, with the
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modules generating some momentum in order to roll the structure.This strategy failed when
tested with more compliant elements because the structures were not able to flip over. On the
contrary, the soft and medium patterns generated a movement normal to the main axis, in
which one module is always ahead and pulls the other module forward. The medium pattern
performed badly with CR5 because after a few locomotion cycles the structured became
unbalanced and flipped over.

For the Torsional Spring (Figure 10.4.a), the soft pattern generates a sideways crab-like motion
that uses high amplitude and exploits the high deformability of the compliant element. It
however fails at increased stiffness because the high amplitude makes the structure flip. The
stiff pattern uses almost the same control strategy, except for the amplitude that is much
smaller and keeps the structure stable. On the other hand, the medium pattern evolved using
a completely different strategy that was not well suited for other stiffness values. Overall,
the behavior of the Torsional Spring was quite different from that of the Compliant Rod
(Hypothesis 2).

Figures 10.3.b and 10.4.b show the maximum robot speed that we achieved with the Compliant
Rod and the Torsional Spring elements. The curves represented in the plots are the envelopes
of the maximum values of Figures 10.3.a and 10.4.a.

For each type of compliant element, there seems to be an optimal level of compliance (Hy-
pothesis 1). For the Compliant Rod, we have a peak of performance for a medium level of
compliance, with an increase of speed of almost 65% compared to the stiff case. For the
Torsional Spring, instead, there is a peak for low stiffness values (57% more speed than the stiff
case). This is because the modules are using the soft spring as an additional (almost with no
resistance) degree of freedom.

10.1.4 Conclusions

In this section we presented a study on compliance using structures made of two Roombots
modules connected with two types of in-series compliant elements with five possible stiffness
levels each. This research was driven by the following three hypotheses:

1. Compliance can improve locomotion performance.
2. Different types of compliance will result in diverse locomotion behaviors.
3. Control parameters optimized for a medium level of compliance will perform better for

other values of compliance than parameters optimized for extremal compliance.

We ran dedicated on-line CPG parameter optimizations for six different configurations and
evaluated the performance using the speed and the repeatability of the gait. Different types and
values of compliance produced quite different gaits (Hypothesis 2) and it was hard to predict
how the gait would be affected by them. Results show a clear increase in performance (up to
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65%) after the introduction of in-series compliance (Hypothesis 1), thus making compliance
a possible way to partially tackle the hardware scalability challenge. Hypothesis 3 remains a
partially open question, depending on the type of compliance that is added to the SRMR. For
omnidirectional compliance, it is possible to transfer the optimized gait parameters with quite
good results.

This work could be extended by studying different Roombots structures with a more diversified
set of compliant elements, including more in-series elements and also external compliant
extensions. Other factors could also be considered to better evaluate the effect of compliance
on the locomotion of a SRMR, such as power consumption (as done in the work presented in
Section 10.3), impact forces, and measurement of the deformation of the compliant element.
In the next sections we will present followup work done using a Reconfiguring Modular Snake
Robot.

10.2 Lola-OP™ Locomotion with in-series Compliant Elements

Snake robots can be seen as an example of chain-type Reconfigurable Modular Robots [249].
The connectivity of the modules forming the structure can be easily rearranged manually by
an external operator (no self-reconfiguration capabilities), for instance to change the number
of elements that create the snake robot. Exactly like SRMRs, also snake robots suffer actuator
scalability and limited power as the number of modules increases.

In this work we extended our previous study on the effect of added in-series compliance to a
reconfigurable modular snake robot. Compliance in the snake robot structure could bring
many advantages such as faster locomotion speed, higher energy efficiency (e.g. by using the
compliant elements to store and release elastic energy), reduced shock loads on the robot
and its actuators, and improved terrain handling capabilities (e.g. for crossing features that
offer fewer points of contact, such as moving along cylindrical pipes), compared to having
completely rigid body and actuators.

Compliant
element

AX-12A° AX-12A°
Actuator Actuator

Figure 10.5 - Simulated model of the 8-DoF Lola-OP™ robot with in-series compliant elements.
Image from [226].
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We developed a simulated model based on a compliant Lola-OP™ modular snake robot
(Figure 10.5) and we analyzed its behavior as a function of the stiffness value of the compliant
elements for two types of gaits (i.e. rolling and sidewinding) on four different terrains.

10.2.1 Related Work

In our previous work [224], described in Section 10.1, we explored the effect of added in-series
compliance using structures made of two Roombots modules. The outcome showed an opti-
mal level of compliance for which the locomotion speed was increased up to 65% compared to
the stiff configuration. Related work on the use of compliant elements or compliant behaviors
in snake robots is limited to few contributions. In [242], the design of a robotic modular snake
robot for real-world applications is presented. The authors introduce a novel force/torque
sensor based on a compliant element built in the actuator module. Although the overall
behavior of the robot is not intrinsically compliant, the design allows such modules to use
some limited impedance control strategies. However, performance of the compliant behavior
is not reported. Rollinson & Choset [169] presented an interesting work on an active compliant
strategy for snake robots. This contribution aims to exploit current-based torque control
to simulate a compliant behavior useful for adapting gaits to some specific environments
(i.e. poles and pipes). Lately, Rollinson presented as a part of his PhD dissertation [172] the
design of a new snake robot specifically designed to present series elastic actuators [170]. In
this contribution, the addition of a compliant element attached to the axis of actuation of
each module that composes the snake robot is explained in detail. The resulting series elastic
module enables the exploration of some interesting torque controlled behaviors [171], as well
as the exploitation of the robot’s compliance to search for a comprehensive framework for
terrain adaptation and obstacle negotiation schemes. Sato et al. [186] developed HAUBOT,
a 18-segment snake robot with an elastic material in-series with each actuator. The same
authors presented HAUBOT-II, a snake robot with variable joint stiffness that can adapt in
real-time to environmental changes [185]. A similar preliminary work was reported in [121],
in which a snake robot with variable stiffness actuators was constructed. This robot uses
VSA-CubeBots as modules to create the snake body. Some experiments and demonstrations
of this robot negotiating cluttered environments while executing simple gaits thanks to the
wise choice of the compliant/stiffness preset value of the actuators are available, though not
reported.

10.2.2 Materials and Methods

We conducted the experiments presented in this work using a simulated model of the robot
developed in Webots [229]. The shape of the robot has been directly imported from CAD
models provided on the Bioloid website [12] after minor simplifications to reduce unnecessary
features (e.g. screw-holes) that could slow down simulation time. Physical properties of the
hardware robot, such as weight of the different components, and the motors’ maximum speed
and stall torque have been included in the simulated robot. One advantage of using simulation

119



Chapter 10. Locomotion with Compliant Elements

Table 10.2 — Characteristics of the terrains used for the snake robot locomotion with in-series

: : : —1 ¢ hmax=NRmin
compliant elements. The maximum slope is computed as tan™" ( Spacing ).

Name h,,i, [m] h;,4 [m] Max slope [deg]
FLAT 0 0 0

RT1 0 0.01 5.7

RT2 0 0.05 26.6

RT3 0 0.1 45.0

is the possibility of seamlessly adding sensors that could not be easily included in the physical
Lola-OP™ robot; the current model has absolute position sensors inside each module to
localize them in 3D and position and torque sensors for each of the motors.

Terrains

Working in a simulated environment allows one to quickly evaluate the performance on
different types of simulated terrains. We tested the robot on flat ground (FLAT) and on three
types of rough terrains (identified as RT1, RT2, and RT3) with increasing peak and slope sizes.
We generated the rough terrains using an elevation grid defined by a 100x100 matrix of random
values between h,,;; and h;,4x. The distance between vertices in the elevation grid is set to
spacing =0.1 m. The details of these terrains are reported in Table 10.2.

In order to ensure randomness in the roughness encountered by the robot, we can choose to
initialize the robot in a different position and/or orientation on the terrain. For the optimiza-
tion framework used in this work we initialized the robot in a random orientation for each

Figure 10.6 — Detail of the CAD model of the simulated Lola-OP™ robot with in-series com-
pliant elements. Only two modules and one compliant element are shown. Dimensions are
expressed in mm. Image from [226].
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Figure 10.7 — Simulation of compliant 8-DoF Lola-OP™ robots with eight different levels of
stiffness, under the effect of gravity. All servos are blocked at 0 position to show solely the
bending of the compliant elements. The leftmost module is rigidly fixed to a frame. Image
adapted from [226].

trial.

Compliant Elements

For this work we analyzed the effect of added in-series compliance in the interconnection
between each module of an 8-DoF Lola-OP™ robot. We considered what we called omnidi-
rectional compliance [224], which represents a beam that can bend in any direction tangential
to its longer axis and has also axial torsion. Details about the hardware implementation of
these compliant elements are given in Section 6.3.2.

For the simulated version of the robot we modeled these elements using a passive ball joint
with a user-defined stiffness. One downside of this implementation (using the latest version
of Webots available at the time: 8.0.5) is the impossibility of defining different stiffness val-
ues for the three different directions of motion of the ball joint, but it is sufficient as a first
approximation since flexural and torsional stiffness of the elements are in the same order of
magnitude.

For the simulated robot, we fixed the length of the deformable element to ¢ = 25 mm (Fig-
ure 10.6) and represented it with a compliant ball joint placed at the center of this beam. We
explored a large range of stiffness values and we chose the following eight values according to
areasonable range:

Nm
1 5 10 50 100 500 1000 5000 —
rad

The smallest value, 1 Nm rad~!, corresponds to a soft element that deforms under the nominal
forces applied by the motors. We chose a stiffness value of 5000 Nm rad~!, which appears
completely stiff in simulation, to be an upper bound. To get an intuition of the chosen range
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of values, we show the effect of gravity on cantilevered 8-DoF Lola-OP™ robots (Figure 10.7).

Control Framework

The specific orthogonal distribution of degrees of freedom in the Lola-OP™ robot (i.e. two
bending planes) allows to use an adaptation of Hirose’s serpenoid curve [75] for our gait
control scheme, as in [123]. Starting from the head of the robot, the actuators are divided in
odd-numbered and even-numbered, corresponding to the two orthogonal axial directions. A
robot’s configuration is determined by the set of joint angles 8(n, t) in Equation 10.1.

n
Oo+Aosin(}L— +wot),n odd

o

O(n,t)= (10.1)

n
Oe+Aesin(A—+a)et+5),n even
e

In this function, n represents the module number and ¢ is the time step. There are nine
real-valued parameters, including offsets (O, ) and amplitudes (A, ) for both odd and even
modules. A phase shift, §, is included to adjust timing between the odd and even parts of the
function. The sin function argument represents the frequency of the motion. There are two
components of this frequency: spatial frequencies 1/, (one for each module parity), that
are multiplied by the module number variable n and whose inverse can be seen as the number
of wavelengths along the robot’s body length, and temporal frequencies w,,, that multiply the
time variable ¢ and determine the speed of the gait cycle.

Hirose’s serpenoid curve is used for its simplicity and similarity with wave functions. By
modifying these nine parameters, it is possible to recreate most of the snake gait patterns.
For this work we decided to convert these equations into a network of coupled non-linear
phase oscillators. This will give out system nice properties such as smooth transitions and
disturbance rejection, as described in Chapter 7.

The simulated robots were therefore controlled using an open-loop CPG network [82], with
one oscillator per actuated degree of freedom (motor). The coupled phase oscillators are
implemented in the form of the following coupled differential equations:

pi=2m-f+) wij-ri-sin(p;—¢i—vij) (102)
j

ri=a;(R;j—r;) (10.3)

0; = ri-sin(¢;) + X; (10.4)

i and j are the indexes of the oscillators. The output, 8;, directly controls the position set
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Figure 10.8 — Topology of the CPG network implemented for the Lola-OP™ robot. Even
numbered DoFs are coupled together. Same goes for odd numbered DoE A bidirectional
coupling between modules my and m; allows to adjust the phase shift between the two
orthogonal directions of motion. Image from [226].

point of the motor actuating the i’" degree of freedom. Once in steady state (typically after 5
seconds [205]), 8; follows a sinusoidal oscillation with an amplitude, r;, a phase, ¢;, and an
offset, X;. We use one common frequency, f, for all oscillators. Bi-directional couplings follow
the rule y; j = -y ;. All coupling weights, w;;, are set to 0.5. The constant, a; = 2, controls how
quickly oscillators reach a modified amplitude.

For the coupling phase v/, j, considering the proposed equations of motion for the Lola-OP™
robot (Equation 10.1), we derived a CPG network in which the odd-numbered modules are
only coupled to other odd-numbered modules (with nearest-neighbor coupling); the same
was done for the even-numbered modules. In addition to this, the first two modules (m0 and
m1) are coupled to define the difference of phase between odd and even chains (Figure 10.8).
After convergence, the CPG behavior is equivalent to Equation 10.1.

In the most general case, the CPG network of a Lola-OP™ snake robot made of n modules
has 3n — 1 open parameters to be tuned (n amplitudes, n offsets, and n — 1 phase couplings).
However, depending on the gait that we would like the robot to perform, this number can be
dramatically reduced.

Locomotion Gaits

In this work we explored the effect of added in-series compliant elements on locomotion for
two snake robot gaits: rolling and sidewinding.

Rolling gait: The rolling gait is a highly efficient non-biologically inspired gait in which
the robot takes the shape of an arc and then rolls sideways [217]. By applying the
parameter reduction proposed in [123], the number of open parameters for a robot of
any length n is reduced to 1, namely the amplitude, which is equal for all the modules.
According to [123], the offsets are set to zero, 1/¢;, between odd and even modules, fixed
to /2 +;/2, and the phase differences between the other modules are set to zero. We
considered a frequency f = 0.5 Hz for all modules.

Given the low dimensionality of the search space, for this gait we optimized the amplitude
for each type of compliant element with a grid search, testing nine amplitude values
between 10 deg ({5 rad) and 90 deg (7 rad) in steps of 10 deg. For each value, we ran 30
seconds of physical simulation in Webots while logging the speed of the robot and an
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Table 10.3 — Open CPG parameters for the two gaits considered in this work. Rolling parameters
have been tested using a grid search; we used Particle Swarm Optimization for sidewinding.
All values are expressed in radians.

Variable Range Units
Rolling gait Amplitude A [ 1”—8; %] [rad]
Sidewinding gait Amplitude A,z [0; 2] [rad]

Amplitude Agpen [0; ] [rad]

Phase lag v (1;2]  [rad]

estimate of the energy consumption for the different motors. The energy consumption
was estimated by multiplying the instantaneous rotation speed by the instantaneous
generated torque. It should be noted that this is a rough estimation that can be affected
by numerical errors. We repeated each experiment five times (each time the robot was
initialized in a random initial orientation) and considered the average. A complete grid
search was performed for the four terrains (FLAT, RT1, RT2, and RT3).

We performed a total of 1440 experiments (4 terrains, 8 stiffness levels, 9 amplitudes, and
5 repetitions for each configuration).

Sidewinding gait: Sidewinding is a biologically inspired gait used by some real snakes
to locomote on sand. The gait is created by the combination of a horizontal sinusoidal
wave with a vertical one, which creates a motion in which at any time the snake has a
least two static contact points with the ground. It is highly energy efficient and fit for
rough ground locomotion [217]. Applying the parameter reduction rules in [123] to this
gait, we end up with three open parameters, independent in number from the number
of modules 7 in the snake robot: a common amplitude for the odd numbered modules
Ayaq, acommon amplitude for the even numbered modules A5, and a constant shared
phase difference v;; (see Table 10.3). v is fixed to /4 + v, j/2 and again the offsets are
set to zero. For sidewinding, we explored gaits at f = 0.5, 1, and 2 Hz.

To search through this parameter space we used PSO to find the best CPG parameters
that lead to fast locomotion speed. The ranges for these three open CPG parameters have
been chosen according to [123]. For the PSO, we used 10 particles and 150 iterations
tested for 30 seconds of physical simulation in Webots. Each particle was tested three
times (each time with a different random initial orientation) and we only considered the
fitness value (average locomotion speed calculated as displacement divided by elapsed
time) of the worst performing one (the other two were completely discarded). This was
done assuming that there could be an “easier” direction in the rough terrain, or that
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the robot could “learn” how to overcome the roughness in a very specific direction;
instead, we tried to favor more robust particles that perform well enough for any three
random initial orientations. Given the four terrains and eight levels of stiffness, our PSO
framework performed a total of 432000 experiments (4 terrains, 3 frequencies, 8 stiffness
levels, 10 particles, 3 repetitions, 150 iterations).

Table 10.3 summarizes the open CPG parameters used in this work.

10.2.3 Experimental Results and Discussion
Rolling Gait

Following the experimental protocol described in the previous section, for the rolling gait we
performed a grid search for each terrain. Figure 10.9 shows the results in terms of locomotion
speed and cost of transport (CoT). Cost of transport is defined as CoT = %,
power and speed are evaluated in the simulation, the mass of the robot is set to 0.7 kg (corre-

where

sponding to the weight of the robot without onboard battery and control board), and g is the
standard gravity. We repeated each simulation five times and calculated the average.

For the rolling gait, it can be observed that there is a general trend of best performance for
both speed and CoT for stiffer robots controlled with small amplitudes (between 7/18 and
3n/18 rad). This can be explained by the fact that the rolling gait produces a motion that
can be almost approximated as wheel-like. The continuous (instead of intermittent) ground
contact does not allow the compliant elements to store and release energy.

Sidewinding Gait

We performed 96 optimizations using PSO (one optimization for each of the eight stiffness
values, repeated for three frequency values and four terrains). We considered the particle
with the highest fitness value (highest locomotion speed) and replayed it 20 times to test the
robustness over different initial orientations. Figures 10.10 and 10.11 show the trend of speed
and cost of transport with stiffness for three locomotion frequencies (0.5, 1, and 2 Hz).

Contrary to the results for rolling gait, we notice that more compliant structures perform
similarly to the stiff ones, sometimes outperforming them both in terms of speed and energy
efficiency, e.g. for a stiffness of 50 N m~! at 2 Hz on FLAT and RT1. By analyzing the behavior
of the robot in simulation, it could be seen that stiffer robots are sometimes able to use the
concave bumps in the rough terrain as fulcrum (i.e. the support point for the lever) to create
large lever arms and push themselves forward.

It can be observed that the standard deviations of speed and CoT increase with the roughness
in the terrain. One reason for this is the fact that the locomotion controller is running in open
loop, and therefore there is no feedback to keep the trajectory of the robot on a straight line. As
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Figure 10.9 — Grid search for the rolling gait on the four terrains: (left) Speed. (right) Cost of
Transport. Each value is the average of five repetitions of the same experiment (with random
initial rotation). Images adapted from [226].
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Figure 10.10 — Speed and CoT results for sidewinding gait on FLAT and RT1. Each point is the
average of 20 repetitions of the best particle from each PSO optimization. Images adapted
from [226].

127



Chapter 10. Locomotion with Compliant Elements

Sidewinding gait
04 . . . 80— B e e et
0.5 Hz 1Hz 2 He| \ 0.5 Hz 1Hz 2Hz
035} 1 7ot
03 1 60
- g
0.25 D B 1 Z 50l
7 // ~-o =3 N
£ T 3 )
s oz2f )/ S~|4 2o
[ ©
g ;=4 _- =
3 S [ S D - =
015} 4 I s 2 30t N P
7 ~ I - TT - \‘\‘ = - T
CEL 1 20f I::--- -
/ ~t-T" "~ %< i
005} 1 10}
o . . . . o . | . .
10° 10" 10° 10° 10° 10" 10° 10°
Stiffness [Nm/rad] Stiffness [Nm/rad]
(a) Speed on RT2 (b) CoT on RT2
0.18 ; : : ; ; : : ;
0.5 Hz 1Hz 2Hz 2501 0.5 Hz 1Hz 2Hz
016} 1
014} , 200l
L E
0.12 1 z
AR =2 1~
z o4l 2 N T 150 - S o
E . v N 2 i SL-T—-—""——-
= NN 2 N , L
3 s 1 S - g LA .7
2 0.08- ///’ SN+ T = = -1 P
n , ~ 5 < |,
o ~ |- 2 100¢
0.06f ' 8 .
7 N I P -l
0.04f / ~ N _Ad-- -—_
/ 50 TNl--" _L-71-<
- =~ ~ - i
0.02} 1 - |
1 I
0 . . . . 0 . . .
10° 10" 10° 10° 10° 10" 10° 10°

Figure 10.11 — Speed and CoT results for sidewinding gait on RT2 and RT3. Each point is the
average of 20 repetitions of the best particle from each PSO optimization. Images adapted

from [226].
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Table 10.4 — Hardware runs of the Lola-OP™ robot on flat ground. Each experiment was
repeated 5 times.

Frequency  Stiffness Mean speed Std. deviation

[Hz] [Nmrad™1 [m/s] [1
Sidewinding gait 0.5 3 0.1363 0.0010
0.5 70 0.1309 0.0105
1.0 3 0.2286 0.0080
1.0 70 0.3338 0.0109
Rolling gait 0.5 3 0.0783 0.0018
0.5 70 0.0835 0.0011

aresult, the unevenness in the terrain sometimes causes the robot to move in a circle, resulting
in a small displacement and thus a low locomotion speed.

Hardware Experiments with 8-DoF Lola-OP™ Robot

We validated the simulated experiments with a series of hardware runs on flat ground. For
this work we restricted the hardware experiments to two levels of compliance: “soft”, with an
estimated stiffness of ~3 Nm rad~!, and “stiff”, with a stiffness of ~ 70 Nm rad~'. For each
gait, frequency and level of stiffness, we used the best parameter set obtained from simulation.
We repeated each run 5 times and calculated the speed as displacement (measured with a
tape measure) over time (20 seconds for 0.5 Hz gaits, 10 seconds for 1 Hz gaits). Results for
sidewinding and rolling gaits are reported in Table 10.4. We omitted the results for 2 Hz as
this frequency exceeded the real capabilities of the hardware robot and generally resulted in
inefficient gaits. As can be seen in Figure 10.12 for sidewinding, and comparing Table 10.4
with the results for FLAT in Figure 10.9 for rolling, there is a reality gap between simulation
and hardware. Nevertheless, the trend of this limited dataset seems to match simulation.
Snapshots from representative runs are shown in Figures 10.13 and 10.14.

10.2.4 Discussion

In this section we analyzed in simulation the effect of changing the stiffness value of a compli-
ant modular snake robot while performing rolling and sidewinding gaits over different types
of terrains and frequencies. Compared to the results of Section 10.1, in this study we did not
find a clear advantage using a compliant modular robot instead of a stiff one.

For the rolling gait, the apparent reason is that the robot is creating a sort of wheel-like
locomotion that does not allow any storage and release of energy in the compliant elements.
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On the other hand, for sidewinding gait we have a plateau, with minor variation of speed and
CoT for a large range of stiffness values and some performance peaks at higher frequency and
intermediate stiffness. Although these results do not clearly show an optimal “general purpose”
level of compliance (that could be chosen e.g. around 50-100 Nm rad™1), it is still interesting
to note that relatively soft Lola-OP™ robots can locomote with a speed and CoT comparable
to stiffer ones.

Frequency does not seem to have a major effect on the overall behavior. We reported some
performance peaks at 2 Hz, although this frequency is above the real capabilities of the
hardware robot.

Perhaps the major benefits of compliance are not achieving faster locomotion speed, but in
helping to cross features that offer fewer points of contact (e.g. moving along a cylinder or
terrains with big sine-like waves), where intuitively compliance would help provide a better
match to the terrain. In the next section we will present the results of a follow work done on
horizontal pipes with the hardware robot.

0.45 —— ———————————— —
0.5 Hz 1Hz]
0.4} —
B T G I
0.35}F - }! { I g
0.3F /
/
by /
£ 025} /
= = |
g / e
a 0.2r / _EF- - |
) , =
}/ ! E
0.15} -
L7 . !
i
01}
0.05}F
0 sl " Ll " Lol " Ll
10° 10' 10° 10°

Stiffness [Nm/rad]

Figure 10.12 — Validation of optimization results: speed of the hardware robot sidewinding
gaits on flat ground (in bold) compared to simulation runs on FLAT. Image adapted from [226].
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Figure 10.13 — Snapshots from hardware experiments. Rolling gait with “soft” elements (left)

and ‘stiff” elements (right). Locomotion frequency is 0.5 Hz. Vertical lines are 1 m apart.
Images from [226].
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Figure 10.14 — Snapshots from hardware experiments. Sidewinding gait with “soft” (top) and

Stiff” elements (bottom) at 0.5 Hz (left) and 1 Hz (right). Vertical lines are 1 m apart. Images
from [226].
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10.3 Lola-OP™ Locomotion on Horizontal Pipes

An interesting application for snake robots are exploration tasks in disaster scenarios [139,
119]. These robots are capable of producing motion in terrains in which the unevenness is
comparable to their own size and, given their small cross section, they are ideal for carrying
and bringing sensors into narrow gaps in the rubble. We believe that exploring snake robot
locomotion on horizontal cylindrical surfaces is a good starting point for understanding
how compliance can help to cross complex features with few contact points. Results and
locomotion strategies can then be extended to more complex terrains, including pipes of
different sizes, tree branches, bushes [120], geological formations, and in general uneven
surfaces or cylindrical/conical shapes that can be found in disaster zones.

For these reasons we extended the studies on the effect of added in-series compliance, pre-
sented in Section 10.2, to the particular case of locomotion on horizontal cylindrical terrains
(Figure 10.15). We built four versions of the 8-DoF Lola-OP™ robot with different levels of
stiffness in their joints (Figure 10.16). We analyzed their behavior in terms of speed and power
consumption while performing rolling motion on three types of horizontal pipe environments.

This work is guided by the following hypotheses:

1. Arobot with compliant elements can better adapt (in terms of increased locomotion
speed, and reduced motor load and power consumption) to complex features compared
to a stiff one.

2. The use of compliant elements can help relax the importance of well-tuned control
parameters.
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Figure 10.15 — Compliant 8-DoF Lola-OP™ robot locomotion on horizontal pipe environment.
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Figure 10.16 — Hardware implementation of the Lola-OP™ robot with eight degrees of freedom
and in-series compliant elements. Robots are shown from stiff (left) to compliant (right). Image
from [225].

10.3.1 Related Work

Achieving sustained locomotion with modular snake robots in complex terrains terrains is
not as simple as observed in flat ground [217, 123]. One gait realization that stands out other
possible gaits due to its simplicity is the rolling motion. This gait has been widely studied
by several authors using different approaches that include robot’s motion estimation [168],
capture of robot’s overall heading [173], and also modeling of the gait shape using simple
and intuitive composition of shape projections [262]. In particular, these arc-shaped gaits
(easily extended to helix shapes) result convenient for locomotion on cylindrical surfaces as
reported in the literature for horizontal motions [150, 119, 51], as well as in vertical/obliquous
directions (i.e. climbing a pole [7, 171]).

Previous experiments on modular snake robot gaits on horizontal pipes [119] show that there
is an important motion constraint in this setting: since the rolling arc shape is controlled
by a single value of amplitude for all joints, the shape tends to remain invariant during the
whole execution of the gait [118]. This can make the robot fail when facing sudden variations
in diameter or changes in the round smoothness of the pipe (e.g. bumps in tree branches).
For this reason we believe that a robot with in-series compliant elements can provide an
underactuated method for adapting the robot’s shape to the environment while using just a
simple open-loop controller.

Terrain adaptability of snake robots using compliant elements has been fairly studied during
the last years. Liljeback et al. [106] proposed a compliant control of the shape of snake robots
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while moving in cluttered terrains with obstacle aided locomotion using shape control points
as motion planner. The mentioned compliant control replaces rigid robot-environment
contacts with mass-spring-damper dynamics. Our approach differs significantly from this
work because (i) we use a specific gait (i.e. rolling) on cylindrical surfaces, and (ii) our robots
feature built-in compliant dynamics, instead of compliant contact dynamics.

Additionally, Choset et al. at CMU explored a rigid body robot controlled by a gait-based
compliant control which acts on the overall shape of the robot instead of each joint [169].
However, the gait-based compliant control is based on an expensive computation of the robot
state using an extended Kalman filer (EKF). The controller compares current state (affected
by the interaction with the environment) with the commanded one (gait control parameters
updated once they are fitted) in two fashions: (i) curvature compliance (i.e. controlling gait’s
amplitude), and (ii) position compliance (i.e. controlling the gait’s temporal position). With
this controller the snake robot is able to climb poles with changing diameters. The controller
effectively drives the robot by changing gait parameters to compliantly adapt its shape accord-
ing to the environment. However it is computationally expensive and requires a robot capable
of sensing its full state each time step.

On the other hand, adding series elastic actuators to the structure of the snake robot [170]
allows for more elaborated and reliable torque control strategies [171]. In this last work, the
authors directly control actuators torques based on three different strategies. One of these
strategies (“compliant roll-in-shape”) is directly related to the problem of moving snake robots
with rolling gaits on uneven surfaces. It operates by commanding the joint torques based
only on a linear mapping from the local curvature (which is based on the joint angles). This
strategy can be easily extended to other types of compliant snake robots, including one based
on variable stiffness actuators (VSA) [121], in which position and stiffness value of each joint
can be separately controlled.

10.3.2 Materials and Methods

For this work we used the hardware implementation of the Lola-OP™ robot presented in
Section 2.3. The Dynamixel actuators are controlled by an Arduino Pro Mini board located in
one of the plastic structural frames at the end of the robot (that we identified as head), using a
free communication library developed by Savage Electronics [6]. An HC-05 Bluetooth module
provides a two-directional communication channel for starting/stopping the robot, and for
changing the locomotion parameters. A battery located in the tail module (i.e. the other end
of the robot) provides power to the actuators and control unit for approximately 30 minutes
of continuous operation. We built four copies of the robot using the four types of in-series
compliant elements presented in Section 6.3.2.
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10.3. Lola-OP™ Locomotion on Horizontal Pipes

Pipes

We chose cylindrical horizontal pipes as locomotion terrain as they represent features that
can be easily found in industrial settings (e.g. oil pipes, chimneys, which are a niche for robot
inspection tasks), or that can be generalized to other possible locomotion structures that can
serve as surveillance posts (e.g. tree branches).

We tested the on-pipe locomotion on three 1m-long straight pipes (P1, P2, and P3). The
diameter of each pipe was chosen in relationship with the robot length (0.86 m), in order to
have the following conditions, similarly to [119]:

e P1 (small pipe), with a circumference approximately equal to half the robot’s length.
The robot theoretically! wraps twice around the pipe.

* P2 (medium pipe), with a circumference approximately equal to the robot’s length. The
robot wraps around the pipe, with head and tail almost touching.

n practice, the reduced number of degrees of freedom in the 8-DoF Lola-OP™ robot (only 4 DoF for each
motion plane) causes an under-sampling behavior in the reconstruction of the round shape for a small pipe. The
robot effectively wraps the small pipe slightly more than one time. This phenomenon is explained in [150].

Figure 10.17 — Front and lateral views of the three pipes used to study the effect of in-series
compliance on snake robot locomotion. 8-DoF Lola-OP™ robots shown for size comparisons.
Images from [225].
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Figure 10.18 - Diametrical rough terrain, obstacle, and continuous obstacle (as defined in [143])
added to the medium pipe (P2). Dimensions are in meters. Image from [225].

* P3 (large pipe), with a circumference approximately equal to double the robot’s length.
The pipe can almost be seen as a large bump. The robot spans over the top hemi-
circumference.

Figure 10.17 gives an illustration of these three cases. Considering that the robot lies on a
circumference that has a diameter equal to the sum of pipe diameter and the robot’s cross
section (h,opor = 0.05 m), we chose the following pipe diameters to fulfill the aforementioned
desired conditions: Dp; =0.13m, Dpy; = 0.27 m, and Dp3 = 0.54 m.

The three pipes were manufactured using a combination of plastic pipes (for P1), cardboard,
and plastic fencing meshes. Externally, we wrapped the pipes with kraft paper and then added
a thin layer of plastic netting (with a square mesh size of 12 mm) to provide more friction.

To study the effect of compliance when crossing perturbations we created diametrical bumps
on the medium pipe (P2). We chose the height (increase in pipe diameter) of these bumps
according to the definitions of rough terrain, obstacle, and continuous obstacle proposed
in [143]. Figure 10.18 shows the dimensions of these bumps.

Finally, in order to demonstrate how the same control parameters can adapt to large changes
in diameter, we connected together the three pipes as shown in Figure 10.19. This terrain has

p1 | P2 P3

E 2 |- i)
T JRD

1 0.5 1 06 | 1 |
| I I |

Figure 10.19 — CAD dimensions of the complete terrain used to show the adaptability of the
robots to changes in pipe diameter. Dimensions are in meters. Image from [225].

136



10.3. Lola-OP™ Locomotion on Horizontal Pipes

the following features:

¢ A fourfold increase in diameter

"o«

* “Rough terrain", “obstacle", and “continuous obstacle" features

* “Slope" features (as also defined in [143]) while transitioning between the different pipes

Control Framework

For the locomotion over horizontal pipes we used the equations of motion of the Lola-OP™
robot, as defined in Equation 10.1, to produce rolling gait patterns.

By applying the parameter reduction proposed in [123], we fixed eight of the nine open
parameters of Equation 10.1: the offsets (O, ) are set to zero; 6, the phase difference between
odd and even modules, is fixed to 7/2; the wavelengths A, . are set to infinity (thus the terms
1/, are set to zero); we used a common frequency f = 0.5 Hz for both odd and even modules
(with wg e =27 f).

The only open variables are the amplitudes, that are however set to the same value (4, =
Ae = A), thus reducing the number of open parameters to just one, gaining a considerable
reduction in the controlling space of the robot.

The rolling gait adapts very well to the problem of pipe locomotion [119]: the robot takes
the shape of an arc whose radius is inversely proportional to the amplitude value used in the
locomotion controller. Let’s consider that at time ¢ = 0, 8(0odd,0) = 0 and O(even,0) = A; as
a good estimation, the robot arc spans over 4- A degrees (because there are 4 even modules;
in this work we always measured A in degrees) and the radius is given by the robot length
(Lrobor = 0.86 m) divided by 4-A--%=. It is important to note that this radius corresponds to the

180"
arc passing through the center line of the robot.

In order to calculate the amplitude for the snake robot to wrap following the curvature of a
pipe of known diameter D, we also need to consider its cross section (%, po; = 0.05 m):

1 Liobor 180  0.86 90

A=t o2 P 10.5
4 (D+ hrobot) T (D+0.05 & ( )
2
Experimental Protocol

Using Equation 10.5 it is possible to calculate the locomotion controller amplitude for any
given pipe diameter. However, there is no guarantee that this amplitude value is the opti-
mal to allow fast locomotion (for instance, a robot that holds tighter on the pipe surface
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might generate just the right amount of friction to avoid any slipping). Moreover we are
interested in checking the robustness of the different compliant robots to changes in pipe
diameter (and thus indirectly to changes in locomotion amplitude). Finally, Equation 10.5 is
an approximation that suffers from the limited number of degrees of freedom in the system.

For these reasons, in the first part of this work we optimized the amplitude for each type of
compliant element and terrain with a grid search, testing several amplitude values at intervals
of 5 degrees around the theoretical amplitude calculated with Equation 10.5 for each pipe size.

For each value, we let the physical robot run over each pipe and, after an initialization time,
recorded 3 seconds of motion capture data (MoCap). We wrapped a 25mm-wide reflective
tape around the approximate center of mass (CoM) of the robot, and tracked this point in
space (3 DoF) using 14 Optitrack s250e cameras. Data were recorded at 240 frames per second
using the Optitrack Motive software and streamed to a custom program that automatically
calculated the speed of locomotion as displacement of the CoM divided by trial time (3s). We
repeated each run 5 times to evaluate repeatability.

For the second part of this work we evaluated speed and power consumption for the locomo-
tion over bumps on P2. For the evaluation of the speed we used the aforementioned setup,
extending the trial time to the necessary duration to allow overcoming all the bumps. To mea-
sure power consumption, we tethered the robot to a Voltcraft HPS-13015 power supply (set
to 12 V) and used a current probe clamped around the power cable (complete experimental
setup shown in Figure 10.20). The Tektronix TM502A amplifier output was sampled with a
LeCroy 6100 digital oscilloscope and low-pass filtered in Matlab.

Figure 10.20 — Experimental setup equipped with 14 infrared motion capture cameras (MoCap)
and a current probe and digital oscilloscope for measuring the robot’s power consumption.
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10.3. Lola-OP™ Locomotion on Horizontal Pipes

For this set of experiments we fixed the amplitude to A = 77, calculated using the P2 diameter
(0.27 m) in Equation 10.5.

Lastly, for the final demonstration we recorded videos of the experimental trials to show
qualitative results. In this case we used a fixed amplitude A =70, which seemed a good
tradeoff for locomotion on small, medium, and large pipes.

10.3.3 Experimental Results

Locomotion Speed on Straight Pipes

For each of the three pipes and each of the four compliance levels, we performed a grid
search to evaluate how the amplitude A affects locomotion speed. For P1 the theoretical value
calculated with Equation 10.5 (137 deg) goes above the possible range of motion of the robot’s
actuated DoF (105 deg). Therefore we tested 7 values, from 75 degrees to the maximum range
(Figure 10.21).

The speed of the robots increases as the amplitude value approaches the theoretical one
(the robot holds tighter around the pipe). Interestingly different compliance levels, with the
exception of C1, produce comparable speeds. The softest elements prove to be inefficient
for P1 because they deform too much and therefore the robot does not have enough contact

Small pipe (P1)
T

0.1} .

Speed [m/s]

0.05 4

| C1 c2 C3 c4]

0 I I I I I I I
70 75 80 85 95 100 1056 110

90
Amplitude [deg]

Figure 10.21 - Locomotion speed for 7 values of amplitude, for each level of compliance on the
small pipe (P1). 105 degrees is the maximum range allowed by the actuators. Each parameter
was tested 5 times. Image from [225].
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Table 10.5 — Specifications of the experimental setup used for the locomotion experiments on

horizontal pipes.

Compliant Lola-OP™ robot

Overall dimensions

Weight

Actuated DoF

Number of compliant elements

Levels of compliance [Nm/rad]
(F = Flexural stiffness)

(T = Torsional stiffness)

0.86 x 0.05x 0.05m

790 g (incl. battery)

8: Dynamixel AX-12A®

7, four different levels of compliance
kel p =046 kepr=0.35
keop=2.3 kco, 7 =1.75
kesp=73  Kkesr=5.54
kcar=70.4 kcaT =523

Control board Arduino Pro Mini, ATmega 328, 5V
Communication HC-05 Bluetooth board
Energy source 3-cell LiPo Battery, 450 mAh (Autonomy ~30 minutes)
or tethered 12V Voltcraft HPS-13015 power supply
Terrains
Number and type 3 Horizontal pipes
Type of surface Rugged plastic netting
(mesh size 12 mm)
Diameter of pipes [m] Py =0.13, P, =0.27, P3 =0.54
Control parameters
Gait Rolling
Frequency of locomotion 0.5 Hz

Open parameter

Amplitude of oscillation

Fitness evaluation

Parameters

Speed = displacement / trial time
Power consumption = voltage-current
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Figure 10.22 — Locomotion speed for 6 values of amplitude, for each level of compliance on

the medium pipe (P2). The stiff robot is not able to run with amplitude values greater than 75
degrees. Each parameter was tested 5 times. Image from [225].
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Figure 10.23 — Locomotion speed for 5 values of amplitude, for each level of compliance on
the large pipe (P3). Each parameter was tested 5 times. Image from [225].
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Chapter 10. Locomotion with Compliant Elements

points with the pipe.

Figure 10.22 shows the results for the medium pipe (P2). In this case, the compliant robots
could effortlessly run with amplitude values above the theoretical one (77 degrees). Instead,
for the stiff configuration (C4), actuators were already heating up above normal levels for
A =75, and shutting down (temperature/torque protection) for A = 80.

We reported similar behavior also for the large pipe (Figure 10.23): over a certain amplitude
value the stiff robot cannot passively adapt its arc to the pipe size, the motor torque increases,
and the safety temperature/torque protection of the Dynamixel AX-12A® gets activated.

These results show that, when the robot is loosely holding to the different pipes (amplitudes
not much above the theoretical ones), there is not a significant difference in speed between
compliant and stiff configurations (with the exception of C1 on P1). However, as soon as the
robots start holding tighter, the adaptability of the compliant elements becomes clear. These
results suggest that we should also consider required torque/power consumption in the gait
evaluation metric.

Power Consumption over Obstacles on Medium Pipe

For the second set of experiments we recorded speed of locomotion and power consumption
of the robot. We only ran experiments on the medium pipe because it is the one that allowed
the most stable gaits during the straight pipe tests. Diametrical bumps were added to P2, as
described in Subsection 10.3.2.

For the control parameters, we used the theoretical amplitude (A = 77) calculated with Equa-
tion 10.5.

As seen in Figure 10.24, while the robots have comparable speed over time, the energy con-
sumption of the stiff one is more than double compared to C2 and C3. This confirms our
intuition that stiffer robots cannot effortlessly adapt to different terrains but instead will
generate higher torques.

On the other hand, C1 is too compliant and did not manage to successfully complete the task.
As stated in Section 6.3.2, C1 is a lower bound where compliance is too high and cannot be
beneficial.

Demonstrator

We tested the robot on the pipe terrain shown in Figure 10.19. While the softest robot (C1) could
not overcome the slopes and the bumps, all the other robots managed to successfully cross the
whole structure. The same control parameters adapted to fourfold changes in pipe diameter
(at times, we paused the robot and manually realigned it on top of the pipe). As reported also
in the other experiments, the stiff robot clearly had an higher current consumption and one of

142



10.3. Lola-OP™ Locomotion on Horizontal Pipes

- C4 -4

1
w

Current [A]

I} “‘ } ‘;. k \
M

T —
-

0 2 4 6 8 16 12 14 1‘6
Time [s]

Figure 10.24 — Speed of locomotion (thin lines) and current (tick lines) over time for three
compliant robots while crossing the pipe P2 with bumps. C1 is not reported because the robot
could not cross the continuous obstacle. Image from [225].

the motors went in secure mode just at the end of the run. Figure 10.25 shows snapshots of a
successful run with C3 compliant elements.

10.3.4 Discussion

We presented a study on the effect of passive in-series compliant elements on modular 8-
DoF snake robots rolling on horizontal pipes. Our method differs from the state of the art
because we are trying to ease the importance of well-tuned control parameters by letting
the mechanical system do part of the work. Obviously, extra control layers such as feedback
based on current and torque measurement can be added on top of this (not included in this
work), but we are interested in a system that is inherently passively adapting to changes in the
environment.

Rollinson & Choset [169] use an expensive computational algorithm that estimates the current
state of the robot and modifies the equations of motion in order to provide adaptability of
the robot to the terrain. This allows their robot to successfully climb up poles with changing
diameter. We voluntarily avoided using a complex algorithm to control our robots. Moreover,
our current robotic framework has limited internal sensing capabilities and cannot ensure
a constant torque (e.g. to hold in place). However with further analysis we could study and
implement a controller of whole-body shape compliance by modeling the dynamics of the
in-series compliant elements. With our approach we cannot yet climb up vertical poles, but
we can successfully locomote on horizontal pipes of changing diameter without changing
control parameters.
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Figure 10.25 — Snapshots of a C3 compliant robot successfully crossing all the features of our
pipe terrain. Images from [225].

Rollinson et al. [171] created a SEA Snake with compliance in the joints. This allows them to
do torque control with a linear mapping from joint to torque. In our approach, we changed
the compliance of the links between modules (shape compliance). The disadvantage of our
system is that it is under-actuated (the dynamics explode). However our controller remains
simple, the robot is cheap and lightweight, giving us the possibility (in terms of cost and
payload capabilities) of adding sensors and devices that are useful for the safety and security
mission.

We showed that compliant elements can increase the adaptability of a snake robot to changes
in diameter of horizontal pipes (Hypothesis 1). While locomotion speed does not vary sig-
nificantly, we have shown that power consumption for the stiff elements (C4) is more than
doubled compared to softer elements (C2 and C3). This happens when the pipe diameter is
larger than the robot’s arc shape defined by the amplitude. In softer robots, the compliant
elements can deform and the snake robot can passively adapt to the pipe size. Instead in the
stiff robot the motors use more power and heat up to the point of triggering the embedded
safety protection (Hypothesis 2).
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10.4 Conclusions

In this chapter we analyzed the effects of in-series passive compliant elements on locomotion.
To achieve this goal we conducted three different studies.

In the first study we used two types of in-series compliant elements (rotational and omni-
directional) connected between two Roombots modules to explore: (i) whether compliance
could improve locomotion performance in terms of speed; and, (ii) if locomotion parameters
optimized for an intermediate value of compliance could also be used to efficiently control
stiffer or softer structures. We tested five values of stiffness for each of the two elements and
ran online locomotion-parameter optimization for six different configurations. Results show a
clear increase in performance (up to 65%) after the introduction of in-series compliance. The
optimization process generated quite different gaits depending on the stiffness value of the
structure. Sometimes these gaits are not robust to changes in stiffness.

In the second study we extended the previous approach and hypotheses to the locomotion of
compliant 8-DoF Lola-OP™ Modular Snake Robots. We carried out this study in simulation,
using offline optimization, and explored the effect of compliance for rolling and sidewinding
gaits. We recreated a model of the robot and simulated in-series omnidirectional compliant
elements with virtual compliant ball joints. Compared to the results that we obtained with the
two Roombots modules, in this study we did not find a clear advantage of using a compliant
configuration instead of a stiff one but instead we observed a rather similar behavior over
different values of stiffness.

For the third study we considered again the compliant 8-DoF Lola-OP™ Modular Snake Robot
but this time we performed our experiments using the hardware robot and exploring the
specific case of horizontal pipe locomotion. The hypotheses for this work were: (i) that the
major benefits of compliance are not for achieving fast ground locomotion but to help cross
complex features that offer fewer points of contact; and, (ii) that compliance can ease the need
for well-tuned control parameters by letting the mechanical system do part of the work. While
also in this scenario locomotion speed is similar at different levels of stiffness, the compliant
robots adapt better to different terrains, especially in terms of power consumption. Stiff robots
require more than double the power compared to softer ones, which often caused the robots
to heat up and engage their safety shut-down feature.

This concludes our contribution to the locomotion challenges for SRMRs. In the next part we
will propose a new application of Roombots as building blocks for furniture and will explore
intuitive ways to interact with modular robots.
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1§ Towards Self-Reconfigurable Robotic

Furniture

Despite the promised advantages of Self-Reconfigurable Modular Robots compared to con-
ventional robots there is still the challenge of finding the optimal application that can exploit
these advantages. We propose the futuristic idea of using Self-Reconfigurable Modular Robots
as building blocks for Self-Reconfigurable Robotic Furniture that can move, morph, and create
new features for household activities in order to improve the quality of life.

As a first step towards the realization of this visionary scenario in Section 11.1 we propose
the use of SRMRs’ modules as Plug-n-Play Robotic Elements. Robotic modules can attach to
passive connectors embedded in standard pieces of furniture or in the domestic environment
to be used as legs, wheels, or manipulators.

In Section 11.2 we report examples of the prospective use of Plug-n-Play Robotic Elements. In
these preliminary demonstrations we use Roombots modules to provide passive objects with
locomotion capabilities and to manipulate dedicated attachments.
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11.1 Introduction

As discussed in Chapter 1, one of the main challenges facing SRMRs is that of determining pos-
sible application scenarios. We propose to merge ideas from the fields of self-reconfigurable
modular robotics, assistive robotics, and domotics in order to create adaptive Self-Reconfigu-
rable Modular Furniture (SRMF) that moves, self-assembles, and creates new functionalities in
a household in order to improve the quality of life. The ultimate vision for SRMF is on-demand
furniture, in which groups of robotic modules autonomously connect to each other and to
passive parts to form different types of furniture, e.g. stools, chairs, sofas, and tables. This
furniture can change shape over time, move to different locations, and adapt to the user’s
needs, as presented in Figure 2.4 in Chapter 2.

As a first step toward this long-term vision in this chapter we propose the use of SRMRs’
modules as Plug-n-Play Robotic Elements that can be used to augment existing furniture and
create new smart features at disposal of the household. Figure 11.1 shows an illustration
of such scenario in which the robotic modules interact with all the members of a family.
Standard pieces of furniture such as wooden tables or sofas can be equipped with passive
connection ports to which Plug-n-Play Robotic Elements can connect. These active robotic
modules can be used to provide standard pieces of furniture with locomotion capabilities.
In this scenario we imagine passive connection ports also distributed in the environment,
embedded in the walls and ceiling. Plug-n-Play Robotic Elements can be manually attached or
use lattice locomotion to connect to these environmental connectors. Once attached, they can

Figure 11.1 — Artist illustration of the Plug-n-Play Robotic Elements being used in a household
to increase quality of life. Image courtesy of the Biorobotics Laboratory, EPFL.
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Figure 11.2 — Examples of external attachments being manipulated by Plug-n-Play Robotic
Elements: (left) Re-orientable speaker. (center and right) Smart lighting system.

Figure 11.3 — Concept of a smart patio with plug-n-play robotic lighting elements and recon-
figurable robotic furniture. Rendering created by Augustin Mercier.

act as manipulators and interact with the environment using dedicated external attachments
equipped with different types of devices such as end-effectors, environmental sensors and
transducers similar to those listed in Chapter 6.

Some concepts of devices that can manipulated, reoriented, and relocated using Plug-n-Play
Robotic Elements are shown in Figure 11.2. Using intuitive interfaces, end-users can control
the behavior of these modular robots. Figure 11.3, created by Augustin Mercier, one of our
students, shows a concept of application scenario where an outdoor environment is enriched
with modular robotic elements to create dynamic lighting points and moving structures.

11.2 Examples of Plug-n-Play Robotic Elements

As a demonstration of potential applications for the Plug-n-Play Robotic Elements we created
a few preliminary demonstrations. Figure 11.4 shows two examples of standard existing pieces
of furniture augmented with Roombots modules. The design of the pieces of furniture has
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(a) (b)

Figure 11.4 — Examples of standard pieces of furniture augmented with Plug-n-Play Robotic
Elements: IKEA LACK table (a) and wooden box (b) equipped with four passive connection
ports and four active Roombots modules connected to them.

Figure 11.5 — Snapshots of an IKEA LACK table augmented using four Roombots modules. The
robots are using their continuous-rotation capability to act as wheels. The augmented table is
manually operated and able to move across the room and lean over to drop carried objects
inside a box.
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11.2. Examples of Plug-n-Play Robotic Elements

Figure 11.6 — Snapshots of an augmented wooden box performing articulated locomotion.
The gait was first optimized in simulation (left side of the snapshots) and then transferred to
the robots (right side). The wooden box is equipped with four Roombots modules used as legs.
Each Roombots module is also connected to passive rubber feet extensions used to increase
ground clearance.

been slightly modified to include passive connection ports. The assembly of the structures
was done manually.

We demonstrate two different uses of the Roombots modules as Plug-n-Play Robotic Elements.
In the first case we exploit their continuous rotation capability to use them as wheels. Fig-
ure 11.5 shows a locomotion sequence in which an augmented IKEA table rolls across the
room, approaches an open wooden box, and leans over to unload some objects that were
being carried. The sequence was controlled manually by an expert operator via low level
motor position commands.

In the second example we used oscillatory motion to generate a gait that moves an augmented
wooden box (Figure 11.6). Given the increased complexity of this task, we used our optimiza-
tion framework to find CPG locomotion-controller parameters that lead to fast locomotion.

As an additional example of the prospective use of Plug-n-Play Robotic Elements, we de-
veloped a “smart lighting system” similar to the concept shown in Figure 11.2. A spotlight
external attachment is manipulated and reoriented by a Roombots metamodule attached to a
ceiling passive port (Figure 12.1). This smart lighting system provides on-demand localized
illumination based on the user’s needs. The user interface used to control this element is
explained in the next chapter.

153



Chapter 11. Towards Self-Reconfigurable Robotic Furniture

(@) (b)

Figure 11.7 — Demonstration of the smart lighting system: (a) Spotlight external attachment
being manipulated by a Roombots metamodule connected to a ceiling passive port. (b)
Example scenario in which the user is able to control the orientation and intensity of the
spotlight. Images from [140].

11.3 Conclusions

In this chapter we described our long term futuristic dream of using Self-Reconfigurable
Modular Robots as building blocks for Self-Reconfigurable Robotic Furniture. As a first step
towards this scenario we use Roombots modules as Plug-n-Play Robotic Elements. These
elements use their ACMs to connect to passive ports embedded in existing furniture, walls,
or ceiling with the goal of creating new automated features in a household. We presented
three examples of prospective uses: a table capable of rolling across a room, a wooden box
that can walk with robotic modular legs, and a spotlight which is reoriented using a Roombots
metamodule attached to a ceiling passive port.

The design of additional dedicated attachments is by itself quite simple. The desired device
(e.g. spot light, screen, camera, gripper) needs to be embedded in a part which includes
a Roombots passive port. Using one of its ACMs, a Roombots structure can connect and
manipulate the attachment. The number of devices that can be included as attachments
depends mostly on the imagination and creativity of the designer. The challenging tasks
are the control, the lattice locomotion, sensing the environment, understanding the user’s
needs, and providing them with a proper human-robot interface. Many of these problems are
still open research questions being addressed by many researchers in different fields. In the
next chapter we will present two examples of user interfaces that allow controlling Roombots
structures with natural gestures.
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Self-Reconfigurable Modular Robots

One of the challenges in the field of Self-Reconfigurable Modular Robotics is to find a well
suited interface that allows the user to control and direct movements, self-reconfiguration,
and overall behavior of the modular structure.

In Section 12.1 we briefly describe several Roombots interfaces that were developed for expert
users, which provide low-level control of the modules (e.g. direct motor-position control). We
then proceed to present two user interfaces that allow non-expert users to control Roombots
modules at different levels of abstraction.

In Section 12.2 we describe a vision-based lighting control interface used to control a Plug-n-
Play Robotic Element composed of a Roombots metamodule with a spotlight attachment. The
user can use hand gestures to regulate directionality and brightness of the light.

In Section 12.3 we present a Natural Roombots User Interface that translates pointing gestures
into robot commands. The interface is used to direct on-grid locomotion sequences of two
Roombots modules. Both interfaces are intuitive and do not require the user to wear or carry
any type of sensor or device.

Some parts of this chapter have been adapted from:

[(140] M. Mutlu, S. Bonardi, M. Vespignani, S. Hauser, A.J. Ijspeert, and A. Bernardino. “Natural
User Interface for Lighting Control: Case Study on Desktop Lighting Using Modular Robots". 10th ACM
International conference on Tangible, Embedded and Embodied Interaction (TEI). In review.

My original contribution: Conceptual contribution.

[147] A. Ozgiir, S. Bonardi, M. Vespignani, R. Mockel, and A.J. Ijspeert. “Natural user interface for Room-
bots". In: Robot and Human Interactive Communication, 2014 RO-MAN: The 23rd IEEE International
Symposium on. IEEE. 2014, pp. 12-17.

My original contribution: Conceptual contribution, hardware development.
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12.1 Introduction

In Chapter 11 we proposed the use of Plug-n-Play Robotic Elements to add new functionalities
in a household to improve the quality of life. If we envision the use of SRMRs in every-day life
environments we need to also take into consideration natural ways of interacting with such
robots. These human-robot interfaces should be non-invasive and easy to use for lay users.

Several interaction strategies have been developed to control Roombots modules, targeting
users with different levels of experience. The low-level control, for development and debugging
purposes, allows direct access to the motion command sequences of single modules. A more
abstract Graphical User Interface allows the manipulation of entire Roombots structures.
In [18], the GUI was transferred from a computer screen to an iPad display. Using Augmented
Reality the user can place virtual objects in the environment, displayed on the screen as seen
by the iPad back camera.

In this chapter we present two natural interfaces that don't require the user to wear or carry
any type of sensor or device.

12.2 Vision-based lighting control

Figure 12.1 — Vision based lighting control: a Kinect mounted overhead detects user’s hand
gestures which are converted into robot control signals. By placing the arm at a height h; the
user can redirect the spotlight. By raising the arm at a height hy, the user can control the light
brightness.
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(@)

(© (d)

Figure 12.2 — Vision based lighting control: (a and b) Spotlight directionality control. (c and d)
Spotlight brightness control. Images from [140].

We proposed a novel tracking method that allows users to interact with a set of modular robots
using hand movements. As application scenario, we considered a Roombots plug-n-play
robotic lighting element in which directionality and intensity of the light are controlled by the
user using simple gestures.

The system, shown in Figure 12.1, uses a spotlight extension mounted on a Roombots meta-
module to illuminate the working area of a desk. A Kinect mounted overhead scans the
tabletop using its depth sensor, searching for specific hand gestures by the user. A control
computer analyzes the sensor data and generates pose and light intensity commands for the
Roombots plug-n-play robotic element.

In order to activate the light position control, a user needs to lift their arm at a certain height A;.
The hand is tracked to calculate the desired light location. The DoF configuration necessary
to light up the desired spot is calculated using geometrical methods and transmitted to the
robot. Brightness is controlled by first moving the hand to the threshold height, h,, to trigger
the brightness adjustment mode. Then the brightness of the spotlight can be modulated by
moving the hand left or right.

The proposed interface is designed to have a quick learning curve, in which the user just
needs to learn the two heights h; and h; in order to effectively control the 6-DoF Roombots
plug-n-play robotic element.
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12.3 Natural Roombots User Interface

We created an intuitive gesture-based interface, called Natural Roombots User Interface, that
allows the user to control individual Roombots modules, direct their on-grid locomotion, and
receive visual feedback without carrying additional devices (Figure 12.3).

The user is able to select individual Roombots modules and move them to target positions
by pointing at them. The interface works with a dual Kinect setup. The first Kinect is pointed
at the user and recognizes the pointing gestures using its depth sensor. The second Kinect
is pointed toward the grid environment (i.e. where Roombots modules and environmental
passive ports are located) to detect its current state. The two Kinects are calibrated in order
to share the same coordinate frame. We used the head-hand vector to estimate the pointing
direction. Once detected, this vector is extended toward the grid environment and the first
object that is intersected (if any) is considered to be the object that is targeted by the pointing
gesture.

In order to enhance the usability of the Natural Roombots User Interface we included visual
feedback to the user by means of RGB LEDs placed in the Roombots modules and on the
connector ports in the grid environment, as shown in Figure 12.4. We included LEDs in the

E . e?' : I ‘
User tracking Grid tracking

mSelected
¥ NS module

Visual
feedback

Unselected Obstacle
module

User

Figure 12.3 — Natural Roombots User Interface setup. Pointing gestures of the user are recog-
nized by one Kinect. A second Kinect tracks the grid state. Visual feedback is given using LEDs
in the Roombots modules and in the connector ports.
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Roombots modules by placing six of them on each main plate, pointing outwards. Using the
plastic ring described in Section 3.6 we were able to create a glow effect. RGB LEDs allow the
creation of a multitude of colors by mixing different amounts of the three primary colors. We
controlled the LEDs to create a number of visual effects such as breathe, in which the intensity
is modulated over time, and turn, used on the Roombots’s DoF to show for instance the
direction of motion. While being aesthetically pleasing, these effects also convey additional

(@ (b) (©

Figure 12.4 — RGB LED illumination: (a) Grid tiles LEDs in full intensity, showing different
combinations of colors. (b and ¢) LEDs on the Roombots’s diametrical degrees of freedom.
Images from [147].

Figure 12.5 — Natural Roombots User Interface in action to control two modules (only of of
them equipped with LEDs). (a) Roombots module 1 is selected. (b) Target connector port is
selected. Module 1 starts an on-grid locomotion sequence to reach the target. (c) Roombots
module 2 is selected. (d) Target connector port for module 2 is selected. Meanwhile, module
1 is still moving toward the target. (e) Module 1 stops because module 2 obstructs its path.
(f) After module 2 reaches its target, module 1 and its target are selected again. (g) Module 1
resumes its locomotion sequence. (h) Both Roombots modules reach their targets. Images
from [147].
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information to the user.

Visual feedback is given to show the current target of the pointing gesture and to indicate the
system state (e.g. available connector ports, planned path, obstacles). Idle Roombots modules
are illuminated with a white-colored breathing effect. Idle connector ports are not illuminated.
When the user points at the grid environment, modules or connector ports that are being
pointed are lit with a cyan color. We defined a set of predefined commands that the user can
execute. For instance, pointing at an object for more than two seconds selects that module as
the active module.

Figure 12.5 illustrates an example of use of the Natural Roombots User Interface to control two
modules. We used two Roombots modules to test selection and simultaneous path execution
with multiple modules. Path planning and on-grid locomotion (not part of this thesis) were
implemented using methods developed by Stéphane Bonardi [16].

12.4 Conclusions

In this chapter we presented two interfaces that allow a lay user to control different functions
of Plug-n-Play Robotic Elements. In the first example the user can use hand gestures to
control directionality and brightness of an automated spotlight. The Natural Roombots User
Interface allows a direct control of Roombots modules to guide their lattice locomotion on a
grid environment using pointing gestures.

Although these two interfaces have been only tested in a controlled laboratory environment,
we believe that these are the first necessary steps toward the seamless integration of Plug-n-
Play Robotic Elements and Self-Reconfigurable Robotic Furniture in every-day life environ-
ments.
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|4 Conclusions and Outlook

The goal of this thesis was to contribute in several ways to tackle some of the challenges in
the field of Self-Reconfigurable Modular Robotics. To reach this objective we first improved
the hardware of Roombots modules by proposing new mechanical solutions to increase their
performance and robustness. Second, we proposed new algorithms for locomotion learning
for arbitrary modular structures. Third, we explored the effect of in-series passive compliant
elements on locomotion. Fourth, we proposed new application scenarios and interaction
methods for using Self-Reconfigurable Modular Robots to create an active household environ-
ment that improves quality of life.

In this thesis we proposed the following original contributions:

* Mechanical redesign and implementation of the Roombots actuation

In Chapter 4 we explained the redesign process for the actuators used in Roombots
modules. We proposed three new gearbox implementations (B, C, and D) designed
to reduce backlash, allow for better manufacturability, withstand higher torque, and
decrease their decrease the space required to house them. With Gearbox B we reduced
the thickness of the gearbox by 23% by using different materials and manufacturing
techniques. Gearbox C, the last design built in plastic, has a more robust internal
structure, which allowed it to withstand 21% more payload compared to the previous
versions. Additionally it has a 12-bit absolute encoder at the output, which is used to
actively compensate for backlash. The newest version, Gearbox D, combines all the
previous improvements in a metal design that is able to withstand a twofold increase in
output load in comparison with the original design.

* Improvement of the Roombots Active Connection Mechanisms
In Chapter 5 we proposed two improvements for the Roombots Active Connection
Mechanisms (ACMs). ACMv4 has improved kinematics which create a larger scooping
movement of the latches and increases the gripping range by 50% from 3.1 mm to
4.7 mm. This improvement allowed us to complete an autonomous on-grid locomotion
sequence with a Roombots module on a vertical grid for the first time. The hybrid
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ACM is an extension of the ACMv4 which combines the advantages of physical latching
with the use of magnets to improve the self-aligning properties of the connector. This
new design allowed us to dramatically increase connection success rate during on-grid
locomotion or self-reconfiguration tasks.

A bio-inspired approach to speed up optimization after morphological change

In Chapter 8 we presented two parameter-reduction methods for SRMRs that allow
for quick locomotion-parameter optimization in the first minutes after a change in
morphology. Body/Limb Finder detects bio-inspired sub-structures and articulation
joints in any arbitrary modular structure and applies parameter reduction using a set
of pre-defined rules that restricts the number of active DoE This can also be used in
combination with the Symmetry Finder method, which identifies symmetrical sub-parts
of the modular robot that can share the same optimized parameters. The two methods
provide quick learning of new locomotion parameters that achieve on average a value
of fitness three times higher than an unconstrained optimization.

A hybrid optimization method for the improvement of the simulation environment
In Chapter 9 we proposed a hybrid optimization technique that combines advantages
of offline and online optimization by providing simulation results that are well matched
with hardware experiments (with a reduction of the reality gap). After a first offline
locomotion-parameter optimization step, a selection of gaits obtained from simulation
are evaluated with the hardware robot. A second optimization step takes place to
optimize simulation environment variables. The optimized simulator can then be used
to find new optimized gaits. In contrast to offline optimization, the extra steps required
by hybrid optimization allow results to be almost seamlessly transferred to the hardware
robot. Compared to online optimization, we estimated at least a 2.5-fold reduction in
the required optimization time.

Improvement of locomotion speed and energy efficiency in (Self-) Reconfigurable
Modular Robots by using in-series passive compliant elements

In Chapter 10 we analyzed the effects of in-series passive compliant elements on the
locomotion of Roombots and 8-DoF Lola-OP™ structures. With two Roombots we
showed a 65% increase in locomotion speed after the introduction of in-series com-
pliance. We extended the study on a simulated 8-DoF snake robot performing rolling
and sidewinding on different rough terrains. In this case softer and stiffer structures
produced locomotion runs with similar speed. We further extended this work to hard-
ware 8-DoF Lola-OP™ snake robots and considered the specific task of rolling on a
horizontal pipe. We showed that compliant elements can increase the adaptability
of a modular snake robot to changes in diameter of horizontal pipes. While showing
similar locomotion speed, compliant Lola-OP™ robots are more than 50% more energy
efficient compared to their stiff implementation.

Plug-n-Play Robotic Elements
In Chapter 11 we proposed the use of Plug-n-Play Robotic Elements as a first step



towards realizing the Self-Reconfigurable Modular Furniture scenario. Plug-n-Play
Robotic Elements are SRMR’s modules that can be used to augment standard pieces of
furniture or to manipulate dedicated extensions plugged into passive connector ports
distributed in the environment. We presented three examples of prospective scenarios.

» Two intuitive user interfaces for SRMRs

In Chapter 12 we proposed two interfaces that allow non-expert users to control the be-
havior of SRMRs and Plug-n-Play Robotic Elements using gestures. In the Vision-based
lighting control interface the user can intuitively control directionality and brightness of
an automated spotlight connected to a Roombots metamodule. The Natural Roombots
User Interface allows a direct control of the modules to guide their lattice locomotion
on a grid environment using pointing gestures. Both interfaces are intuitive and do not
require the user to wear or carry any type of sensor or device.

Discussion and Future Challenges

In Chapter 4 we analyzed and improved the Roombots actuation in order to make it stronger
and more robust for use in self-reconfiguration and locomotion tasks. The three motor-
gearbox assemblies are the most expensive! and one of the most critical subparts in a Room-
bots module. For these reasons we put extra effort into the redesign process in order to achieve
a product that would satisfy all of our requirements. We evaluated several custom-designed
and commercial gearboxes and motor-gearbox combinations. Off-the-shelf products could
not could fit our purpose. We found that the market is currently divided between small and
compact “hobby-like” products and sturdy, robust, heavy, and high-precision professional
products. The formers usually have hardware specifications that are almost one order of
magnitude below our requirements. As an example, Dynamixel MX-106 motors, the strongest
actuators in the Robotis product range, have a size that would fit in the Roombots hemispheres
but a stall torque of 10 Nm, compared to the nominal torque of 8.4 Nm of our Gearbox D with
Maxon motor design?. On the other hand, high-end professional gearbox systems are usually
either too large for our space constraints or too heavy. The requirement of having a hollow
gearbox constrains its design, making it much more complex. This design is needed because
we chose to have continuous rotation capabilities for the Roombots DoF and electrical slip
rings to transfer power and data between hemispheres. Continuous rotation is theoretically
advantageous in self-reconfiguration sequences; it is also useful for locomotion as modules
can be used as wheels or a combination of rotations and oscillations [158]. In case of future
development of a new self-reconfigurable modular system we would however evaluate real
advantages and disadvantages of designs in which modules are able to perform continuous
rotation. Additionally, we would take into consideration completely different modular designs

1Currently the cost of three Gearbox D units, three Maxon motors of the correct type, and three absolute
encoders (one per DoF in a Roombots module) amounts to roughly 1700 CHF (approximately $1700), compared to
about 3000 CHF for a complete module.

2Usually the stall torque is between 5 to 10 times higher than the nominal torque. Nominal torque not provided
for Dynamixel motors.
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and technologies, e.g. taking inspiration from the field of soft robotics using fluid-filled com-
pliant skins such as those developed by Pneubotics [156], that could scale better in terms of
number of modules, size, and cost.

In Chapter 5 we analyzed and redesigned the Roombots ACMs in order to improve their
tolerance to misalignment. This redesign enabled Roombots to successfully complete single-
module locomotion through reconfiguration tasks (explained in Appendix B), which was not
possible with the previous ACMv3 connectors. At the moment, even with the ACMv4 or the
hybrid ACM, we are not able to complete sequences of on-grid locomotion using Roombots
metamodules (i.e. two Roombots modules connected together). The reason is the deflection
of the long lever arm of the metamodule, which results in errors of one or more centimeters
in the alignment with the target connector. The sources of this deflection are, in order of
magnitude, backlash in the Roombots actuators, wiggling in the bonding between the two
connectors at the opposite side of the metamodule, and deformation of connector plates
and internal structures. We targeted the reduction of backlash during the redesign of the
actuation system. In gearbox designs C and D the control system can compensate for backlash
using the absolute encoder mounted on the gearbox’s output shaft. However, this feature
was only tested in isolated gearboxes controlled by an Arduino board because the old version
of the Roombots motor control boards does not support communication with the absolute
encoder. New electronic boards are currently being developed and will be available soon. We
believe that eliminating the effect of backlash could already be sufficient to allow metamodule
on-grid locomotion. An interesting future direction could also be the use of a closed-loop
control that actively controls the position of the metamodule based on a measurement of the
misalignment between controlled and target connectors. This measurement should be done
using exteroceptive sensors such as infrared distance sensors or vision systems.

In Chapter 8 we proposed two parameter-reduction methods for SRMRs that are useful for
quickly learning new gaits after morphological changes due to self-reconfiguration or manual
assembly. We developed these methods with a time-critical scenario in mind in which the
robot is forced to change shape and needs to learn a “good-enough” gait® to be able to return
to its main task. In our work we let all the optimization (FO, BLE BLF-SYM, and SYM) run
for 800 iterations and then compared them to evaluate the quality of the different solutions.
In a real application scenario we would need a method that can automatically estimate the
number of iterations necessary to have a good-enough solution. Moreover, in our work we
defined empirical rules for the detection of bio-inspired articulation joints. While these rules
produced optimized gaits that were significantly better than FO gaits, there is no guarantee of
their optimality. It would therefore be useful to create an automated system that calculates
optimal reduced networks for any arbitrary structure.

In Chapter 9 we developed a hybrid optimization method that allowed us to reduce the

31f we consider the optimization time t, needed to learn new parameters and the locomotion time #; that the
robot requires to reach its target position using these new parameters, we look for solutions that minimize the
total time ¢ = o + 1.

164



reality gap. The reduction was obtained through an optimization of simulation environment
variables based on a similarity ratio between simulation and hardware experiments. We
defined similarity ratio as the percentage of overlap between the virtual and hardware robot’s
body projections over time. As discussed in Section 9.3 this definition might not be optimal
and could limit the effectiveness of the method. The hybrid optimization is a cycle which
includes a first offline optimization, the evaluation on hardware of selected gaits, and the
meta-optimization process. Once the cycle is complete, results from meta optimization can be
used for further offline optimization runs which will produce results that are better matched
with the hardware. Results from meta-optimization are in different measures dependent on
the robot morphology, the type of gait, and the ground properties. An interesting research
question is the evaluation of how these results generalize to different conditions and when it
is necessary to trigger a new meta-optimization process.

In Chapter 10 we investigated the use of in-series passive compliant elements for locomotion
with Roombots modules and 8-DoF Lola-OP™ robots. In the first case we reported a clear
increase in locomotion speed when using compliant structures instead of stiff ones. This was
not found to be the case for the experiments with the modular snake robot. One reason for
this could be the different types of gaits performed by the two robots. The two Roombots
modules had more abrupt movements that were smoothed out when the structure was more
compliant. For the experiments with the Lola-OP™ robot we used instead traditional snake
gaits (sidewinding and rolling) that do not generate large impact forces with the ground.
Perhaps there could also be a different effect of compliance on locomotion when we compare
“slow and heavy” Roombots to “fast and lightweight” snake robots. For future experiments we
would like to find ways to measure the deflection of each compliant element to estimate how
much energy is being stored and released. With the horizontal pipe locomotion experiments
we reported a clear increase in energy efficiency for more compliant configurations. This
was likely due to a passive adaptation to the complex terrain features. Based on these results,
it would be interesting to validate the simulation results of Section 10.2 with the hardware
robot. For further studies we could increase the repertoire of types of compliant elements and
investigate also the effect of external passive extensions, which go in direct contact with the
ground. A thorough search could also be done on the hardware robot to further investigate if
actuation frequency combined with passive compliance has an effect on locomotion efficiency.

In Chapter 11 we presented examples of augmented furniture and Plug-n-Play Robotic Ele-
ments used to create new features in a domestic environment. These first demonstrations
showed the feasibility of these types of applications for SRMRs. At the moment the torque
generated by the Roombots modules is sufficient to manipulate dedicated extensions and
move lightweight objects like an IKEA LACK table but certainly not enough to lift heavier pieces
of furniture. We believe that a key element towards the realization of the Self-Reconfigurable
Modular Furniture scenario is the creation of dedicated heterogeneous modules designed
for specific types of movements. An example of such modules is an omnidirectional wheel
module equipped with active connectors. This specialized module would primarily be used
for relocating augmented furniture.
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In Chapter 12 we proposed two device-free user interfaces for controlling SRMRs using ges-
tures. The two interfaces seemed natural and easy to use. Gesture-based user interfaces have
the potential to provide a robot control at different levels of abstraction (e.g. control of the
overall behavior, such as in the control of orientation and brightness of the smart lighting sys-
tem; control of the behavior of each Module, such as in the Natural Roombots User Interface).
Future directions could include the integration of speech recognition in the Roombots user
interface to provide an even more natural way to interact with the robot.
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)i\ List of modular robots

Table A.1 - List of 111 modular robots, from 1988 until 2015. Data from [204] and [2], integrated
with our best knowledge on most recent publications.

Year No. Module Reference
1988
CEBOT [57]
2 CMU RMMS [187]
1993
3 Polypod [246]
1994
4 Fracta [135]
5 Metamorphic [33]
1996
6 Ganryu [76]
7 Tetrobot (74]
1998
8 3D-Fractum [100]
9 Molecule [99]
10 Vertical [78]
1999
11 CONRO [237]
12 I-Cube [222]
13 Micro-robot [221]
14 Miniaturized System [255]
2000
15 Crystalline [227]
16 Micro-unit [254]
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2001

2002

2003

2004

2005

2006

17
18
19

20

21
22
23
24

25
26
27
28

29
30
31
32
33
34
35

36
37
38
39
40
41
42
43

44
45
46
47
48
49
50

M-TRAN
Proteo
PolyBot

ANAT

Molecule I1
Pneumatic
TeleCube
Uni-Rover

CHOBIE
Gear-Type
M-TRAN II
Swarm-Bot

ATRON
Claytronics
HitMSR
Neubot
Random Parts
Stochastic 2D
Y1

Catoms
HYDRON
Molecube
Microtube

Programmable parts

Stochastic 3D
Superbot
Slimebot

AMAS

CkBot
Deformatron
MEMS
ORTHO-BOT
roBlocks
YaMoR

[102]
(14]
[244]

(92]

[177]
(84]
[213]
(88]

(83]
[219]
[103]
[132]

[146]
(40]
[260]
[72]
(69]
[236]
(68]

[95]
[145]
[264]

(27]

(13]
[233]
[180]
[196]

[216]
[151]
[207]
(49]
[165]
[189]
[131]



2007

2008

2009

2010

2011

51
52
53
54
55
56
57
58
59

60
61
62
63
64

65
66

67
68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85

AMOEBA-I
CHOBIE IT
Miche
M-TRAN III
ROBMAT
Shady 3D
TETwalker
Tribolon
XBot

Em-cube
GZ-1
Morpho
Odin
SYMBRION

Raupi
Roombots

Factory Floor
iMobot

Kilobot
Modular-Expanding
Mod-Leg
Responsive Truss
Sambot
Single-material
Smart Pebbles
Thor

UBot

Vaccubes

Anibot

Crossball

Cubelets

Heterogeneous modules
HitMSR II

M-Cubes

M-Lattice

(109]
(98]
[66]

[101]
[52]

[253]
(29]

[127]

[234]

(4]
[259]
[257]
[111]

(91]

[113]
[203]

[251]
[124]
(188]
[53]
[263]
[241]
[70]
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86 HexBot [179]
87 SMART (8]
88 X-Cell [77]
2012
89 ModRED [79]
90 M3Express [238]
91 Smart Blocks [128]
92 SMORES [46]
93  Soft Module! [63]
2013
94 CoSMO [105]
95 EDHMoR! [54]
96 Fable [148]
97 Hybrid Robots! [104]
98 M-Block [174]
99 Single module [163]
100 USS [240]
2014
101 Hinged-Tetro [89]
102 MOSS [129]
103 ReBis [218]
104 Reconfigurable Endoscopic Capsule! [252]
105 ReCTeR [28]
106  Soft Cell! [62]
2015
107 Fable2 [149]
108 HMA-based RBE! [25]
109 PMR [48]
110 Soldercubes [142]
111 TE.M.P. [153]

1Unofficial name.
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On-Grid Locomotion through
Self-Reconfiguration

In this chapter we present two hardware experiments that show the capability of Roombots
modules to locomote on a 3D grid environment. The robot cannot perceive the environment
and joint moves were pre-computed. The tasks were executed autonomously with an open-
loop control, without human interference. We manually triggered ACM connections and
disconnections to ensure that a successful ACM connection had been properly established
before taking the next step.

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.

Single Roombots Module On-Grid Locomotion in 3D

This experiment illustrates the ability of a single Roombots module to autonomously overcome
aconcave edge and climb a structured wall. The setup (Figure B.1a) is composed of a horizontal
and a vertical plate (of 2 x 6 and 8 x 6 grid units), shaping a concave corner. A single Roombots
module starts on-grid, one grid unit away from the wall, and climbs the wall in 14 steps
(Figure B.2), with four sub-sequences:

1. The approaching move towards the wall is a pre-computed, inverse kinematic (IK)
based motion sequence (Figures B.1a-B.1c). To avoid collision with the wall through
the module’s rotation, the approaching ACM is guided through IK based motion to stay
parallel to the approaching wall.
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Figure B.1 — A single Roombots module overcoming a concave edge. (a) Initial configuration
with the module placed in its SRZ configuration, one grid unit away from the wall. (b) The
module approaches the wall using inverse kinematics. (c) Connection to the vertical plate
(first row) and disconnection from the horizontal one. (d) The module approaches the wall
with a simple rotation of a diametrical DoE (e) Connection to a passive port on the second row
and disconnection from the first row. (f) The module escapes the concave corner upwards
using inverse kinematics. Images from [204].

2. The module connects the wall approaching ACM, and disconnects its foot ACM (Fig-
ure B.1¢).

3. As before IK based motion was applied to avoid ACM-wall collision when rotating the
module upwards (Figure B.1f).

4. A cyclic sequence of moves was used to climb the vertical surface. As explained in [19],
the Roombots’s DoF does not allow for a straight movement, but the module performed
a zig-zag motion: right, up, left, and up (Figure B.2). Each move was followed by an ACM
connection-disconnection.

In Figures B.1 and B.2 we show one Roombots module overcoming a concave edge and
climbing a vertical grid wall.

In all above experiments we proceeded with an identical set of Roombots hardware: two Room-
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Figure B.2 - Single Roombots module on-grid locomotion in 3D experiment: (a) The sequence
of 14 atomic moves used to climb the wall. /K: inverse kinematic based motion, R move to
the right, U move up, L move to the left, in the global coordinate system. A connection and
disconnection phase took place between each move. (b) Detail of four atomic moves. Images
from [204].

bots modules, each equipped with two ACMv4 with improved scooping movement!. Room-
bots modules equipped with the old ACMv3 connectors were able to perform the concave edge
sequence, but could not successfully execute step R3 because of the limited misalignment
tolerance. Under standard laboratory conditions, such as module preparation, careful prepa-
ration of the on-grid plates and their connector ports, and constant module maintenance, the
ACMv4 gripping range of 4.7 mm was sufficient to successfully complete the whole sequence.
Robustness was however quite low and we had to repeat the experiment several time in order
to have a flawless run with no human intervention to help the modules. The addition of the
small magnets in the hybrid ACM helped to dramatically reduce the number of unsuccessful
connection attempts. The increased robustness allowed us to demonstrate multiple times the
whole experiment during an open-day exhibition and several lab tour demos.

Two Roombots Modules Join into One Metamodule - Crossing Convex Edges

This experiment demonstrates the ability of a Roombots module to overcome a convex edge
with the help of a second module, and the ability of Roombots modules to join into meta-

1See Chapter 5 for details about the ACM mechanic design.
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(b) (d)

Figure B.3 — A Roombots module overcomes a convex edge by joining with a helper module
into a Roombots metamodule. (a) Module 1 (M1) is one grid unit away from the wall. Module
2 (M2) waits on the top surface. (b) M1 climbs the wall for one grid unit. (c) M2 connects its
ACM to the approaching M1. (d) M1 is lifted onto the horizontal plane. Images from [204].

modules. We showed earlier that single Roombots modules can overcome concave edges.
To overcome a convex edge, a single Roombots modules requires the assistance of a second
module. This is a kinematic constraint: the shortest distance from one connection port on
the wall, over the convex edge, to the next port on the above plane is three grid units. Single
Roombots modules are only two grid units long.

The experimental setup was composed of three grid planes forming a concave/convex edge
(#3 Figure B.3a). Two untethered Roombots modules, M1 and M2, were used. M1 was placed
on the lower plane, and M2 “waited” on the upper grid plane. To approach and climb the wall,
M1 performed the same motion sequence as in the concave-edge experiment (Figure B.1).
Once M1 reached M2, both connected (Figure B.3c) into a metamodule. The metamodule
lifted itself over the convex edge (Figure B.3d).

At the end of this sequence the two modules can separate and continue their on-grid loco-
motion through self-reconfiguration task. The Roombots modules could also continue their
on-grid locomotion as a metamodule. This configuration would potentially allow them to
reach more remote positions in the 3D grid [16]. However hardware validation of this ability
could not be demonstrated. Roombots metamodules show too large a deflection? which
prevents them from connecting to the target ports using just an open-loop control.

2Roombots metamodule on-grid locomotion was only tested using modules with the Gearbox B (without
absolute encoder) and hybrid ACM.
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8] Roombots Quadruped Locomotion

In this chapter we show snapshots of a locomotion experiment with five Roombots modules
assembled in a quadrupedal structure (Figure C.1). The robot was equipped with four external
passive rubber feet extensions to increase friction with the ground. Roombots modules use
oscillatory movements produced by a network of coupled phase oscillators (CPGs). The
structure has 12 actuated DoE 3 for each leg module. The spine module is not actuated. The
CPG control parameters were previously optimized in simulation using a Particle Swarm
Optimization. The simulation environment was optimized using meta-optimization.

Figure C.1 — Locomotion of a quadrupedal structure made of five Roombots modules.
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Self-Reconfiguration from Tripedal to
Snake Morphology

In this chapter we show snapshots of a self-reconfiguration sequence in which a Roombots
structure composed of three modules changes morphology (Figure D.1). The structure has
9 actuated DoE At the beginning the robot moves with a tripedal shape, using oscillatory
movements produced by a network of coupled phase oscillators (CPGs). The locomotion-
controller parameters were pre-optimized using offline optimization. After ¢t = 12 seconds,
we manually triggered a self-reconfiguration sequence. This would normally happen auto-
matically when the robot evaluates that the current morphology is not well adapted for the
task or the specific environment. However this feature has not yet been implemented in
Roombots. The self-reconfiguration sequence executes a pre-determined list of movements,
connections, and disconnections in order to change the connectivity of the structure. This
process requires 30 seconds. At ¢t = 42 seconds, new locomotion-controller parameters for
snake locomotion are loaded into the Roombots modules. These new parameters were also
pre-optimized. Thanks to the self-aligning properties of the hybrid ACM, we were able to
repeat this self-reconfiguration sequence multiple times with high success rate.
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Appendix D. Self-Reconfiguration from Tripedal to Snake Morphology

Figure D.1 —- Roombots Self-Reconfiguration from Tripedal to Snake Morphology.
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13 Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) is a population based, stochastic optimization algorithm
which uses so-called particles to explore the parameter search space. PSO is a cooperative
algorithm in which individual particles share information about known solutions of the
particular problem being solved (using principles of collaboration rather than competition).
The velocity v; and the position x; attributed to each particle i are governed by the following

equations:
vit+ D =w-vi()+rin-c1-(Xi —x; (1) +riz- c2 (Xg — xi (1)) (E.1)
Xi(t+ 1) =x;() +v;(t+1) (E.2)

where X; is the best solution found by particle i and X is the best global known solution, r;;
and r;» are two random numbers uniformly distributed between 0 and 1, w is the inertia factor,
and c; and ¢, are two constants that weight the contribution of local versus global search.

We chose PSO over other optimization techniques for the following reasons:

1. With its relatively low number of computations, PSO is a lightweight optimization
method that can even run on slower microcontrollers.

2. In contrast to other optimization techniques, PSO does not require gradients and per-
forms well also on more complex search spaces.

We implemented the Particle Swarm Optimizations used in Chapters 8, 9, and 10 using the
Optimization Framework developed by Jesse Van den Kieboom [93]. This framework is well in-
tegrated with Codyn, with Webots, the mobile robot simulator that we used for our simulation
experiments [229], and with our cluster of 18 dual quad core Intel Xeon E5504 processors!.

I This computation power is not needed for the PSO algorithm itself, but instead to run multiple instances of
Webots at the same time in order to parallelize the execution of the different particles.
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Appendix E. Particle Swarm Optimization (PSO)

Settings of the optimization framework include the number of particles and iterations and
the definition of the fitness function that needs to be evaluated. Additionally, the framework
offers the possibility to repeat each particle multiple times and consider its worst, average, or
best performance; this is useful to test the same candidate locomotion parameters multiple
times with different robot’s initial conditions (e.g. different orientation) in order to evaluate
their robustness.
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