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Abstract

The flexibility and increasing autonomy of mobile robots have been making the automation
of challenging use cases in the course of the last decades possible. In this way, their im-
plementation has not been limited to isolated single robots, and the use of multiple agents
working together to achieve a common goal has been shown to increase considerably the
overall capabilities of the system, in terms, for example, of a better spatial distribution, ex-
ertion of forces in handling tasks and higher flexibility, allowing the robots to be used in a
wider spectrum of applications. Nevertheless, although the implementation of cooperative
multi-robot systems (MRSs) harbours great potential, the larger solution space and design
freedoms which emerge from all possible combinations of different robots, structures and
operational configurations increase the complexity and required effort for their planning and
synthesis. All this often leading to over-dimensioned cooperative MRSs with redundancies
that are not conceived for a specific purpose but rather result from the simplification of the
synthesis process, and where the real potentials of MRSs are not fully exploited.

This work presents a general framework that structures and supports the early stage of the
synthesis process of MRSs for cooperative transport applications without reducing the po-
tential solution space. It starts by analysing the use case from the customer perspective
and proposes novel indices for the characterization of the system’s performance. Building
on this, main clusters of configuration parameters or settings that directly influence the be-
haviour of the MRS are proposed, and through the analysis of their interrelations, specific
design measures are derived.

The applicability and added value of the proposed framework is discussed on the example of
an automatic car transport system, where the possibility of abstracting the synthesis process
and simultaneously reaching new solutions not taken into account by traditional synthesis
processes is demonstrated.





Zusammenfassung

Die Flexibilität und zunehmende Autonomie mobiler Roboter haben im Laufe der letzten
Jahrzehnten die Automatisierung anspruchsvoller Anwendungsfälle ermöglicht. Auf diese
Weise hat sich ihre Implementierung nicht auf isolierte Einzelroboter beschränkt. Es hat sich
gezeigt, dass die Verwendung mehrerer Agenten, die zusammenarbeiten, um ein gemein-
sames Ziel zu erreichen, die Gesamtfähigkeiten des Systems erheblich steigern können, z.
B. in Bezug auf eine bessere räumliche Verteilung, die Ausübung von Kräften bei der Aus-
führung von Handhabungsaufgaben und eine höhere Flexibilität, wodurch die Roboter in
einem breiteren Spektrum von Anwendungen eingesetzt werden können. Dennoch: obwohl
die Realisierung kooperativer multi-Roboter Systeme (MRSs) ein großes Potenzial birgt,
erhöhen der größere Lösungsraum und Vielfalt an Gestaltungsfreiheiten, die sich aus allen
möglichen Kombinationen verschiedener Roboter, Strukturen und Betriebskonfigurationen
ergeben, die Komplexität und den erforderlichen Aufwand für deren Planung und Synthese.
Dadurch entstehen oft überdimensionierte kooperative MRSs mit Redundanzen, die nicht
für einen bestimmten Zweck konzipiert sind, sondern vielmehr aus der Vereinfachung des
Syntheseprozesses resultieren und bei denen die wirklichen Potenziale der MRSs nicht voll
ausgeschöpft werden.

Diese Arbeit stellt ein allgemeines Framework vor, das die frühe Phase des Syn-
theseprozesses von MRSs für kooperative Transportaufgaben strukturiert und unterstützt,
ohne den potenziellen Lösungsraum zu reduzieren. Sie beginnt mit der Analyse des
Anwendungsfalls aus der Kundenperspektive und schlägt neuartige Indikatoren für die
Charakterisierung der Systemperformance vor. Darauf aufbauend werden Hauptcluster von
Konfigurationsparametern (Einstellungen, die das Verhalten des MRS direkt beeinflussen)
vorgeschlagen und durch die Analyse ihrer Wechselbeziehungen werden spezifische Design-
maßnahmen abgeleitet.

Die Anwendbarkeit und der Mehrwert des vorgeschlagenen Framework wird am Beispiel
eines automatischen transportsystems für PKW diskutiert, wobei die Möglichkeit der Ab-
straktion des Syntheseprozesses und das gleichzeitige Erreichen neuer Lösungen, die von
traditionellen Syntheseprozessen nicht berücksichtigt werden, aufgezeigt werden.
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1 Introduction

Since the beginning of the robotic history in the middle of the last century, the number of ro-
bots’ installations has risen dramatically. In the last two decades the number of robots in use
tripled to over two million units [Oxf]. Simultaneously to this trend, the robotic technologies
have significantly evolved and these devices have been gradually leaving aside fenced areas,
coming closer to humans and even allowing a direct interaction. All this making possible
the automation of new challenging applications. This gave rise to the new field of service
robotics, in which applications for sectors such as medical and logistics are becoming in-
creasingly important. Thus, the market for professional service robots increased strongly by
more than 30% in 2019 and the logistic service robots accounted 43% of the total profes-
sional service turnover [Intb]. But it is not only in professional and industrial environments
that these trends can be identified, the implementation of robotic devices for domestic tasks
or entertainment has also grown considerably in the last years and its potential development
is promising [Intb].

One of the factors that has been driving this trend is the rapid development that has taken
place around mobile robotic technologies in recent years. Mobile robots which in the past
were only able to follow pre-programmed routes and orientate themselves by means of
magnetics strips or elaborate reflector constructions, requiring massive intervention in the
infrastructure, have thus gradually evolved into autonomous devices. The developments in
sensor technologies, computation power and planning algorithms have allowed them to effi-
ciently plan and adapt routes on the road, to build maps and localize themselves in changing
environments, avoid obstacles and actively interact with other systems and humans.

1.1 Motivation

The increasing autonomy and flexibility of non-stationary robots allow their implementation
in a wide spectrum of use cases. Nevertheless, it is the integration of several agents that
partner to cooperate together in order to achieve and carry out a common objective, which
outlines an almost infinite potential of applicability for this type of systems. Hence, the
potential spatial distribution of mobile multi-robot systems (MRSs) makes possible, for
instance, to perform tasks requiring synchronization in considerably separate locations, to
explore unknown terrains more efficiently, to exert forces strategically at different points of
a manipulated object, and to intelligently distribute the supporting points of a load during its
transport, among others. Furthermore, having several agents with basic and even different
capabilities, instead of a complex and high specialized robot, may increase the scalability
and versatility of the system, facilitating the capacity to react and adapt to future changes
in the overall process and, consequently, extending the applicability of robot fleets to new
challenging use cases (see Figure 1.1).
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Different objects Storage Flexible
force transmission

t=1
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Efficient task distribution

Figure 1.1: Potentials of implementing MRSs

In this context, the field of action of cooperative object transport is presented as one with
an enormous potential not only to continue driving the development of new technologies
around mobile robotics, but to be applied in different scenarios and use cases. Thus, not
only boxes or components may be transported in logistic depots or production halls, also
a flexible mobile manipulation of them directly in production lines may make them more
flexible and versatile. Furthermore, the implementation of MRSs for transport tasks can
be extended to public spaces and other completely different types of load such as vehicles,
enabling for instance, valet parking applications and a variety of services around the car, and
in consequence, boosting innovative and growing fields such as automotive service robotics
[FHDS17, Her21].

However, the introduced potentials of cooperative multi-robot systems for transport tasks
are only present if they are actively and consciously considered already in the early stages
of the synthesis process, in which the general structure, capabilities and configuration of
the robotic system are determined. This may be done throughout a systematic and holistic
design process that assumes the system as a whole and distributes the required capabilities
among all the participating agents intelligently. Thus, this fact motivated the research stud-
ies carried out in the course of this work which aims to find a simplified synthesis process
that can lead to more efficient MRSs for cooperative transport applications without reducing
the potential solution freedoms as set out in detail in the following section.
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1.2 Problem Statement

The design or synthesis process of MRSs for cooperative transport tasks deals, at an early
stage, with the search of suitable specific characteristics of the participating robots in order
to fulfil general requirements before a detailed design can be carried out. Mobile robots are
complex systems composed of many sub-assemblies and their specific configuration may
considerably affect their performance. Thus, although the implementation of cooperative
multi-robot systems can extend the capabilities of the group, the design effort and complex-
ity may increase considerably simultaneously due to the larger solution space and design
freedoms which emerge from all possible combinations of different robots, structures and
operational configurations. All this often leads to over-dimensioned cooperative robot sys-
tems with redundancies that are not conceived for a specific purpose but result from the
simplification of the synthesis process, and where the real potentials of multi-robot systems
are not fully exploited as shown in Figure 1.2.

Flexibility

No. of robots

high

low

Solution space
(possible combinations)

many

few

Highly complex synthesis Unnecessary redundancies

unnecessary
degrees of freedomstraight-line task

e.g.

Figure 1.2: Larger solution space for synthesis of MRSs leading to systems with avoidable redund-
ancies

Research studies have addressed extensively the synthesis process of single mobile robots
[Apo01, Mui88] and in the context of MRSs the focus has been on control strategies and
software implementations [AMBR17, BJ95, CGL+15, FIM13, HKX+15]. Nevertheless,
a generic analysis of the configuration freedoms for the synthesis of MRSs for transport
applications has not been directly addressed under consideration of heterogeneous systems
and specially without a focus on control strategies.

The aim of this work is to support and simplify the synthesis process of mobile multi-
robot systems for cooperative object transport tasks at an early stage and to expand
its solution space, in order to plan and design more efficient and flexible systems for
specific use cases by reducing the presence of avoidable redundancies.

The following questions are handled in the course of this work:
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• What are the main design parameters to be considered during the early phase of the syn-
thesis process of an MRS for transport applications?

• Which indices can be used for the evaluation and comparison of the performance of dif-
ferent multi-robot configurations for transport applications?

• What are the potentials of implementing heterogeneous cooperative robot systems for
transport applications and how can they be exploited?

1.3 Approach and Structure of the Work

The current work structures the synthesis process in two main parts: a customer side, con-
sisting of an analysis of the use case based on specific information directly collected from
the customer, and a technical side, including a deep study of the design freedoms and poten-
tials of using MRSs for cooperative object transport applications. The integration of these
two perspectives is facilitated through the definition of common indices for performance
evaluation.

Throughout the exploration of the design parameters, new definitions and variables are intro-
duced for the representation of system-specific characteristics related to cooperative object
transport applications. These may constitute the basis for the study of further multi-criteria
optimization processes to synthesize MRSs. These strategies may support, for instance, the
planing of new robot fleets or be implemented in task planers or fleet management systems
to actively make decisions in different use cases.

Thus, this work strives to prove the following hypothesis.

Hypothesis: The abstraction of the synthesis process of MRSs by defining a set of con-
figuration parameters and indices for the evaluation of their performance in specific use
cases constitutes the basic framework in the pursuit for an optimal robot configuration
for cooperative object transport tasks. An application oriented analysis of the relation-
ships between the configuration parameters, considering the participating robots and the
transported load as a unit, expands the design space and opens new synthesis freedoms
which can lead to a higher efficiency of the overall system.

To confirm the formulated hypothesis, the structure presented in Figure 1.3 and the proced-
ure described below are applied.

After introducing the motivation, problem statement and approach of this work in chapter 1,
the chapter 2 presents basic and fundamental concepts in relation to mobile robotics. Thus,
after giving a formal definition and differentiation of these devices from static systems, the
main subassemblies of mobile platforms are introduced and detailed information for the
chassis and loading handling devices provided. Consequently, the chapter develops in detail
the basic considerations for modelling the kinematics of mobile robots in order to support
new concepts outlined in the following sections. Lastly, the chapter introduces multi-robot
systems by discussing their potentials and giving an overview of traditional applications.
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The chapter 3 begins selecting and defining a set of technical parameters for the characteriz-
ation of MRSs for cooperative transport applications. Thereafter, the customer perspective
is introduced and specific high-level information or data for the description of the task to be
performed, is discussed. The chapter ends bringing the technical and customer perspectives
together, by analysing the formulation of technical requirements.

The analysis of several design measures that may lead to meet specific technical require-
ments is carried out in the chapter 4. It begins by proposing groups for their main classi-
fication and in the subsequent sections the mechanical and operational design spaces are
addressed in detail. In this way, the effects, correlations and dependencies of implementing
certain robot configurations or special characteristics are analysed, based on new concepts,
parameters and variables introduced throughout the chapter.

The chapter 5 applies the concepts and approach introduced theoretically in the chapters 3
and 4 to a specific cooperative transport use case — automatic car transport. For this pur-
pose, the characteristics of this application are introduced and existing systems are analysed
with a focus on the synthesis process that led to the selected implementations.

Finally, the chapter 6 presents a summary and discussion of the results obtained in this
work, highlighting its main contributions. The work ends by proposing a detailed list of
future studies for the continuation of the proposed approach.
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2 Mobile Robots

This chapter presents basic concepts related to mobile robots that support and facilitate the
understanding of the present work. It begins with the history and delimitation of the term
mobile robots as an introduction to the research field of multi-robot systems (MRSs). In
this context, after introducing the potential advantages of MRSs, different applications are
discussed with focus on cooperative object transport. Finally, a description and analysis of
the main subassemblies of MRs are provided, followed by a detailed study of their chassis
kinematics.

2.1 Delimitation and Applications

Already in 1948 the neurophysiologist and roboticist William Grey Walter presented the ro-
bots Elmer and Elsie (see above left in Figure 2.1) which were able to move autonomously
based on light stimulus and are considered the first mobile robots in history. Since then, a
wide variety of autonomous devices capable of moving through their environment have been
introduced. The international organization for standardization (ISO) formally defines a mo-
bile robot in the ISO-19649 as “a robot able to travel under its own control” [Int17]. This
definition leaves open in the first instance the type of environment in which it operates and
their design characteristics, giving room for a large number of devices operating under con-
siderably different conditions, starting from ground-based robots, through unmanned aerial
vehicles (UAVs) and autonomous underwater vehicles (AUVs), to robotic boats commonly
known as autonomous surface vehicles (ASVs).

The wheeled mobile robots (WMRs) are a subset of ground based robots which use wheels
as locomotion mechanism and are implemented in diverse applications due to their relative
high efficiency and low complexity for construction and control in comparison to devices
based on other motion principles [RVLA19, KZBŠ17]. At this point it is important to
note that automated guided vehicles (AGVs) constitute a subgroup of WMRs, and the two
terms should not be used interchangeably. The association of German engineers (Verein
Deutscher Ingenieure) (VDI) formally defines AGVs in the guideline 2510 as “a floor-
supported, self-propelled means of transport which are controlled automatically and guided
by a non-contact guidance system” [Ver05].

In the last years a new term was introduced, autonomous mobile robots (AMRs), and al-
though an official consensus on the differences between AGVs and AMRs has not been
reached, the main divergences are based on the evolution from “automated” to “autonom-
ous” devices which addresses the capabilities of the robots to take their own decisions on
the road, adapting for instance trajectories and missions in order to increase the system’s
flexibility [Mob, WAS06].
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The motion capabilities of mobile robots (MRs) make it possible to mobilize almost any
type of tool and correspondingly their field of application is very diverse. Thus, mo-
bile robots are implemented in the context of medical and health care to help people
with temporary or permanent disabilities [Md18], they are cleaning facilities, productions
plants and private houses [PRSF00], supporting agriculture and forestry [ÅB02, BVD08],
transporting and moving items in hospitals and increasing the efficiency in logistic hubs
[DVC+17, OFD+09], they are inspecting offshore wind stations in the middle of the north
sea [GFI+19], opening up new possibilities for space exploration missions [AIM+17], nav-
igating underwater [Ant18, HKW+17], and changing the characteristics of military opera-
tions [Vot04, Isr], they are supporting traditional manufacturing processes such as welding
[Kra00], and research prototypes continuously support the investigation and development of
new technologies [MLW+14]. The Figure 2.1 illustrates different mobile robots for a wide
spectrum of environments and applications.

Although all types of the mobile robots introduced offer the possibility of carrying out co-
operative transport applications, due to the high weight classes and operating environments
that this work mainly aims to address (production halls and public spaces), it therefore fo-
cusses on the analysis of wheeled ground-based mobile robots. The next section analyses
the cooperative grouping of MRs to perform specific tasks.

Figure 2.1: Examples of MRs for different applications [Cyb, Volb, Vola]
∗ “NASA’s Perseverance Rover Cameras Capture Mars Like Never Before” by NASA / JPL-
Caltech / MSSS is licensed under CC BY-NC 2.0 / Desatured and cropped from original.
† “Desembertokt 2012” by Geir Johnsen / NTNU AUR-Lab is licensed under CC BY 3.0. /
Desaturated from original.
‡ "SAM_9364” by Sam Barnes / Web Summit via Sportsfile is licensed under CC BY 2.0 /
Desaturated and cropped from original.

https://www.flickr.com/photos/nasamarshall/51511413533/in/photolist-2mtTsBx-2jtXDDj-2kZo5NM-2kZjsMf-2kLaaiY-2jroGGB-2mg2j6G-2m5U1PG-2jeKKuA-2mq6WTZ-2kNypCN-2jNoRs1-2kQg6Be-2jrmPpu-2jrp6QL-2kMEbk4-2jrnfB6-2kLtHgk-6K7aV-2jp3LeP-2kZLtdi-2jr86G2-2kE7SEn-2jrnf8v-2jh3Fw9-2kH1kxi-2jqJh5n-2jrjs8f-2jrkDaC-2jrjJH7-2kMYvcg-2jrmZUC-2jqURXr-2jrozgz-2jreogg-2kNg5xJ-2jrjofo-2jrgXJa-2jrf6A6-2jrkHaB-2jqQNbx-2jrjt55-2jrjtfv-YeAvG1-2kDdLAo-2jraQpk-2jroyq1-2kE8vbV-2jqLmXC-2jroz2B/
https://creativecommons.org/licenses/by-nc/2.0/
https://www.flickr.com/photos/aurlab/8280784824/in/photolist-dBKbQ9-dBKbSo-dBDLxM-dBDLUg-dBKbC9-dBKc2Q-dBDJk6-dBKbUL-pkWzZ2-pkSNrK-p4o3rL-pkUT3G-p4rvhq-p4oFLV-p4sopd-5EnKWp-p4shFj-piS3km-p4nAt4-p4meyi-p4obYr-piQ8Zb-pkUrfn-pkT42X-p4qrZ5-pkSDFP-p4nhhp-p4rNmf-p4rdq9-pkEG8n-pkS44x-pkT69T-p4rwPo-p4qp31-pkSjsP-npbnuc-p4s2jN-pkDG2H-pkUEmH-piTdQN-pkW2ta-npbmMk-p4qP2U-p4q1Cn-pkCvqe-pkUVzt-p4pMxz-p4q8qF-p4ow2f-pkAyyx
https://creativecommons.org/licenses/by/2.0/
https://www.flickr.com/photos/websummit/49029282982/in/photolist-2hGubx3-2hGucgn-2hGwn7D-2hGxTFd-2hGwNun-2hGtHQL-2hGubUa-2hGwPF5-oegHFv-NDyGYo-NDyHp3-PQW97L-PFkZGs-PUaDz8-PHY29k-NEMTSe-PQW8BY-PUaHeH-NDyJeE-of1iZ7-2kGg7Fn-PUaCz2-2aNp3P4-2mbBzPC-KxgVkm-2jd2geX-2ky3RJv-2k5tsMF-r8eBS4-2k5p2Nw-2k5tsQS-2hGxSwe-Nr3jBe-2kEy48U-2ky7ujr-2c7GzdY-ouskTN-Fn9HsH-Nr3jVv-2jFK3bg-2k83N5u-2b1q34N-2hmHjju-24fByy7-2kfLXhC-2jj9VrZ-2jrQod1-r8UvZL-2kcUG7q-2kdCoe7
https://creativecommons.org/licenses/by/2.0/


2.2 Mobile Multi-Robot Systems 9

2.2 Mobile Multi-Robot Systems

As presented in the previous section, the implementation of autonomous mobile robots has
made it possible the automation of challenging use cases. Nevertheless, the potentials of
these systems are not limited to the integration of single robots for the performance of a
specific task. Thus, already since the 1980s a considerable number of research studies and
projects have demonstrated, that the integration of more than one robot to carry out a specific
task may increase considerably the system’s performance or even enable the automation of
processes, which would not be possible to perform by a single robot [MNS95, DL06b].

A multi-robot system (MRS) is a robotic system consisting of more than one robot
presenting a collective behaviour [CFK97]. Although this collective behaviour can be of
different natures, this work focuses on cooperative behaviour. Unfortunately no formal
and globally accepted definition can be found for this term [TAA18, WNM94, Lei09].
Nevertheless, in this work, cooperation is defined as the act of working together in
order to achieve a common goal which can not be serialized i.e. that cannot be achieved
by a single agent. Thus, to facilitate readability, the term MRS will implicitly refer
throughout this work to a group of mobile robots presenting a cooperative interaction
analogously to the term cooperative mobile multi-robot system (see Figure 2.2).

Figure 2.2: Examples of MRSs. ∗∗“Multi-robot formation control and object transport in dynamic en-
vironments via constrained optimization” by Javier Alonso-Mora et al. is licensed under CC
BY-NC 4.0 / Desaturated from original [AMBR17]. ††Photo courtesy of Wheelift ‡‡[DL06b].

It is important to note that, depending on the understanding of the term cooperation, special
requirements or the presence of specific capabilities in an MR may need to be met in order
for it to be suitable to participate in an MRS. The definition of cooperation assumed in this
work does not explicitly require any of this and leaves open certain characteristics such as
communication and control mechanisms.

It is not possible to generalize that the implementation of multi-robot systems always and
in all cases presents advantages over a single robot. This depends largely on the type of
task, the general conditions under which it has to take place and the conception and design
of the robot system. Thus, an MRS may present disadvantages even within an application
where a group of robots may generally be more appropriate, if this is not synthesized tak-
ing into account the potentials of using multiple robots. For this reason, it is crucial to
analyse and understand the potentials of implementing MRSs in order to carry out an op-
timal system conception. In the next subsections, after introducing potential advantages of
MRSs, traditional applications and a delimitation of research areas in the context of MRSs
are presented.

https://journals.sagepub.com/doi/10.1177/0278364917719333
https://journals.sagepub.com/doi/10.1177/0278364917719333
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
http://www.wheelift.com/
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2.2.1 Potential Advantages of Mobile Multi-Robot Systems

DUDEK et al. handled the question of why a collective group of robots should be chosen over
a single robot. For this purpose they classified tasks in four groups: the first includes tasks
that require multiple agents, which are applications that cannot be performed by a single
robot. This is normally the case when a specific task requires the robot interaction with the
environment in more than one place that are considerably spatially separated. Thus, these
applications will normally require strong synchronization and any type of communication.
The second group consists of tasks that are traditionally multi-agent, this is often the case of
applications which can be easily parallelized so that a very low level of communication and
synchronization is required but still the efficiency of the system can be increased. The next
group contains tasks that are inherently single agent and therefore the implementation of
several agents do not bring any advantage to the overall performance. This is normally the
case in tasks that have to be performed in a specific unique location making the implement-
ation of a single robot more efficient and sufficient. The last group includes the tasks that
may benefit from the use of multiple agents. In this case, a group of robots may increase
the reliability or efficiency of the system in terms of e.g time. Nevertheless, the cooperation
normally requires higher levels of communication and coordination [DJMW96].

In the same line CAO et al. define three general reasons for implementing MRSs without
delving into detail: first if the tasks are too complex or impossible for single robots, second
if they can be performed easier, cheaper and more flexible by multiple agents and in the last
place the fact, that the investigations and approaches for MRSs might be extended to other
social domains [CFK97].

YAN et al. further develop the possible advantages introduced above and formulate the
following more specific potentials of using MRSs over single robots [YJC13].

• Better spatial distribution

• Better overall performance (time, energy)

• Higher robustness (redundancies)

• Lower cost (reduction on complexity)

• Higher flexibility, scalability and versatility

These five aspects allow to summarize the main strengths of implementing MRSs, where
it is important to note that some of them are strongly interconnected and, in some cases,
advantages may become disadvantages depending on the approach of the synthesis to be
carried out. Thus, spatial distribution may for instance be the key to more flexible systems,
and having redundancies might be a benefit in terms of safety but may also lead to more
costly and complex robot configurations. It can also be observed that the implementation of
MRSs not only brings advantages during the performance of specific tasks but also at higher
operational levels. Hence, by having a fleet of robots with well distributed capabilities,
different sets of them may be formed, thus, being able to react to future changes in the
overall process or even to be used in completely different use cases.
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The following section presents different applications that exploit the introduced potentials
of MRSs.

2.2.2 Applications for Mobile Multi-Robot Systems

The introduced potentials of MRSs have driven their implementation and research in a con-
siderable variety of applications. Foraging and coverage for instance have been of big in-
terest within the research community, here a group of participating robots must pick up
objects which are distributed in the environment, simulating applications such as cleaning
of hazardous waste or mines [Par98]. Surveillance, search and rescue applications have been
also strongly investigated, even more with the increment of interest and technological ad-
vances in unmanned aerial vehicles experienced in the last decade. Thus, planning strategies
for building surveillance [SM11], to support disasters such as shipwrecks or emergency de-
liveries on land have been presented [MMM+16, GNB+15]. Another application field that
has taken force due to the technological challenges involved, consists on sport competitions
[CNS19]. The RoboCup federation§, for instance, organizes, among other events, soccer
competitions that continuously promote the publication of scientific works in the field of
robot cooperation, planning, localization etc. Lastly, another important application field for
MRSs and in which this work can be allocated is the cooperative object transport.

The term cooperative object transport is understood to mean the cooperative interac-
tion between agents (having a common goal which cannot be serialized), in order to
move safely and efficiently an object from an initial position to a certain location while
respecting the specific process and trajectory requirements.

Most of the research works presented for cooperative object transport focus on soft-
ware architectures and strategies for coordination, synchronization and formation control
[AMBR17, BJ95, CGL+15, FIM13, HKX+15]. Thus, a box transportation task is often
used for the validation of the proposed strategies, leading to the fact that the research field
of cooperative object manipulation has been often only associated with box-pushing prob-
lems. Nevertheless, it is important to note that transport applications can have significantly
different characteristics depending on the environment, requirements and object to be trans-
ported, and in consequence, are not limited to the movement of boxes within a specific
environment. Thus, other type of applications such as the transport of vehicles has been
addressed in several works [EHH+08, KYE+11, YKK+12]. Here a multi-robot system
composed of groups of two or four robots is used to move and park vehicles. This use
case brings new challenges not only in the coordination of the overall system but also in
the synthesis of proper chassis kinematics of the participating robots. Cooperative transport
or manipulation applications can also leave logistic halls and take place within production
lines arising, for instance, new challenging requirements related to the system’s accuracy
and manoeuvrability of the MRSs.

§ RoboCup is an international scientific initiative with the goal to advance the state of the art of intelligent
robots https://www.robocup.org/.

https://www.robocup.org/
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TUCI et al. presents an extensive review of relevant research works in the field of cooperative
object transport. For this purpose, they analyse and cluster the different studies in three main
groups: pushing-only, caging and grasping [TAA18] .

Pushing strategies are characterized by the fact that the transported object is not physically
attached to the participating robots, being impossible for them to exert pulling forces to the
object. Thus, the item remains in contact with the ground during the whole transport process
making crucial for the robots to be able to estimate the properties of the contact between the
object and the ground in order to exert forces in the proper locations.

Caging strategies present some important similarities to the introduced pushing method.
Thus, the participating robots are also pushing the object during the transport task and are
not able to pull it. Nevertheless, the robots are positioned in such a specific way that the
object is completely trapped and this closure condition must be maintained during the whole
transport process. This characteristic gives the robots more control over the object but
increases the required coordination and synchronization of the participating agents all over
the transport task.

Finally, in the case of grasping strategies, the participating robots which are in direct con-
tact with the object, have specific gripping mechanisms, which allow the robots to attach
themselves to the object. The attachment mechanism gives the robots more control over the
object at the cost of adding kinematic constraints to the overall system. Transport strategies,
in which the robots carry an object on their tops are also allocated in this category by the au-
thors due to the fact that the robots do not lose the contact with the object at any moment.

The context of this work can be placed within the research of cooperative object transport
applications. Nevertheless, it is intended to address this topic from a more general perspect-
ive, by tackling the synthesis of MRSs for this type of applications at an early stage. Thus,
strict classifications such as those presented in the last lines are initially put aside. Differ-
ent design parameters are explored and novel lower level taxonomies and classifications
emerge to support the synthesis process. These may be subsequently combined to obtain
more traditional classifications of transport tasks such as those presented above.

2.2.3 Research Delimitation in Mobile Multi-Robot Systems

Over the last decades, several studies in the field of MRSs have been presented, address-
ing a wide spectrum of research areas and technologies. In order to facilitate an overview
of the activities in this domain, taxonomies and classifications from different perspectives
have been proposed. CAO et al., for instance, propose five research axes: group architecture,
resource conflicts, origin of cooperation, learning and geometric problems [CFK97]. How-
ever, DUDEK et al. define six groups for the classification of robotic collectives addressing
the size of the group, communication aspects and specific construction characteristics both
hardware and software related. FARINELLY et al. propose a more extensive classification
focused on coordination [FIN04], which is presented in Figure 2.3 and gives a overview of
important issues and considerations around MRSs.
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Knowledge level Coordination level Organization levelCooperation level

System architectureTeam compositionCommunication Team size

Aware

Unaware

Strongly coordinated

Weakly coordinated Centralized Distributed

Strongly centralized

Weakly centralized

Direct communication
Indirect communication

Homogeneous
Heterogeneous

Deliverative
Reactive

Scalable
Not scalable

System

Classification/ characterization of multi-robot systems

Coordination

Figure 2.3: Taxonomy for classification of MRSs based on FARINELLY et al. [FIN04]

It can be seen that the majority of the classifications focus on control-relevant characterist-
ics, which can also be observed by reviewing research studies in this field, where a clear
emphasis on software/control topics can be identified. Thus, many authors have proposed,
for instance, diverse frameworks and architectures for the coordination of groups of robots
[Par98, Wit16, Sku12, DSY+17]. However, an important characteristic of multi-robot sys-
tems that is related both to hardware and software, and is therefore, of great importance
within the scope of this work, refers to the composition of the team. Here it is possible to
differentiate between a homogeneous and heterogeneous group of robots as follows.

While in a homogeneous MRS all participating robots are identical both in hardware and
software (physical and functional), in a heterogeneous MRS at least one robot presents
different hardware or software characteristics.

Reviews of the works on MRSs during the last decades show a clear dominance of homogen-
eous group of robots [TAA18]. Nevertheless, the necessity to explore and exploit the poten-
tials of heterogeneous systems has been also addressed by different authors and constitutes
a key component of the hypothesis investigated in this work [DMG15, YJC13, TAA18]. As
stated before, very few studies address the mechanical synthesis process of MRSs. This is
accentuated due to the main fields of interests defined by important scientific conferences for
MRSs such as the international symposium on multi-robot and multi-agent systems organ-
ized by the IEEE. Thus, the review of its last two editions shows, that none of the published
papers addressed aspects in the context of mechanical synthesis [IEE17, IEE19]. Therefore,
the present work seeks to outline the potentials of combining different robot systems, focus-
ing on mechanical diversity. For this purpose it is important to be aware and understand the
main subassemblies of mobile robots which are presented in the next section.



14 2 Mobile Robots

2.3 Subassemblies and Design of Mobile Robots

A widely accepted definition of the term mechatronics is the one suggested by HARASHIMA
et al. in 1996. They defined it as “the synergetic integration of mechanical engineering with
electronic and intelligent computer control in the design and manufacturing of industrial
products and processes” [HTF96]. A mobile robot in its simple configuration requires a
mechanical structure, actors for locomotion, perception devices to sense the environment
and units to exchange information. Therefore, it can be considered as a mechatronic system
complying with their basic structure defined by VDI in the guideline 2206 [Ver04].

Thus, mobile robots are mechatronic devices composed of distinct components which can
be classified in different assemblies. The VDI guideline 2510 defines the following 8 main
subassemblies for AGVs (compare Figure 2.4) [Ver05].

• Undercarriage

• Load handling device

• Warning and safety devices

• Vehicle control system

• Energy supply

• Operating elements

• Device for position determination and localization

• Data transmission

Data transmission

Operating elements

Energy supply

Load handling device

Undercarriage
Safety devices

Vehicle control system

Warning devices

Figure 2.4: Subassemblies of automated guided vehicles based on VDI-2510 [Ver05]

This work intends to focus on two dimensions of the synthesis process which, as mentioned
above, have not been intensively addressed in the research field of MRSs. These consist
of the mechanical and operational domains as presented in detail in the chapter 4. In this
context, especially two subassemblies have a crucial role and are therefore defined below:
the undercarriage and load handling devices.
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2.3.1 Undercarriage

The undercarriage or chassis of wheeled mobile robots represents the set of components
responsible for generating and influencing the forces at the point of contact between wheels
and ground and transmit them to the robot. It constitutes the link connecting the road with
the robot/vehicle structure analogous to what is known in automotive technologies [BS13].
Among the main components of the chassis are wheels, brakes, motion drive, steering drive
and suspensions.

Although one might think that the characteristics of the wheels obey more to a mere design
detail for every single robot and must not be considered during the early stages of the syn-
thesis of cooperative systems, it is important to highlight that these determine to a great
extent the behaviour of the group by constraining the overall mobility and dictating its ter-
rain performance [Apo01]. For this reason, in the next lines the main wheel types for MRs
are introduced and in subsection 4.1.1 their characteristics in relation to their performance
for MRSs are analysed in more detail.

The first wheel classification that can be carried out is based on the type of contact that
emerges between the ground and the wheel. Thus, three main types of wheels can be identi-
fied: standard, roller-based and spherical wheels as it can be seen in Figure 2.5.

Universal Wheels / Roller-based Wheels Spherical WheelsStandard Wheels

a) b) c) d) e) f) g) h) i)

Omnidirectional Wheels

Figure 2.5: Overview of main wheel types in MRs: a) standard wheel, b) standard steerable wheel,
c) castor wheel, d) omnidirectional wheel, e) mecanum wheel, f) double omni-wheel,
g) omni-intercalated wheel, h) spherical wheel, i) hemispherical gimbaled wheel

Simplifying possible sophisticated profiles of tyres, the profile of contact of standard wheels
is a line that moves smoothly across the wheel circumference while it is turning. In the case
of roller-based constructions the contact’s profile is also a line but which is continuously
changing or “jumping” from roller to roller during the wheel’s rotation. Lastly, a spherical
wheel in contrast presents a punctual contact profile with the ground.

Over the years different designs have been introduced in order to improve or increase the
general wheel capabilities. In the case of the standard wheel, a revolute joint or steerable
axle can be implemented in order to improve the turning behaviour. This can be either
aligned with the centre of the wheel or present an offset, leading to different kinematic char-
acteristics. A standard wheel whose steerable axle crosses exactly the centre of the wheel
is referred in this work as a standard steerable wheel, the one with an offset is referred as a
castor wheel and in some passages of this work, to emphasize its lack of any kind of actu-
ators, it will also be referred to as a passive castor (compare b and c in Figure 2.5). Castor
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wheels are widely used not only for robotic use cases but also as passive omnidirectional
support for many applications such as office chairs, shopping carts, or manual pallet jacks.
Nevertheless, these can also be actuated in order to increase their kinematic capabilities as
shown in [HS02, WM96, CMJJ10]. This kind of castors with two integrated independent
actuators, which allow their steerable and rolling axle to be independently controlled, will
be referred in the course of this work as active castors.

A considerable number of roller-based wheel designs have been introduced over the last
years. These constructions aim to provide mobile platforms with omnidirectional motion
capabilities. Unfortunately there is no consensus on the name of these technologies, and
terms such as mecanum, omnidirectional or Swedish wheels are often used indistinctly for
this type of wheels, regardless of their specific geometrical design. In this work, all roller-
based wheel designs are referred as universal wheels and some constructions variants, which
have appeared over the past years are presented below.

The first universal wheel was patented in 1972, it presents multiple passive rollers whose
axles are positioned tangent to the wheel circumference and it is commonly known as omni-
wheel (see d in figure 2.5) [Blu74]. In an attempt to reduce the discontinuous contact with
the ground caused by the unavoidable transition between the rollers present on the first
design, a new construction was proposed by the Swedish engineer Bengt Eralnd Ilon [Ilo75].
Here the axles of the rollers are not orthogonal to the wheel shaft but are positioned in such a
way that a more continuous contact with the ground is established. This design is commonly
known as mecanum or Swedish wheel (see e in figure 2.5). In other approaches trying to
reduce the gap, small and large rollers are intercalated and lightly interpenetrated as shown
in [Car83, KSSJJB01] (see f in figure 2.5). Lastly, another popular design consists on a
double omni-wheel, alternating the contact point between the two sides of the intercalated
rollers (see g in figure 2.5).

Spherical wheels also exhibit omnidirectional capabilities and are often used as passive
stabilizers for diverse applications. Nevertheless, these can also been actuated through
different mechanisms conceding new motion capabilities to the robotic system. REYER
et al., for instance, present in [RWJ+14] an implementation of an ingenious drive which
was already introduced in 1938 on the cover of the magazine Mechanics and Handicraft.
It consists of a spinning hemispherical wheel mounted on a gimbal, which depending on
its inclination, allows the generation of different vectors of velocity (see i in Figure 2.5).
A similar concept consisting of two passive rotational hemispherical wheels and an active
rotational axis is presented in [TTB07]. New concepts of mono-spherical robots inspired by
science fiction films have also been presented during the last years, these are still at a relat-
ive early technological maturity level and differ particularly in the type of applied driving
principle. An overview of specific implementations of this class of robots can be found in
[CP12, KYK+14, WQW+11].
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2.3.2 Load Handling Device

Load handling devices represent the mechanical interfaces between the handled object and
the mobile robot. A mechanical interface is defined in the ISO norm 8373 as a “mounting
surface at the end of the manipulator to which the end-effector is attached”. Accordingly,
the robot’s end-effector is defined as a “device specifically designed for attachment to the
mechanical interface to enable the robot to perform its task” [Int12].

This definition of an end-effector can easily be applied for traditional robotic arms either
static or mounted on mobile robots but might not be extended and used directly for mobile
platforms without traditional manipulators. In this case the problem arises from the need
to define their “end”, and a specific “device” as stated and underlined in the definitions
presented in the previous paragraph. As a matter of fact, if one considers a robot designed
to push objects, it may be conceived so that the complete surrounding surface is the end-
effector without requiring the implementation of a specific device (see Figure 2.6). For this
reason, the definition of end-effector is extended in this work for mobile robots for transport
applications as follows,

Surrounding surface
as end-effector

Transported load

Figure 2.6: End-effector in mobile robots

The end-effector(s) of a mobile robot is/are the defined point(s) or surface(s) of contact
of the robot with the handled load for its manipulation. Respectively a load handling
device is defined in this work as an end-effector used for object-manipulation tasks.

Traditional end-effectors are frequently classified in two main categories: grippers and tools,
although the two words are frequently used indistinctly [CGL+15]. At the same time, grip-
pers can be classified according to many criteria such as the method of the actuation, their
configuration, application area, size or stiffness [CZC15, SZJS19]. The VDI 2510 differenti-
ates between two different types of end-effectors for AGVs: load-pulling and load-carrying
handling devices, giving way to robotic systems that owe their names to their end-effector’s
type such as forks, lifting tables and roller conveyors.

Mechanical interfaces are assumed in this work as connection points to peripherals of differ-
ent natures, not only for manipulators or end-effectors but also for example for sensors and
coupling mechanisms to other agents. In subsection 4.1.2 relevant design characteristics of
mechanical interfaces for the synthesis of MRSs are defined and analysed.

The following section provides a kinematic description and further analysis of the undercar-
riage subassembly described above.
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2.4 Mobile Robot Kinematics

In this section basic kinematic definitions for mobile robots are derived and analysed. These
intend to facilitate the understanding of concepts and definitions for multi-robot systems
which are going to be presented in the course of the next chapters.

A kinematic analysis intends to describe the motion of mechanical systems by analysing
the constraints between the positions, velocities and accelerations of mechanisms [Mui88].
Thus, many of the main kinematic questions known for stationary robot manipulators have
to be addressed as well during the synthesis of mobile robots. Therefore, it is essential to
know, for instance, the inverse kinematic models which help to determine specific wheels’
velocity profiles for the generation of a required trajectory, or the definition of the poses that
a robot may be able to reach, through the early determination of the robot’s workspace.

y

x
w

θ

r
yr

xr

Figure 2.7: Definition of robot and world coordinate systems

The position of the robot on the plane can be completely defined through the variables x,y,θ
in a fixed world coordinate frame (subscript w) as shown in the Figure 2.7. Nevertheless,
it might be required to map the robot motion in the world frame to a local robot frame
(subscript r), for this purpose the orthogonal rotational matrix Rotz can be used.

Rotz(θ) =

 cosθ sinθ 0
−sinθ cosθ 0

0 0 1

 (2.1)

Thus, assuming ~ξ as the pose of a mobile robot applies,

~̇
ξr = Rotz(θ)ξ̇w. (2.2)

Due to the characteristics of wheeled MRs the motion capabilities of the system are mainly
determined by the properties of the wheels present in the robot. Therefore, the kinematic
constraints imposed by different type of wheels based on the formulations introduced by
CAMPION and SIEGWART et al. in [CBDN93, SNS11] are presented in the next lines.
Figure 2.8 visually represents the variables necessary for the description of the wheel-
kinematics.
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Thus, starting with a standard wheel of radius r turning with an angular speed ϕ̇ (see a in
Figure 2.8), for its linear velocity v applies,

v = ϕ̇r (2.3)

assuming α and l as the polar angle and radial coordinate of the wheel position and β as
the steering angle, the wheel-velocities can be decomposed and added along the rolling
direction of the wheel as follows,

v =
[
sin(α +β ) −cos(α +β ) −l cosβ

]
·

ẋr
ẏr
θ̇

 . (2.4)

Using the equations (2.2) and (2.3) in (2.4), the rolling condition for a fixed standard wheel
can be formulated as follows,[

sin(α +β ) −cos(α +β ) −l cosβ
]

R(θ)ξ̇w− ϕ̇r = 0 (2.5)

analogously the component of motion orthogonal to the wheel plane can be analysed. This
must be equal to zero in order to avoid slippage, resulting in the following expression that
represents the sliding constraint of a fixed standard wheel,[

cos(α +β ) sin(α +β ) l sinβ
]

R(θ)ξ̇w = 0. (2.6)

In the case of steerable wheels, the angle β can change over the time. Thus, taking this into
account by assuming the variable β (t), the expressions (2.5) and (2.6) can also be used for
the characterization of this type of wheels.

For castor wheels, an additional variable dc representing the offset of the rotational steering
joint has to be defined as shown in b in Figure 2.8. This offset does not affect or change
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r
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vhub

(a) (b) (c)

Figure 2.8: Nomenclature for the kinematic description of different wheel types: a) standard wheel,
b) standard steerable and castor wheel, c) universal wheel. Based on [SNS11].
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the velocities acting in rolling direction whereby the Equation 2.5 can still be used. Never-
theless, the wheel also does not constrain the motion along the orthogonal plane, modifying
the sliding condition (2.6) as follows,

[
cos(α +β ) sin(α +β ) dc + l sinβ

]
R(θ)ξ̇w +dcβ̇ = 0. (2.7)

Lastly, in the case of roller-based wheels, an additional variable γ describing the orientation
of the rollers in relation to the wheel plane has to be defined (see c in Figure 2.8). Thus, for
the rolling condition applies,

[
sin(α +β + γ) −cos(α +β + γ) −l cos(β + γ)

]
R(θ)ξ̇w− ϕ̇r cosγ = 0 (2.8)

by analysing the component of motion orthogonal to the wheel plane, it must be taken into
account that because the rollers can rotate freely, the movement is not constrained in this
direction. Thus, for the sliding constraint applies,[

cos(α +β + γ) sin(α +β + γ) l sin(β + γ)
]

R(θ)ξ̇w−ϕr sinγ− r = 0 (2.9)

using the expressions presented above, CAMPION et al. introduced in [CBDN93] the fol-
lowing general definition of the kinematic constraints of an arbitrary robot with several
wheels,

J1(βs,βso)R(θ)ξ̇w +J2ϕ̇ = 0 (2.10)

C1(βs,βso)R(θ)ξ̇w +C2β̇so = 0 (2.11)

thus, the expressions (2.10) and (2.11) generalize the rolling and sliding constraints respect-
ively and the matrices J1 and C1 contain the information about fixed (f ), steerable (s,so) and
roller-based (rb) wheels, represented through the configuration variables βs and βso, which
can be formulated as,

J1 =


J1 f

J1s(βs)
J1so(βso)

J1rb

 C1 =

 C1 f
C1s(βs)

C1so(βso)

 (2.12)

J2 represents a diagonal matrix filled with the radii of all wheels and for C2 applies,
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C2 =

 0
0

C2s0

 with C2s0 = diag(d) (2.13)

thus, assuming for instance a widely used chassis kinematics based on two driven fixed
wheels (configuration commonly known as differential drive) the matrices J1 and C1 can be
extracted from (2.5) and (2.6) and summarized in a matrix form as follows [SNS11],

[
sin(α +β ) −cos(α +β ) −l cosβ

]︸ ︷︷ ︸
J1f

R(θ)ξ̇w− ϕ̇r = 0,

[
cos(α +β ) sin(α +β ) l sinβ

]︸ ︷︷ ︸
C1f

R(θ)ξ̇w = 0,

sin(α +β ) −cos(α +β ) −l cosβ

sin(α +β ) −cos(α +β ) −l cosβ

cos(α +β ) sin(α +β ) l sinβ

R(θ)ξ̇w =

r1ϕ̇ 0
0 r2ϕ̇

0 0

 . (2.14)

An arbitrary chassis can be characterized through their kinematic constraints. Due to the
fact, that castor and roller-based wheels do not impose any motion constraint as presen-
ted before, a characterization can be performed by analysing only the sliding conditions
imposed by steerable and fixed wheels (C1s,C1f). These two conditions can be written
explicitly as,

C1fR(θ)ξ̇w = 0, (2.15)

C1s(βs)R(θ)ξ̇w = 0. (2.16)

The sliding constraints for fixed and standard steerable wheels can be summarized in a
matrix C∗1 as,

C∗1(βs) =

[
C1f

C1s(βs)

]
(2.17)

thus, to satisfy mathematically the expressions (2.15) and (2.16), the vector Rξ̇w must
belong to the null space of the projection of the matrix (2.17). This condition can also
be interpreted geometrically though the concept of instantaneous centre of rotation (ICR)
[SNS11].
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The ICR for a planar movement of an arbitrary body can be defined as a point in space,
which at a specific instant of time presents a zero velocity and around which the motion
of the body can be considered as a pure rotation [MAKM97].

θ̇ICR

ICR

θ̇

Figure 2.9: Geometric definition of the instantaneous centre of rotation (ICR)

The geometrical interpretation can be seen in Figure 2.9. The component of motion along
all lines crossing the axle of rotation of every single wheel must be zero at any instant of
time. Simultaneously, all projected lines must meet at a single point, known as the ICR
[KCH15].

Using the concepts introduced above which are based on the sliding constraints, CAM-
PION et al. propose three main indices for the kinematic characterization of an arbitrary
wheeled mobile robot: the degree of mobility δm, steerability δs and manoeuvrability δM
[CBDN93].

The degree of mobility δm is a measure of how limited is the robot by its own kinematics
and quantifies how many degrees of freedom can be potentially controlled based on changes
in wheel velocities. Therefore, this index depends on the number of independent constraints
present in the mobile robot caused by their wheel characteristics. It is important to note that
not every wheel implicitly adds a new constraint to the system. This can be evidenced, for
instance, when the constrained freedom of the new wheel coincides with an existing one
or is forced to lie at a specific point in order to satisfy the ICR condition, leaving aside
degenerated kinematic configurations where this might be violated. Thus, coming back to
the null space condition for the sliding constraints presented above and the definition of the
rank of a matrix, which represents their number of independent variables, the δm can be
formally defined as,

δm = dim(Null(C∗1(βs))) = 3− rank(C∗1(βs)) with
{

dim() : Dimension of
Null() : Null space of . (2.18)

One possibility to imagine the physical meaning of the mobility coefficient is answering
the question: if all standard wheels are able to roll freely and the steering axles are locked
instantly, in how many directions can the mobile robot move or rotate without generating
slippage?
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Analogously to the degree of mobility, the degree of steerability δs counts the number of
independently controllable steering parameters. The presence of a steerable element can
directly influence and decrease the degree of mobility but adding at the same time the ability
to drive additional trajectories [SNS11].

Lastly, the degree of manoeuvrability brings together the degrees of freedom coming from
the velocity of the wheels and the steering configuration, and is a measure of the number of
the degrees of freedom that the MR can control. Accordingly, δM can be defined as,

δM = δm +δs. (2.19)

Making use of the coefficients defined above, some constraints can be assumed in order to
determine the basic chassis kinematics of mobile robots. Thus, δm should be bigger than
zero in order to consider only the cases where motion is possible,

1≤δm ≤ 3 (2.20)

also the maximum possible independent steerable wheel configurations are limited to be
two in order to comply with the ICR conditions. This is the case when no fixed standard
wheels are present in the robot. Thus, it applies,

0≤δs ≤ 2 (2.21)

and lastly, the degree of manoeuvrability can be constrained to be at least two in order to
exclude configurations where the robot is only able to rotate around a fixed ICR. Thus, it
applies,

2≤ δm +δs ≤ 3. (2.22)

Applying the formulated conditions, five basic types of wheeled mobile robots satisfy the
inequalities (2.20) to (2.22) and constitute the basic chassis kinematics for mobile robots as
shown in Table 2.1 [CBDN93].

The definition of manoeuvrability does not answer the question about the workspace or
reachable positions of a mobile robot in its environment, which surprisingly can exceed
δM. Thus, for the description of the robot’s workspace, two terms are of great importance:
the degrees of freedom (DOFs) and differentiable degrees of freedom (DDOFs). While
the first describes which positions the MR can reach, the second gives information about
how these can be reached in connection with their velocity space, being a measure of the
robot’s capability to follow diverse paths. The DDOFs tell how many degrees of freedom the
robot can control instantaneously without changing the orientation of their wheels, which
corresponds to δm [SNS11].

Two additional important concepts to describe the motion capabilities of a mobile robot
are the terms holonomy and omni-directionality. While a holonomic robot does not have
any non-holonomic kinematic constraint, a non-holonomic robot has one or more non-
holonomic kinematic constraints [SNS11].
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Table 2.1: Basic chassis kinematics for mobile robots

Omnidirectional wheel

δm

δs

δM

3
0
3

2
0
2

2
1
3

1
1
2

1
2
3

Standard wheel Standard steerable wheel

Holonomic constraints are characterized by the fact that they reduce the configuration
space of the system, losing accessibility, i.e degrees of freedom in the case of a mo-
bile robot. Thus, these can be often attributed to specific geometric characteristics of
the system and are therefore frequently called geometrical constraints. Moreover, non-
holonomic constraints do not affect the configuration but the control space of the system.
These present a non-integrable nature, what concretely means that knowing a sequence
of states is insufficient to determine a final state, because a geometrical relation between
input and output is not possible to be formulated [Woe16, Con13, SK08].

The presence of fixed standard and steerable wheels is an example of non-holonomic con-
straints. Thus, a car-like mobile robot with a chassis kinematic described by δm = 1,δs = 1
can reach every point on the motion plane (configuration space is not reduced) but it might
have to manoeuvre tediously in order to perform a parking manoeuvre (reduced control
space), representing a non-holonomic system. Hence, another possibility to characterize a
holonomic mobile robot is by analysing if all its degrees of freedom can be instantaneously
controlled.

In the case of the term omnidirectional, unfortunately, there is no consensus on its definition.
While for SIEGWART and NOURBAKHSH in [SNS11], for instance, an omnidirectional ro-
bot has to be a holonomic robot with a DOF of three, WADA and MORI consider in [WM96]
that the omnidirectional capability refers to the possibility of moving in any direction, in-
cluding kinematic designs where the robot needs to stop and re-orient its wheels, and does
not imply holonomic conditions. CONNETE calls this non-holonomic omnidirectional kin-
ematics quasi-omnidirectional [Con13].

In this work an omnidirectional robot is defined as a robot capable to move in any direction
along the plane xy, without implying holonomic characteristics.
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2.5 Summary

The implementation of mobile robots able to travel by their own has been increasing consid-
erably since the middle of the last century, making it possible to automate challenging use
cases. Grouping several agents to work together towards the same objective further extends
the capabilities and correspondingly the possible applications of the individual robots. Thus,
MRSs may present different potential advantages, for instance, in terms of spatial distribu-
tion, performance, complexity and flexibility. Nevertheless, despite the growing interest in
this research field, the majority of the studies focus only on control strategies and the mech-
anical synthesis has not been extensively addressed. For this reason, this work concentrates
on two domains of the synthesis process: the mechanical and operational, in the context of
cooperative transport applications. In this respect, especially two main subassemblies play
a crucial role and were therefore introduced in the course of this chapter: the undercarriage
and the load handling devices.

The principal kinematic characteristics of an undercarriage of an MR are determined by the
motion constraints imposed by the robot’s wheels. Thus, a mathematical analysis of these
kinematic constraints lead to the definition of three main coefficients which represent the
general motion capabilities of single mobile robots: the degree of mobility δm, degree of
steerability δs, and the degree of manoeuvrability δM. These indices provide information
about the robot’s ability to position the ICR at certain points on the motion plane and how
to accomplish its displacement either through changes in the wheel speeds or steering mo-
tors. Furthermore, based on these indices it is possible to reduce the set of feasible chassis
configurations to five, excluding, for instance, over-constrained and non-manoeuvrable sys-
tems.

Most definitions of mechanical interfaces and specifically of robot end-effectors have been
proposed especially for traditional robotic manipulators, and their extension to mobile ro-
bots, which may lack for instance of specific gripping devices, is not always possible. There-
fore, the end-effector is defined in this work by the point(s) or surface(s) of contact of the
robot with the handled object and is not limited to be a specific device positioned at a certain
mechanical interface.

After having presented the basic concepts necessary to facilitate the understanding of the
present work, the following chapter proposes a methodical characterization of transport
tasks through the analysis and integration of the technical and customer perspectives.





3 Application Oriented Evaluation of Multi-Robot Systems
for Cooperative Transport Tasks

This chapter aims to formalize and structure the information required to begin the synthesis
process of a multi-robot system for a cooperative transport task at an early stage. For this
purpose, after defining and analysing a cooperative object transport task, specific technical
aspects or criteria for the system characterization are selected. Lastly, these technical para-
meters are translated into specific high-level information that must be collected directly
from the customer in order to represent the use case or use cases, where the robot system is
planned to perform.

3.1 Indices for Performance Evaluation of Multi-Robot Systems in
Cooperative Transport Tasks

One of the main challenges at the beginning of the synthesis process of an MRS arises
from the large number of possible robot configurations/combinations to conceive a group of
cooperative robots. This is especially the case if the synthesis process is not limited to the
fact of designing a single robot and then simply extrapolating its capabilities to all members
of the group, but rather to seek an adequate distribution of the required capabilities among
the participating robots. Thus, it is necessary to restrict the number of possible solutions
to technical requirements while avoiding deliberate decision-making that may lead to costly
avoidable redundancies or low efficiencies. For this purpose, it is important to define indices
or criteria for the characterization and evaluation of their performance, making possible
further comparisons which may support the design process.

The envisaged performance indices must be suitable not only to address the general capabil-
ities of an MRS but rather to evaluate and relate it to a specific use case, which in the case of
this work consists of cooperative transport. Therefore, for the definition of the performance
indices, it is necessary to begin by analysing the key elements and steps of a cooperative
transport task.

For this purpose, it is possible to go back to the definition of cooperative transport provided
in the last chapter, “...cooperative interaction between agents (having a common goal which
cannot be serialized), in order to move safely and efficiently an object from an initial posi-
tion to a certain location while respecting the specific process and trajectory requirements”.
Here one can see five underlined words which are intended to represent the key elements
and main functions that must be performed and guaranteed by an MRS in order to succeed
during the task execution: move, safely, efficiently, process and trajectory. In this context, it
is necessary to continue exploring the implications, characteristics and requirements of each
of these elements that must be considered to evaluate and characterize their performance.
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Thus, for the object movement, for instance, sufficient power must be provided and the sys-
tem must be able to negotiate the terrain where it is expected to be deployed. Safe transport
not only involves ensuring the integrity of the load but also that of the participating robots
and all the elements present in the environment in which it operates. Efficiency can be
measured by different criteria such as time, energy demand and costs. The group’s ability
to follow a given trajectory depends on diverse factors such as the freedoms of movement
and the achievable tolerances together with time considerations determined by the operat-
ing speeds of the system. Lastly, specific process characteristics constitute the operational
framework of the MRS and must be considered to guarantee the feasibility of the overall
process, which not only takes place at the moment when all robots are actively transporting
the object but also when they are approaching and releasing it.

The introduced function analysis is presented in Figure 3.1 and is used as a basis to determ-
ine specific clusters and subsequently indices for a general characterization and evaluation
of MRSs for cooperative transport tasks. Thus, five main groups or technical clusters for
the performance indices are proposed: manoeuvrability, terrainability, safety, flexibility and
complexity.
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Figure 3.1: Performance indices for the evaluation of MRSs for object transport applications on the
basis of a function analysis
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It is important to emphasize that this work intends to address the synthesis of MRSs for
cooperative transport applications from a holistic perspective, assuming the multi-robot
system together with the transported item as a unit more than a simple agglomeration
of individual agents. Therefore, some characteristics may be better described by the
object’s behaviour than by the operating characteristics of the individual robots.

Thus, parameters such as those representing the motion capabilities of the system may be
better represented through the behaviour described by the object itself rather than that de-
scribed by each participating robot. Therefore, the fact that the movement or behaviour of
the object may exhibit specific characteristics does not implicitly and necessarily suggest
that each robot in the group must also have the same features.

The following lines explain in more detail the five groups of performance indices introduced
above.

3.1.1 Manoeuvrability

The first group contains parameters representing the overall motion capabilities of the sys-
tem and aims to give a notion of its agility and manoeuvring proficiency. Their performance
is strongly linked to the ability of the MRS to place and move the ICR along the plane as
discussed in the previous chapter. Thus, depending on the interfaces and object character-
istics there might be either a congruent ICR for the whole MRS or different ones for the
participating robots and the transported object. Hence, although some of the proposed para-
meters are already defined in the previous chapter, a specific definition and interpretation
related to MRSs for cooperative transport applications are given here, where it is important
to note subtle differences specially by differentiating parameters related to the object with
others related to the combination of agents and the transported item.

• Omnidirectionality: system’s capability to move the object in any direction within specific
tolerances. Additional time may be required to carry out system reconfigurations, such as
reorienting wheels, robots or changing positions of participating agents.

• Holonomy: system’s capability to move the object instantaneously in any direction with
an arbitrary angular velocity within specific tolerances. A system reconfiguration does
not have to be performed in advance.

• Turning radius: is a measure of the total space required by the whole MRS for manoeuv-
ring. For this reason it considers not only the object’s motion but the set of participating
robots together with the transported item. Thus, it is represented by the longest possible
distance from the ICR of the object to the outermost point of the MRS (robots + object).

• Motion accuracy: defines both the pose and path accuracy, representing the deviations
between command positions/paths and the real values that the object exhibits during the
transport task [Int98].

• Maximum speed: maximum speed at which the object can be transported.
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3.1.2 Terrainability

The second group describes the characteristics of the terrain in which the robot system
can be deployed. In consequence, it addresses the ability to overcome terrain irregularities
without compromising the robot’s stability [Apo01]. Here again it is important to emphasize
the reference of the characteristics to be analysed to the transported object rather than to each
robot.

• Slopes: inclination of the maximum slope or gradient through which the item can be
transported. Thus, having an MRS in which every participating robot is able to drive
through a specific ramp does not imply that the object may be transported through this.
Hence, characteristics such as the required interfaces, power, and safety aspects may be
taken into account.

• Ground evenness/irregularities: magnitude of the offsets or gaps in the ground through
which the object can be transported.

• Payload: maximum total weight of the object that can be transported by a specific MRS.
Loading aids, transport equipment and any type of boxes or containers used during the
transport task have to be taken into account.

3.1.3 Transport Safety

Special safety measures may be essential for the implementation of MRSs in specific chal-
lenging use cases. Nevertheless, they may simultaneously inherently lead to significant
restrictions and constraints of the system, making necessary to be carefully analysed and
taken into account in the third performance cluster.

• Additional object stability: indicates the presence of special mechanisms to increase the
stability of the object during the transport task. These mechanisms can be of different
nature and are differentiated in two groups: mechanisms that add kinematic constraints
and the ones which do not add any extra constraint to the MRS.

• Additional stress protection: indicates the presence of special mechanisms to protect the
transported object from unwanted forces and stresses. These mechanisms are also dif-
ferentiated according to whether or not they add additional kinematic constraints to the
overall system.

3.1.4 Flexibility

In general, the flexibility of the system intends to give a measure of the possibility to im-
plement a certain MRS in different transport processes whose characteristics may differ,
for example, in terms of environment, process sequence, load, etc. This work, however,
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focuses on an application oriented synthesis, which aims to find a robot configuration cap-
able of performing a specific transport task, while trying to avoid unnecessary redundancies,
which may seem understandably contradictory at first glance.

It is important to note, however, that from the very moment in which a system is inten-
tionally conceived to carry out significantly different use cases, which may lead it to be
implicitly redundant for certain applications, if one analyses the system from a holistic
perspective, it is possible to see that it is not redundant at all but rather intentionally
designed to perform a set of different tasks with specific characteristics. Thus, depend-
ing on the definition of the application field or applicability of an MRS, an application
oriented synthesis may also make possible, if desired, to generate robot configurations
with purposeful redundancies.

For this reason, a parameter representing the necessity of having a system which may be
suitable for transporting different objects is intentionally introduced in the proposed per-
formance indices as handling flexibility. This is intended to highlight this need already at
an early stage of the synthesis process in order to facilitate later optimization iterations and
modularity approaches.

Another approach, however, which strengthens even more the holistic perspective followed
in this work is based on robot fleets. In this case, the idea consists of having a fleet of robots,
which may have distinct characteristics and capabilities, and from which different subsets
or groups may be formed depending on the task to be performed. Thus, additional para-
meters addressing the individual agent’s capabilities and their compatibility with diverse
operational configurations and control strategies are introduced.

• Handling flexibility: system’s suitability to be implemented for the manipulation and
transport of objects with different characteristics ranging from geometric shapes and sizes,
through surface properties, to considerably different weight classes.

• Self-sufficiency: gives a measure of the self-sufficiency of each of the participating robots
of a specific MRS in relation to their motion capabilities when the object can not yet
be considered part of the system. It includes degrees of freedom, omni-directionality,
holonomy and accuracy.

• Operational and control flexibility: system suitability to work in diverse control strategies
and to adapt its operation to different events and use case characteristics. Both may
include aspects such as potential to perform dynamic rearrangements and compatibility
to work with heterogeneous groups of robots and control architectures.

3.1.5 Complexity

As stated in the last chapter, an MRS is a complex mechatronic system composed of many
subsystems. Thus, the evaluation of its complexity may be carried out from different per-
spectives and using distinct metrics. The system’s complexity which aims to assess the last
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group of performance indices proposed in this work, is intended to provide information that
may help in future design iterations to determine or get a sense of the potential development
and acquisition costs of the MRS.

• Control effort: for the quantification of this index, three characteristics are taken into
account: the required sensor accuracy, the computation power and the number of nodes
or motors that must be synchronized in order to guarantee the proper operation of the
system.

• Mechanical complexity: for its quantification three aspects are considered: the construc-
tion effort, the number of required motors and the effort for the integration of the motors
into the system.

The performance indices presented in this section intend to facilitate a general char-
acterization of multi-robot systems (MRSs) at an early stage of the synthesis process.
Nevertheless, they may be considered as technical low-level information, which require
for their evaluation well-founded knowledge in the field of mobile robotics.

Therefore, the next section deals with the question of which information may be extracted
directly from the customer in order to be translated into the formulated technical criteria.

3.2 Use Case Description

The performance of technical systems decisively depends on how well their operation con-
ditions and requirements are taken into account along the design process. The ignorance or
wrong assumption of technical requirements can lead either to costly unnecessary redund-
ancies or to the failure and malfunctioning of the system. For this reason, it is crucial from
the earliest stages of the design process to collect information about the general conditions
under which the system has to operate, and its expected capabilities and performance.

The guideline 2710 of the association of German engineers presents a list of quantities for
the description of tasks for mobile-robot applications [Ver07]. However, this aims to cover
all the required information in order to carry out a design in detail of single AGVs for use-
cases which might be of different natures. For this reason, it is necessary to select the most
relevant information which may have a considerable impact on the synthesis of MRSs for
cooperative transport applications and provides the necessary data to define the technical
requirements or performance indices presented in the last section.

The selection of the most relevant information for cooperative transport tasks is clustered
analogously to the VDI 2710 in three main categories: load to be transported, environmental,
and operational organization. The selected data is presented in Table 3.1.
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Table 3.1: Basic data for description of a cooperative transport task, based on VDI-2710 [Ver07]
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This basic information is intended to come directly from the customer, who not necessar-
ily possesses the background, experience and expertise in designing mobile multi-robot
systems to translate this high-level information into specific and measurable technical
requirements.

Therefore, it should not be, for instance, the responsibility of the customer to decide whether
a specific use case requires a holonomic MRS or not, or to determine the maximum power
and speeds that the robot system should have. Rather than that, the customer must provide
the most detailed information available about the characteristics of the task, such as traject-
ory and expected durations which may help the design engineer to define more technical
requirements. For this reason, it is differentiated between the basic data or information dir-
ectly extracted from the customer and further analysis in which this is translated into the
specific performance evaluation criteria introduced in section 3.1. This differentiation is
a central aspect in the field of requirements management and is often associated with the
distinction between requirements and specifications [GGJZ00]. A brief outline of the basic
information for the description of a cooperative transport task is presented below.

3.2.1 Load

The first group contains information related to the load to be transported and is clustered
in two main categories as follows. Firstly, the object’s characteristics which aim to provide
important information about its structural properties. The customer must therefore make
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available generic information about the material of the item and any special conditions
that may be present at the time of collection or even during the task execution. These
may include characteristics such as wet items, lubricated surfaces or loads where the centre
of mass may change dynamically (e.g. loosely packed loads or fluids). Additionally, not
every load may be gripped at any arbitrary point and in any way. Thus, another relevant
characteristic of the load which must be known is the presence of specific interfaces such as
special forklift pockets, handles, or non-gripping zones.

The second cluster of information about the transported object contains data about its di-
mensions. Thus, for a complete description it is necessary to know the item’s geometry, the
more accurately this can be described, for example through sketches or CAD models, the
more accurately may be synthesized the MRS. Furthermore, the weight of the item should
be indicated, if possible, and considered for the synthesis process.

Depending on the use case and the conditions under which the transport task is carried out,
the item may be placed in a loading aid which facilitates its manipulation. The knowledge
of the presence of these elements and their characteristics is crucial because they constitute
the interfaces between the robot’s end-effector and the item to be transported and/or defines
the surface of contact of the object/aid with the ground. Thus, all the information about
the object described above must also be provided for this kind of elements together with
kinematic specifications where, for instance, the presence of wheels or additional joints is
highlighted.

Finally, given that the MRS is expected to regularly transport different objects, it is import-
ant that the customer makes available as much information as possible in order to highlight
and emphasize the required flexibility in future synthesis iterations.

3.2.2 Environmental

The next group of information that has to be collected for the synthesis process intends to
describe the conditions of the environment where the robot system has to operate. In this
regard, it is essential to define the conditions of the ground. These will influence directly
for instance the wheel design of every single robot as it is shown in more detail in subsub-
section 4.1.1.1, having simultaneously a direct impact on the kinematic capabilities of the
overall system. Thus, at least generic indications about the ground type such as asphalt,
sand, or factory floor have to be made. Nevertheless, more exact numerical specifications
about tolerances or ground irregularities may improve the design process. These can emerge
not only from the soil quality but from the presence of specific floor installations such as
rails, expansion joints or cable guides, which can generate vertical offsets or challenging
gaps. For this reason the customer must indicate their presence and characteristics. Another
relevant information about the environment with a direct impact on the technical require-
ments of the system is the prior knowledge of the presence of slopes or ramps, where it
is important that the customer reports their inclination grade. Lastly, the dimension of pas-
sages and gates are required, for instance, to define manoeuvring capabilities of the system
which guarantee its proper operation. In this regard, it is important to consider not only the
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size of the narrowest passage and gate but also their transitions, where it is different to have
a wide corridor connected to the narrowest one than having two continuous narrow passages.
For this purpose, floor plans or sketches can be used in order to facilitate and support the
synthesis process.

3.2.3 Operational

The last group of information refers to the operational characteristics under which the MRS
will be operating. In this regard it is important to know the type of application and the
procedural framework of the task to be performed. Thus, information on how the load must
be picked up and released by the participating robots, indicating whether the process is to
be carried out automatically or manually, as well as the tolerances of the initial position of
the object are relevant for the synthesis process and may influence the system requirements
as it is presented in the next section.

While a pure transport task may do not have high demands regarding the trajectory’s ac-
curacy, an application in the middle of an assembly line may present completely different
requirements. Hence, for the task description, the trajectory characteristics play a crucial
role. In some applications where it is not required to follow specific paths, information about
the waypoints that the system has to be able to reach may be sufficient, nevertheless, if exact
paths at certain times have to be driven, it may be necessary to provide plots of trajectories
containing position values against time’s entries or at least the required transport duration
for specific tasks. Additionally, prohibited or non-passable regions may be indicated. As
it was mentioned before, the required accuracy is a crucial parameter for the synthesis of
the MRS being important to provide its value for poses along the defined waypoints and, if
necessary, also for the paths which must be followed. Furthermore, depending on the type
of application to be performed, oscillations along the perpendicular plane to the ground may
be unacceptable, making it necessary to provide tolerance values for these.

Another relevant operational information is related to internal safety regulations which may
be present in the operation area of the system, such as maximum permitted velocities and
accelerations. Finally, information about the existing and available technical infrastructure
should be provided, describing, for instance, the presence of central control/management
systems (as is usually the case in production environments) or available sensing systems for
robot localization, which may influence future decisions during the synthesis process for
diverse configuration parameters.

The information presented in this section intends to support the process of extracting inform-
ation about the use case directly from the customer. This can be carried out, for example,
through interviews between the design engineer and the customer or by filling out specific
forms together with digital models, sketches etc. The collected information helps to charac-
terize the application and is the basis at the beginning of the design process. Nevertheless,
the data might be still in an abstract level, in which it may not be possible to measure or eval-
uate specific concepts. For this reason, in the next section the transition from the introduced
information into the presented performance indices is handled.
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3.3 Formulation of Technical Requirements

A selection of relevant information for the description of a transport task together with sev-
eral performance indices are presented in the previous sections. It is subsequently necessary
to relate both, translating the customer’s information into specific technical requirements
represented by the performance indices. The Table 3.2 presents a summary of the correla-
tions between them, which are analysed in the course of the present section.

Table 3.2: Correlations between the customer information and the performance indices
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In Table 3.2 it can be observed that the definition of each specific technical requirement rep-
resented by the performance indices depends on different factors drawn from the customer,
making their careful analysis substantial.

It can be seen how the required degree of manoeuvrability, for instance, is determined by
the geometry of the object, the passages, and largely by operational parameters. Thus, it is
important to analyse how (accuracy), which (poses), where (environment), and when (time)
the required waypoints must be reached.

The distances between waypoints (Wps) provide important information about the required
manoeuvrability of the system. Thus, the presence of considerably separated points may
give the MRS more space to manoeuvre and reach the required positions by following dif-
ferent possible paths as shown in the numeral a in the Figure 3.2. This may suggest for
instance, that holonomic or omnidirectional capabilities might not be necessary, even if
specific orientations are required. Nevertheless, the characteristics of the environment in
which the system has to operate may exclude some potential paths as shown in d, e in Fig-
ure 3.2, and therefore, long distances between waypoints are not necessarily a guarantee
that specific manoeuvring capabilities may not be required if there is not sufficient space to
manoeuvre. Furthermore, it is important to take not only the space but also the time into
consideration, ensuring that the transport load is able to reach safely each position at the
right moment. Thus, spatial and temporal dimensions may differ as shown in numeral b
in Figure 3.2, and it may be necessary that a point that is spatially farther away, has to be
reached faster than one that is much closer. The time needed for reconfiguration of systems
with non-holonomic characteristics may be compensated, for instance, by the possibility of
specific MRSs to move at higher speeds, which must, however, simultaneously comply with
internal operating regulations.

Trajectories with instantaneous and abrupt changes in position or where continuous vari-
ations in the orientation of the transported object are required, may give indications that
holonomic capabilities of the MRS may be necessary. However, this has to be challenged
and analysed in relation to the accuracy required, which may be indicated directly from the
customer or deduced accordingly to the type of task and process to be performed. There-
fore, a path that at first sight presents sharp changes of direction and seems to require om-
nidirectional characteristics, may be considerably smoothed after considering the accuracy
requirements, changing the necessary kinematic capabilities of the system as shown in the
numeral c of Figure 3.2.

The search after the required turning radius is particularly important in the case of non-
holonomic MRSs. Thus, having restrictions or specific trajectory requirements may facil-
itate the determination of their maximum permissible values for the execution of a certain
task. Nevertheless, having free path segments with arbitrary orientations makes it possible
to transport the load in many ways. This motion planing problem has been extensively stud-
ied during the last decades and many algorithms and methods have been proposed [LaV06].
However, in the early stage of the synthesis process where the scope of this work lies, it may
not be necessary to think about the detailed motion planning solution but rather to determine
approximate guide values which help to check the feasibility of the execution of the task.
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Figure 3.2: Analysing the required manoeuvrability of MRSs for cooperative object transport tasks.
a) spatial separation between points, b) time dimension, c) accuracy considerations,
d,e) space to manoeuvre, f) turning radius

Furthermore, depending on the robot arrangement, the participating robots can take differ-
ent positions which may alter the turning radius as it is handled in detail in subsection 4.2.1
and can be seen in the numeral f in Figure 3.2. Thus, it is necessary to verify, for instance,
whether the approximate positions that the participating robots may take in order to present
specific turning radii are compatible with the load interfaces defined by the customer.

The required terrainability can be determined to a large extent directly from the informa-
tion provided by the customer. It is necessary to take a special look at the environmental
conditions, the item to be transported and, if applicable, the loading aid. Generic informa-
tion about the ground should be summarized with the existing floor installations in order to
define the highest gaps and offsets that the MRS has to pass through. Furthermore, specific-
ations of the slopes, including information about possible top and bottom transitions must
be indicated. Lastly, the weight of the object or objects to be transported together with their
loading aids must be calculated in order to define the required maximal payload.

The safety of the transport task must always be guaranteed regardless of the system imple-
mentation. The evaluation of transport safety in relation to systems for additional stability
and stress protection proposed in this work is intended to highlight the need of implementing
additional safety mechanisms due to special conditions that may arise during the transport
task and which may have an impact on the performance of the overall system. Thus, in
the case of stability mechanisms, they aim to guarantee a higher control of the object by
the robots, by preventing a loss of contact with it. This potential risk may emerge from
special characteristics and properties of the transported item such as extra slippery or lub-
ricated surfaces, highly flexible materials or items where the centre of mass is dynamically
changing. Furthermore, steep and rough terrains with pronounce irregularities can produce
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considerable vibrations, and specific object or loading aid interfaces with extra motion cap-
abilities, such as wheeled systems may allow or initiate unwanted movements. Lastly, the
type of application and procedural framework may also lead to the need for additional sta-
bility mechanisms. Thus, an application in the middle of the production line, where external
forces are continuously exerted on the load, may require for instance the object to be firmly
attached at all times during the execution of the transport task.

Additional mechanisms for stress protection intend to prevent from damages the transpor-
ted load by decoupling unwanted forces that may be transmitted to the object. These may
emerge specially from the conditions of the ground, in which the system must be deployed.
Nevertheless, the decision of implementing this type of mechanisms may depend on the
magnitude of the forces expected to emerge and the specific properties of the item/loading
aid. Thus, for instance, forces that may be negligible for a massive steel item may nonethe-
less cause significant damage to a thin ceramic object.

An important aspect to be considered during the synthesis of MRSs consists of the pick-up
or collection process. Thus, although the participating robots can already present a group
behaviour and be controlled as a unit, the object can still not been considered as a mechan-
ical or structural part of the MRS. Thus, the previously defined indices for the evaluation
of the system’s manoeuvrability, which are related to the object’s motion cannot be used to
assess these individual requirements. For this reason the self-sufficiency index includes the
necessary motion capabilities that each single agent should present. Hence, the presence
for instance of specific load interfaces normally requires higher positioning accuracy and
additional degrees of freedom of every single robot. Furthermore, in tasks where the object
may be placed in variable initial positions or have considerably different orientations, it is
necessary to verify how many degrees of freedom and whether omnidirectional capabilities
may be required to compensate process variations.

For the evaluation of the required handling flexibility, not only the customer’s information
about the number of different objects to be transported must be considered, but rather their
specific characteristics, properties and specifications of the procedural framework. Thus, a
process in which boxes of different sizes have to be transported continuously and randomly
may have distinct requirements than one for which a different object is planed weekly and
there is sufficient time for a reconfiguration of the system. Furthermore, the fact of having
different loads to be manipulated does not immediately mean a greater need of handling
flexibility. Different box sizes may for instance not result in significantly divergent require-
ments of the overall system (interfaces and object characteristics are the same). Thus, a
conscious analysis focused on the interfaces and transported cycles to be performed may
give a notion of the need of highlighting the handling flexibility.

It is important to note that having objects and transport tasks with absolutely different
characteristics may also give a hint at early stages of the design process of separating
the task for different robot groups rather than trying to have a single complex MRS that
may lack of flexibility and potential for its implementation in other applications.
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The indication of the need for specific control strategies or operational procedures such as
dynamical rearrangements would constitute a determination of specific technical solutions
at a still too early stage. Therefore, this index is used in later chapters for the evaluation of
specific robot configurations rather than for the definition of particular requirements in this
section.

The complexity of the system in relation to its potential costs is a parameter that should be
sought to be minimized throughout the synthesis process. Thus, at this stage it is not inten-
ded to determine, for instance, the maximal number of motors to be used/synchronized or
the admissible construction complexity of the participating robots based on the information
provided by the customer. These decisions may be a result of further investigations and op-
timization iterations of different robot configurations. Furthermore, a cost estimation may
be difficult to perform at an early stage due to the fact that specific general robot configur-
ations can be implemented in different manners and therefore its price may vary in a wide
range.

3.4 Summary

The fact of having more than one robot cooperating increases the number of possible solu-
tions by combining different agents and, where appropriate, of distinct types, for the success-
ful execution of a specific task. In this context, the performance indices intend to support
the characterization and evaluation of MRSs making possible further comparisons during
the synthesis process. The definition of these indices must be carried out not only by con-
sidering the general capabilities of the robots but also the characteristics of the use case in
which they are planed to be deployed. Thus, in the definition of a cooperative transport task,
five key elements are highlighted (motion, safety, efficiency, process and trajectory) and they
are used as a basis for conducting a functional analysis that results in a set of five clusters of
performance indices: manoeuvrability, terrainability, safety, flexibility and complexity.

Nevertheless, the formulation of these indices requires well-founded knowledge in the field
of mobile robots, which the direct customer does not necessarily own. For this reason, a
set of application-related and high-level data to be extracted by the customer is selected and
grouped in three main categories: load, environmental and operational. This information is
intended to collect the required data about the task to be performed, from the party that has
the most knowledge about the use case — the customer.

After having defined a set of technical criteria for the characterization and evaluation of
MRSs for cooperative transport task applications and a set of more general information
about the use case to be collected directly from the customer, the next step is to relate and
connect these two groups in order to formulate technical requirements. For this purpose
a correlation analysis was performed. This showed, for instance, how the majority of the
performance indices depend on different factors drawn from the customer, what makes their
careful analysis substantial.
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It can also be noted that the metrics of the different criteria differ and, thus, although some
parameters may be reduced to numerical values, some others may be represented through
binary or even more open and qualitative information. Thus, rather than presenting strict
thresholds and exclusionary data, the formulated indices are intended on the one hand, to
initiate the technical characterization of a specific transport task and, on the other hand,
to constitute the framework for evaluation, comparison and analysis of different synthesis
parameters which are analysed in the next chapter.





4 Synthesis Parameters of Mobile Multi-Robot Systems for
Cooperative Object Transport

In the last chapter a set of parameters for the evaluation of the performance of multi-robot
systems (MRSs) at an early stage of the synthesis process was presented. Based on the
proposed indices, the information required for the description of transport tasks was dis-
cussed and a process for translating it into technical requirements was introduced. Thus,
having defined certain framework for the assessment and comparison of different solutions
for MRSs, the next logical question that arises is how specific solutions can be generated
to meet the formulated technical requirements. This search for the design parameters and
freedoms is the topic of this chapter.

The concept of configuration space in the field of mobile robots traditionally contains the set
of configurations (states and postures) that a robot can assume [SSVO09]. Thus, for instance
for a mobile robot in R2, the configuration space C is three-dimensional C = (xi,yi,θi). In
this work, the concept is extended and contains the configuration parameters for a multi-
robot system, not only in terms of its position (path planning) but also in terms of its mech-
anical, operational and control characteristics.

Configuration parameters are defined in this work as settings that directly influence the
behaviour of a multi-robot system (MRS). The set of all these parameters constitutes
the configuration space of an MRS and is a representation of its synthesis freedoms.

The synthesis process of MRSs is determined by a large number of configuration paramet-
ers. Nevertheless, this work focuses on the early stage of the synthesis process leaving aside
parameters for a detailed design which may be the subject of later stages of the synthesis
process. Thus, it is intended to determine general capabilities of the system in relation to
its manoeuvrability, terrainability, safety, flexibility, and complexity, as it was described in
detail in the section 3.1. For the realization of these requirements three main groups of con-
figuration parameters are proposed: mechanical, operational and control (see Figure 4.1).

Configuration
parameters MRS

ControlOperationalMechanical

Robot
arrangement

Transport
strategyInterfacesChassis

configuration
Overall

architecture
Perception
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Figure 4.1: Overview of the configuration parameters for the synthesis of mobile multi-robot sys-
tems for cooperative object transport applications



44 4 Synthesis Parameters of Mobile Multi-Robot Systems for Cooperative Object Transport

4.1 Mechanical Configuration Space

The mechanical configuration space contains relevant structural parameters for the synthesis
of MRSs at an early stage. Due to the fact that they describe the point of contact of the parti-
cipating robots with the ground, they strongly influence not only the motion capabilities of
the overall system but also characteristics such as the system’s suitability to be deployed in
challenging terrains. Furthermore, they constitute the connecting link of the robots with the
transported load making crucial its analysis for the exploration of novel synthesis freedoms.
Thus, the analysis of the mechanical configuration parameters is separated in two main parts:
the chassis configuration and the mechanical interfaces of the MRS (see Figure 4.2).

Standard
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Universal
Spherical

Mechanical configuration
parameters

Attachment
Mechanical
compliance
DOFs

Coupling
interfacesEnd-effector

Mechanical
interfaces

DOFs
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Coefficients

Steering
kinematics

Wheel
assembly

Chassis
configuration

Figure 4.2: Overview of the mechanical configuration parameters for the synthesis of MRSs

4.1.1 Chassis Configuration

In section 2.3 the undercarriage and load handling devices of MRs are introduced. This
section aims to go deeper into their characteristics, and two essential design aspects for the
representation of MRSs are analysed in more detail: the steering kinematics and the wheel
assembly.

It is important to note, that due to the nature of an MRS and the approach of this work,
in which the robot system together with the transported load are considered as a unit
rather than a simple collection of single agents, some traditional chassis parameters are
defined by the overall configuration of the participating robots and not exactly by the
geometrical configuration of every single one. Thus, parameters such as the track length
or wheel base are determined by the robot arrangement and handled in section 4.2.

The first analysis to be carried out consists of verifying which specific performance indices
can be influenced at all by changes in both, the steering kinematics and the wheel assembly.
Thus, the Table 4.1 shows the field of action of these two configuration parameters as a basis
for analyses to come.



4.1 Mechanical Configuration Space 45

Table 4.1: Field of action of the chassis configuration parameters
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4.1.1.1 Wheel Assemblies

This section deals with specific design characteristics of wheel assemblies which have a
significant impact on the overall system and, therefore, are crucial to be analysed during an
early stage of the synthesis process. However, it is not intended to delve into design details
but rather to characterize the performance of basic wheel types in relation to the criteria set
out in the Table 4.1, based on their general nature and construction characteristics.

The influence of the chassis configuration in the manoeuvrability of the MRS depends both
on the wheel assembly and steering kinematic. For the wheel assembly, specially the dimen-
sion of the force vector space vd that can be generated by the implemented wheels plays
a significant role. Thus, although from a kinematic point of view, for instance, the three
omnidirectional wheel designs are identical, their performance and characteristics of the
generated forces are significantly different. The Figure 4.3 shows some examples of the
possible force vectors that can be generated by traditional wheels. It can be seen how roller-
based designs can generate one-dimensional forces similar to the standard wheels. The
difference lies on their direction, which directly depends on the orientation of the rollers
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integrated in the wheel assembly. By contrast, the offset of active castors makes possible to
couple the steering and driven forces in order to generate arbitrary two-dimensional force
vectors. Nevertheless, due to the perpendicular orientation which must have the steering
and driven axles in this type of wheel assemblies, sophisticated transmission mechanisms
may have to be integrated, increasing the complexity of the system. In the case of spherical
wheels, many design alternatives can be implemented, the Figure 4.3 shows, however, an
implementation with two separate controllable motors which make possible to produce also
force vectors in arbitrary directions. Other special wheel designs characterized by the ad-
dition of extra motors or different actuation principles such as universal wheels with active
driven rollers or electro-magnetic spherical configurations can also generate arbitrary force
vectors [SH20, KYK+14].

f f

f

f

vd = 1 vd = 1 vd = 1 vd = 2 vd = 2

f

Figure 4.3: Dimension of the force vector space of traditional wheel designs

Thus, the contribution of the wheel designs in relation to the manoeuvrability indices
consists of selecting the corresponding assemblies, which are able to generate force vec-
tors with the required dimension vd in order to fulfil the kinematic motion requirements.

The high manoeuvrability that can be achieved, together with the relatively straightforward
control and compact design that exhibit universal wheels, have led in recent years to their
implementation in a variety of applications [AD11]. Nevertheless, as introduced in sec-
tion 2.3, one of their drawbacks emerges from the discontinuity of the contact point of the
wheel with the ground. Hence, some studies analysing the resulting effects of this condition
have been carried out over the last years. In [BKT16] for instance, some results from an
experimental setup and simulations, measuring the vertical accelerations of a mobile robot
with built-in mecanum wheels are presented. The results show the magnitude of the effects
of the transition between rollers by mecanum wheels, illustrating for instance, that when
driving at high velocities, the vertical accelerations of the wheels were considerably higher,
measuring values of up to 2g and the simulated displacements indicated several centimetres.
In addition, the authors investigated the effect of the roller curvature and proposed an op-
timized fork design for a reduction of vibrations.

Taking into consideration the caused vibrations by universal wheels, FERRIERE et al.
presents in [FRC96] a design method using “alternate” and “half roller” concepts. Thus,
starting by analysing the functional requirements with regard to the required payload, the
overcoming of obstacles and the maximum tolerated vibrations, specific design parameters
such as wheel type, number of rollers, roller radii and length are discussed.
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It can be seen that in general all roller-based wheel designs introduce vibrations in the
robot structure. Analysing the impact of these emerging disturbing forces, it can be
observed, that these may mainly affect the performance indices related to the system’s
safety. Hence, they may lead to the necessity of implementing additional stability or
stress protection mechanisms. Furthermore, due to the stated relationship between the
magnitude of the resultant vibrations and the driving velocities, the maximum speeds
may be reduced by systems using universal-wheels.

The implementation of vehicles with built-in universal wheels on inclined or uneven terrains
are strongly limited by their design. In their traditional configuration, the rollers are held
in place from the outside, thus, although this construction increases the load capacity, when
encountering inclined surfaces or driving through uneven terrains, the rim of the wheel
may make contact with the ground causing unwanted behaviours or damages. This can
be improved by alternative designs such as mounting the wheels centrally but it is always
limited by the roller geometry, remaining high sensitive to ground irregularities and hence
being especially suitable for relatively even floor conditions. Nevertheless, research studies
proved that further specific developments in the design details of roller based wheels can
lead to the application of those systems in rough terrains. Thus, in [MHK+17] for instance,
a track drive system for construction machinery, based on the traditional design of mecanum
wheels is presented. Furthermore, an analysis of feasibility of the implementation of robots
with universal wheels for planetary exploration applications is presented in [RKL08]. The
friction characteristics are also important parameters for the evaluation of the performance
of universal wheels, leading to studies such as the one presented by GIURGIU et al., where
the effect of different friction coefficients on the rotational inertia, pressure and sliding
distances of the rollers was simulated [GPP+17].

Based on the state of the art of current traditional and commercial designs of roller-based
wheels, it can be stated, that their performance in uneven terrains decreases considerably
and in some cases impairs the proper functioning of the system. Nevertheless, the defin-
ition of specific thresholds for ground irregularities strongly depends on the design of
the wheel assembly and may be individually carefully assessed during the synthesis
process.

The mechanical complexity of the universal wheels is considerably high, this among others
due to the design and manufacture of the rollers, the required bearing system and complex
geometries of the rim. Additionally, custom designs such as the presented in [DBB+12]
may include special locking mechanisms or additional motors. Thus, although preventing
the rollers from rotating during straight forward/backward drives and actively controlling
the orientation of the rollers by diagonal motions, the system’s efficiency may increase, its
complexity may also grow substantially simultaneously.

Among the omnidirectional wheels, the castor wheels present the best performance on un-
even terrains offering a higher stability and obstacle clearance [WM96]. Additionally, they
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exhibit a lower mechanical complexity compared to that required by roller/ball based sys-
tems. Nevertheless, its implementation displays some limitations in relation to two per-
formance indices; the maximum speeds and the accuracy of the object motion Figure 4.4.
These restrictions emanate from the characteristics of the free rotational joint of the wheel
assembly.

?

v v

?

(a) (b)

Figure 4.4: Limitations of the implementation of passive castor wheels: a) shimmy behaviour,
b) singular position

The velocity limitation arises from a self-exited oscillation of passive castors which may
appear after passing certain velocities (see a in Figure 4.4). This phenomenon is known
as shimmy behaviour and has been studied mostly in relation to the synthesis and design
of wheelchairs [KBT84, KBT00].

Thus, KAUZLARICH et al. defined a velocity threshold or critical shimmy speed as fol-
lows,

vc =
dc
√

4M f

πθ0Iw
(4.1)

From the Equation 4.1 it can be seen that the force causing this unwanted behaviour is a
function of the system itself, depending on the initial orientation of the castor θ0, construc-
tion parameters such as the offset-length dc and the moment of inertia Iw, and the resisting
torque M f which is directly related to the wheel materials and soil characteristics but can
also be strongly influenced through alternative designs like integrating grooved sections as
shown in c in Figure 4.5 [KBT84].

KAUZLARICH et al. presented an exponential relationship between the trail (offset) and the
critical velocity vc (see a in Figure 4.5). It can be seen how a difference of barely one
centimetre in the trail can lead to differences in the critical speed of several kilometres per
hour. Moreover, from Equation 4.1 can be deduced that in the case where the castors are
perfectly aligned in the movement direction (θ0 = 0), the critical velocity threshold tends
to infinity. Nevertheless, the experiments performed in [KBT00] confirm how an initial
orientation of 25◦ for a 8 cm castor with 3.8 cm trail causes for instance an oscillation of 30◦,
travelling at a speed of 1.33 m/s. Finally, showing the importance of taking into account the
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emerging contact pair between the wheels and the ground, experiments demonstrated how,
for instance, a carpet surface offered approximately twice the resistance of the tile and how
relevant is to consider the castor load. Some results from the mentioned studies on shimmy
behaviour performed in [KBT84, KBT00] are presented in Figure 4.5.
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Figure 4.5: Results of the study on the shimmy behaviour in castor wheels by KAUZLARICH et al.
a) shimmy speed versus trail (offset), b) shimmy speed for different initial angular posi-
tions, c) turning resistance for different soil types and wheel designs [KBT00, KBT84]

Among the consequences of having systems with castor flutter are the generation of un-
wanted loud noise, a considerable increase in wheel wear and even bearing damage. All
this shortens substantially their lifespan and may lead to loss of traction during the drive.
Therefore, while it is true that the introduced considerations are measures which are to be
addressed in later iterations of design detail, it is important to be aware at early stages of
the synthesis process of the presence of this kind of phenomena for taking decisions on the
system configuration. Thus, in the case of planning the implementation of configurations
with multiple passive castors, it must be analysed if this can still allow the specific technical
requirements to be met.

The second aspect to be analysed for castor wheels is related to their turning behaviour
and how this may have a great impact on the achievable path accuracy of a specific robot
system.

For the modelling of passive castor wheels in robotic applications, it is normally as-
sumed, that they do not present any kinematic constraints and can immediately move in
any required direction. Nevertheless, in reality, they cannot jump from one position to
another, but have to rotate until they are aligned along the direction of movement. Dur-
ing this rotation the position of the ICR changes dynamically, generating an undesirable
behaviour pushing the platform out of the desired trajectory.

Therefore, some research studies have been presented that attempt to predict the castor
position, mainly for the design of electric wheelchairs. In [CBA11] the authors model
a wheelchair as a five degree of freedom system and present some equations building an
estimator for castors. Through experiments an accuracy error of ±8◦ was demonstrated,
this however, under a stability condition assuring that the passive wheels are only rolling
forwards. This condition tries to avoid a singular position, which occurs when its velocity
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vector expressed in the frame of the rotational joint, points exactly in the direction of the
point of contact between the wheel and the ground as shown in b in Figure 4.4. In this
situation it is not possible to predict in which direction the castor will turn. The results of
the experiments show, for instance, that travelling at a speed of 0.77± 0.13m/s the castor
needed approximately 1.5 s to align itself starting at 35◦. In [BGB18] the authors presented
similar experiments with an electric wheelchair in order to determine a possible transfer
function of the system for control purposes. Their results show the effect of the turning
behaviour of the castors on the trajectory, presenting deviations of up to 1 m travelling at a
speed of 0.4 m/s.

The magnitude of the deviation from the followed path depends on how fast the wheels can
realign themselves and the length of the emerged turning radius caused by the displacement
of the ICR, which relies directly on geometrical construction parameters of the platform and
the overall system. Thus, the Equation 4.2 proposed by CHENIER et al. shows the relation-
ship between the turning velocity of a wheel chair passive castor β̇ and some geometrical
parameters [CBA11],

β̇1 =
θ̇

dc

(
dl cosβ1−

d f sinβ1

2
−dc

)
− ẏ

dc
sinβ1 (4.2)

From the Equation 4.2 it can be extracted that while the wheelbase dl and the distance
between the two castors d f are proportional to the turning velocity, the offset dc is inversely
proportional. For the visualization and analysis of the implications of these relations in
the drive behaviour of an MR, a simulation was carried out and the results are presented
in Figure 4.6. Here, analogously to a wheel chair design, a mobile robot with two passive
castors in the front was assumed. Thus, the right castor was positioned at an initial position
of 90◦ and the robot was controlled to travel with a constant linear and angular velocity.
From the results presented in Figure 4.6 it can be seen how the wheels with a smaller offset
dc reach the stable steering angle faster, what simultaneously can be translated in a smaller
deviation from the path to be followed. The variables dl and d f , however, exhibit a less
pronounced effect on the horizontal displacement of the stabilization time.
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Figure 4.6: Simulation results of the turning behaviour of a passive castor built in a mobile robot
travelling with constant linear and angular velocity for different configurations
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While small castor-offsets cause faster turnings and accordingly smaller path deviations,
they also simultaneously reduce the critical shimmy speeds. Therefore, the search for
an optimal castor trail implies to find a compromise between the possibility of driving
safely at higher speeds and an accurate following of required paths.

Additionally to the presented simulation, a practical experiment in order to evaluate and get
a notion of the behaviour of a mobile robot with passive castors oriented in their singular
positions was carried out in the course of this work. For this purpose, a platform consisting
of a differential drive at the rear and two passive castors at the front was used. The two
driven wheels were controlled synchronously to turn at the same speed and the passive ones
were oriented initially in their singular positions. The position of one point of the platform
was tracked during the drive to measure the magnitude of the deviation δc and the angle γc,
which represent the differences of the final position and the path travelled with respect to
the theoretical one that the robot should have followed (see Figure 4.7). Ten drives were
performed for two different positions of the castor wheels changing the wheelbase of the
robot.

Although the stability of the Equation 4.2 cannot be guaranteed when the passive castors
are oriented in their singular positions, one may think that changes on the wheelbase dl
of the robot may do not have an impact on the turning behaviour of the wheels and cor-
respondingly, on the path accuracy. Nevertheless, the results presented in Figure 4.7 show
that the mean values of both measures of deviation (δc,γc) were more than twice as high
for the short wheelbase as those presented by the longer configuration. Moreover, the non-
repeatability of the travelled trajectories can be identified, being even more significant for
the short constellation, presenting a standard deviation of approximately 20mm for δc.

Rather than giving some exact figures on the effects of implementing different wheels in
mobile robot applications, the considerations presented are intended to increase the design
engineer’s awarenesses of the relationships between factors such as the outdoor capabilities,
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Figure 4.7: Experimental results of path deviations of a mobile platform with passive castor
wheels: δc,γc were measured over ten “straight-line” drives of a mobile platform with a
differential drive at the rear and two castors at the front. The drives were performed for
two different wheelbase configurations.
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maximum velocities, and induced path inaccuracies, which may influence not only the per-
formance of single robots but of the MRS, arising the need to reach compromises within the
synthesis process. The Table 4.2 summarizes the pros and contras of wheel assemblies and
the design measures for achieving specific performance indices which are discussed in this
section.

Table 4.2: Summary of the analysis and design measures in the context of wheel assemblies for
achieving specific performance requirements

Castor Wheels

Universal Wheel

Ball Casters
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Slippage
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Passive
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4.1.1.2 Steering Kinematics

The steering kinematics of the overall system allows the MRS to manoeuvre and follow a
desired path in its environment, being a measure of its motion capabilities. Thus, this section
aims to extend the concepts and indices of the kinematic description of single mobile robots
presented in section 2.4 to new ones that support the characterization of the manoeuvrability
of MRSs.
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Steerable Wheel / Axle Driven Wheels

Figure 4.8: Basic principles of steering kinematics: steerable wheel or axle with or without offset
and examples of driven wheels

In order to study the possibilities of combining and integrating different kinematic steering
designs for MRSs, it is necessary to understand the main underlying technical possibilities
to initiate a change of course. These can be classified in two groups: rotational axles and
driven wheels (see Figure 4.8).

• Rotational axle: in this steering configuration, a driven rotational joint oriented in the
direction of the normal ground vector transmits a moment to one or an arbitrary number
of wheels arranged along a rolling axis parallel to the ground. The position of the rotating
joint can coincide with the centre of the rolling axle of the wheels or exhibit an offset.

• Driven wheels: in this configuration the system does not require a separate steering motor
because the actuators used to transmit a torque to the rolling axles of the wheels are
controlled in such a way that they generate the movement necessary to steer and change
the course of the platform. It is important to note that more than one wheel may be
required and its minimum number depends on the implemented wheel type.

In the last years, driving systems and autonomous devices consisting of only one axle were
presented [JS13, SH20, SN]. These systems have self-balancing mechanisms and their sta-
bility is normally based on the principle of inverted pendulum [GDCR02]. Nevertheless,
leaving aside this kind of configurations, a minimum of three points of contact with the
ground are required in order to guarantee the static stability of the system. For this purpose,
supporting elements, normally in form of wheels, can be added to the robot structure. Thus,
through the combination of the steering principles presented above with additional wheels
(see Figure 2.5), different robot configurations can be generated.

In section 2.4, five basic kinematic designs of undercarriages for mobile robots based on
certain conditions of the indices δm, δs and δM were introduced. Nevertheless, for a more
in-depth and detailed design analysis in both mechanics and control, additional criteria such
as the actuation of specific wheels and the controllable degrees of freedom of the robot have
to be taken into account.

The indices δm, δs and δM allow a basic characterization of chassis kinematics based on
their motion constraints. Nevertheless, the interpretation of these values requires certain
high-level of abstraction which may induce erroneous assumptions during the synthesis
process.
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Thus, for any chassis configuration with a degree of manoeuvrability of three, it can be
stated for instance, that their ICR can be placed at any point on the plane, but this statement
does not directly imply that any robot having a δM = 3 is able to actively control and place
its ICR at any arbitrary point on the plane.

Analysing a chassis kinematic with a δm = 2 and δs = 1, for instance, the system may seem
to be able to place the ICR at any point on the plane and at the same time present a DOF
of three, which can be reflected through the three motion possibilities presented in the Fig-
ure 4.9. Nevertheless, the question that may arise is, how can the rotation represented in the
third freedom of movement be initiated? Backward, forward and even diagonal movements
can be clearly induced through changes in the rolling speed of the wheel and the steering
angle, but the force needed to generate the moment required to produce a rotation around
the point of contact with the ground cannot be generated and controlled directly by the ro-
bot. This characteristic of moving sideways without changing the orientation is commonly
known as “crab steering” [SSB19, YHZ16]. Thus, in fact generally speaking, the system
has a DOF of three but the number of controllable degrees of freedom (CDOFs) is two.

The controllable degrees of freedom (CDOFs) of a robot configuration are defined in
this work as the number of DOFs that the robot is able to control by its own, reflecting
the effective workspace of a specific system.

1

2

3

Figure 4.9: Analysis of motion capabilities of a chassis kinematics with a δm = 2 and δs = 1

The fact that this configuration cannot actively control its three DOFs (DOF>CDOF) im-
plies that external disturbance forces may lead to oscillations of the chassis generating un-
wanted trajectories. Nevertheless, this condition may be improved for instance by position-
ing the actuated wheel at the centroid of the system, building symmetric or circular robot
chassis if the application allows it or using more than one wheel on the same axle. Fur-
thermore, this apparent drawback may be positively exploited by operational characteristics
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where small manual adjustments in the rotation of the robot by the operator are desired,
which may be the case in transport applications where the load is not always located exactly
in the same place, all this increasing the operational flexibility of the system.

In the case of the holonomic chassis configuration with δm = 3 and δs = 0, the total of
CDOFs is based on the number and position of the actuated wheels together with the char-
acteristics of this actuation. This is because, depending on the specific wheel design it may
be possible to generate force vectors either in arbitrary directions or along specific dimen-
sions as it is introduced in the last section. Thus, from the steering kinematic perspective it
is important to define the total dimension of the force vector space of the mobile robot vdt ,
which can be defined as the sum of the dimensions of the force vector spaces vdi of the n
actuated wheels as follows (compare Figure 4.10),

vdt =
n

∑
i=1

vdi (4.3)

Thus, the following conditions can be formulated for a holonomic chassis,

(CDOF == 3 && vdt ≥ 3) || (CDOF == 2 && vdt == 2) −→ Holonomic (4.4)

As presented in section 3.1, the number of motors required in a specific robot configura-
tion provides relevant information about the complexity of the system. These actuators are
implemented on the steering axles or driven wheels, whereby a direct relationship between
the parameters δs,vdt and the potential number of motors to be integrated can be identified.
Thus, a variable cm, which provides information on the complexity of the system according
to the required actuators can be formulated as follows,

cm = δs + vdt . (4.5)

vd1 = 2

vd1 = 1 vd2 = 1

vd3 = 1

vd1 = 2 vd2 = 2

(a) (b)

vd1 = 1 vd2 = 1

vdt = 2 vdt = 2 vdt = 4 vdt = 3

Figure 4.10: Dimension of the force vector space for omnidirectional wheels. a) holonomic robots
with a CDOF= 2, b) holonomic robots with a CDOF= 3
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The steering kinematics has a crucial influence in the overall manoeuvrability of the system,
and is a means to achieve omnidirectional and holonomic capabilities as indicated in the
Table 4.1. For the definition of formal conditions to assure these two capabilities, a new
variable ~nh containing the number of independent non-holonomic constraints of each robot
configuration is introduced. Thus, the following conditions can be formulated:

~nh(i) == δsi −→ Omnidirectional (4.6)
~nh(i) == 0 −→ Holonomic (4.7)

The Figure 4.11 expands the information about the basic kinematics presented in section 2.4
by highlighting the underlying steering technologies, adding the indices presented in the last
lines and separating two holonomic configurations with different workspaces. The figure is
intended to show possible basic steering designs rather than specific geometric wheel ar-
rangements. Additionally to the classification based on the steering principle, the robot
configurations are classified into basic and hybrid. The basic ones possess the minimum
number of steering components with which it is possible to achieve a degree of freedom of
at least two, whereas the hybrid designs integrate more than one steering core, increasing
in some cases the degree of freedom of the robot. Hybrid designs may bring a set of ad-
vantages, especially in terms of manoeuvrability and stability. However, it is important to
consider that in order to meet the kinematic conditions, new actuators have to be added to the
system, increasing its complexity both in terms of mechanical construction and control. If
one considers a group of robots cooperating to transport an object, the presence of more kin-
ematic constraints may increase simultaneously the required control expense, which might
be directly translated into an increased need for communication and higher motion accuracy
requirements to prevent the emergence of unwanted forces and stresses which may lead to
mechanical damages.

δm = 2 δs = 1 δM = 3 δm = 1 δs = 1 δM = 2 δm = 2 δs = 0 δM = 2 δm =−δs =−δM =−

Basic steering technologies - without steering core redundancies -Basic

Kinematic combinations - including undetermined kinematic configurations-Hybrid
core

Stabilizers Omnidirectional wheelSteering core

δM = 3δm = 3 δs = 0 δm = 1 δs = 2 δM = 3

Steerable wheel Driven wheels

A B C D E F G

CDOF = 2 CDOF = 3 CDOF = 2 CDOF = 3 CDOF = 3 CDOF = 3CDOF = 3
δM = 3δm = 3 δs = 0

nh = 1 vdt = 1 nh = 2 vdt = 1 nh = 0 vdt = 2 nh = 0 vdt ≥ 3 nh = 1 vdt = 2 nh = 2 vdt = 1

Figure 4.11: Steering combinations for a single mobile platform
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The presented chassis configuration G in the Figure 4.11 does not satisfy the conditions of
the ICR presenting a degenerated kinematic design. Nevertheless, due to its mechanical
simplicity and straightforward control requirements it is a well-known steering configura-
tion present in many commercial MRs and is commonly known as skid-steering. The major
disadvantage of this design is the unavoidable presence of slippage, which increases consid-
erably the required power [Sha99]. Additionally, depending on the ground conditions, the
slippage may transmit considerable unwanted vibrations, which can be specially prejudicial
if the object is attached to the robots.

In the previous lines, different chassis configurations for single MRs and parameters for their
kinematic characterization were presented. However, synthesizing a multi-robot system as
a simple conglomeration of single robots restricts the solution space and design freedoms,
because through the combination of specific designs, the overall system capabilities can
radically change. Additionally, it must be noted that the fact that every robot presents certain
motion characteristics, does not imply that the MRS may evidence the same. This depends,
among others, on the characteristics of the load to be transported and the presence of specific
interfaces.

For the analysis of the steering kinematics of an MRS, one special characteristic rein-
forces the need of considering the system as a unit (participating robots + transported
load). This is the case, when the robots are physically attached to the object and this
has suitable properties, for instance in terms of stiffness and strength, which allow it
to transmit forces, thus making it possible to be considered as part of the structure of
the robots, or more precisely, building a completely new robot structure as shown in the
Figure 4.12.

Figure 4.12: Integrating the transported load into a new overall robot structure

The potential to form different structures based on the combination of several agents opens
the possibility to meet specific system’s requirements without adding unnecessary redund-
ancies by choosing robots which complement each other and, thus, distributing the overall
capabilities among all the participating robots. A similar approach for a handling concept
based on a reconfigurable parallel kinematic system, in which the object is integrated into
the structure every time it is gripped, is presented in [Rie14]. Hence, the following advant-
ages can be potentially exploited by building new structures through the combination of
several mobile robots and objects:



58 4 Synthesis Parameters of Mobile Multi-Robot Systems for Cooperative Object Transport

• increase the CDOFs,

• reduce the control complexity,

• increase the driven stability of the overall system.

A differentiation between transport loads which can be integrated into the robot’s structure
and objects which are not suitable for this, is therefore crucial for the synthesis of the steer-
ing kinematics of MRSs.

In order to exploit the introduced potentials of systems transporting objects of the first type,
a top-down synthesis strategy is proposed in this work. Thus, after defining the specific
requirements of the overall system, it is necessary to analyse which combinations of chassis
kinematics may make possible to fulfil them. For this purpose the defined conditions for
single robots (4.6) and (4.7) can be extended to an MRS with N participating agents so
that,

nht= 0 with ~nh =

[ nh1
...

nhN

]
nht = ∑~nh −→ Holonomic (4.8)

fat = 0 with ~fa =

[
nh1−δs1

...
nhN−δsN

]
fat = ∑~fa −→ Omnidirectional (4.9)

Analysing the system only from the steering kinematic perspective, an MRS can only
present omnidirectional or holonomic motion capabilities by the integration and combina-
tion of arbitrary robot configurations which already exhibit these characteristics, respecting
the conditions (4.8) and (4.9). Thus, the possible basic chassis configurations from Fig-
ure 4.11 which may be combined to obtain omnidirectional and holonomic capabilities are
presented in the Table 4.3.

Table 4.3: Chassis configurations for omnidirectional and holonomic motion capabilities

Omnidirectional Holonomic

A* C* D* F* C* D*

nh 1 0 0 2 0 0
δs 1 0 0 2 0 0

CDOF 2 2 3 3 2 3
* See robot configurations in Figure 4.11

It is important to note that the emerging structure may have different capabilities than
each robot, e.g. all possible chassis combinations lead to an overall CDOF of three,
although some participating robots may be able to control only two degrees of freedom
when driving alone.
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As presented in section 3.1, the manoeuvrability capabilities are related to the motion de-
scribed by the object. Thus, it is also necessary to highlight that the presented conditions
and mentioned steering configurations can only guarantee holonomy and omnidirectionality,
if the load is able to transmit forces and there are not extra degrees of freedom implemented
at the end-effector of the participating robots. Otherwise, the specific interfaces must be
carefully analysed. Furthermore, in later sections it is discussed, that the fact of integrating
chassis with kinematics which do not comply with the equations (4.8) and (4.9) does not dir-
ectly exclude the MRS of presenting specific motion characteristics, but these will depend
on the integration of additional mechanisms.

The above mentioned potential to reduce the control effort of the system by integrating the
object into the overall structure can be exploited by changing the control approach after pick-
ing up the load or selectively during the transport task. Thus, assuming that a sub-group of
robots has the sufficient power to move the object by their own, other participating agents
may be switched to passive by deactivating their motors either permanently or for certain
path sections, acting only as additional supporting points but reducing the necessity to syn-
chronize a larger amount of motors and correspondingly the control effort. Another strategy
may be to selectively deactivate certain actuators, such as steering motors. In this way, for
instance, if one assumes two robots with one active steerable wheel, both of them may be
arranged in such a way that their steerable wheels are orientated parallel to each other, so
that the MRS can be alternatively controlled as a differential drive. Although these meas-
ures can be ordered in the control configuration space, they require a prior consideration
during the synthesis of the steering kinematics of the MRS. The Figure 4.13 presents some
combinations of different chassis configurations building new kinematic structures.

a) b) c) d) e)

Figure 4.13: Examples of the generation of different kinematic configurations resulting from the in-
tegration of the object into the overall structure. a) building a car-like chassis kinemat-
ics, b) increasing the degrees of freedom of two holonomic robots, c) switching to
passive some participating robots, d) increasing the degree of freedom of holonomic
robots with universal wheels, e) switching to differential drive after object integration

Heterogeneity may be a medium to achieve a higher performance of the MRS or a
result of the introduced top-down approach, proving the possibility to obtain specific
system behaviours through the combination of different robot configurations. All this,
increasing the flexibility and application possibilities of existing robot fleets for a wider
range of use cases.
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This section intended to analyse the influence of the steering kinematics on the system’s
performance. Thus, specific conditions for reaching certain capabilities were analysed and
an expansion of the solution space and design freedoms through the integration of the trans-
ported load into the overall structure of the MRS was presented. The Table 4.4 summarizes
the design measures in the context of the steering kinematics which were discussed in this
section.

Table 4.4: Summary of design measures in the context of steering kinematics for achieving specific
performance requirements
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4.1.2 Mechanical Interfaces

In this section, mechanical interfaces which enable the robots to interact with the transpor-
ted object and the other participating agents are analysed. Due to the scope of this work,
it is not intended to evaluate specific designs and implementations in detail, but to study
which possibilities they may open to the MRS, which requirements they have to fulfil, their
effects on the performance indices and possible relations with other configuration paramet-
ers. Thus, verifying which specific performance criteria can be influenced by implementing
mechanical interfaces, it can be seen that nearly all of them are related to this configuration
space as shown in the Table 4.5, in which a distinction is also made between robot to robot
and robot to load (end-effector) interfaces.

In subsection 2.3.2 a definition of a robot end-effector in the context of mobile robots is
provided. It highlights the possibility of not having a specific device or gripper to manipulate
the object, but rather considers the point(s) or surface(s) of contact of the agents with the
transported load. Thus, two main groups or clusters for the classification of end-effectors for
manipulation tasks (load handling devices) are proposed in this work: pushing and gripping
end-effectors. On the one hand, gripping load handling devices are characterized by the fact
that their contact with the object is not immediately lost after moving the item in an arbitrary
direction on a plane parallel to the ground. Therefore, as it can be seen in Figure 4.14,
carrying the object on the top or through an L profile is considered as gripping, without the
object necessarily having to be firmly attached to the robot. On the other hand, pushing
end-effectors can not guarantee a constant contact with the object and arbitrary movements
along the motion plane may lead to a loss of control over the transported load.
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Table 4.5: Field of action of the mechanical interface’s configuration parameters
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Figure 4.14: Classification of end-effector configurations for manipulation tasks

Among the most important functionalities and purposes of implementing mechanical inter-
faces can be identified:

• Decoupling of ground contact: ground decoupling mechanisms may be pursued for in-
stance, in rough terrains, for the transport of fragile objects or to separate kinematic con-
straints of the load or loading aid from the ground, as in the case of wheeled equipments.
Furthermore, given the case that the load allows to have a continuous contact with the
ground, the presence of decoupling mechanisms may make it possible to avoid having to
consider frictional coefficients in order to achieve a required object motion accuracy.
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• Exertion of pulling/cutting forces: the capability to transmit pulling and cutting forces is
essential to initiate braking processes acting against the object’s inertia, which may be
even more critical, travelling through ramps and in the presence of wheeled objects or
transport aids. All this increases the control over the object by providing stability, which
may make it possible for the system to drive at higher speeds. Furthermore, depending
on the arrangement of the participating robots, this functionality may be needed when
omnidirectional movement of the object is required.

• Avoiding of damages at the robot end-effector: this aspect concerns the safety and integ-
rity of the overall system, avoiding damages at the end-effector due to the appearance of
unwanted forces. These may occur on account of diverse reasons such as unevenness of
the ground, height differences at the start of a ramp drive, different braking distances of
the participating robots, control deviations or slippage.

• Compensation of constraints or extension of system’s capabilities: this may be the case,
for example, when the robots are attached to the object in such a way that kinematic
constraints emerge, making impossible its motion or preventing omnidirectional abilities.
Moreover, new use cases such as steep ramp drives may be enabled and other performance
parameter like traction can be increased.

• Mounting sensors: depending on the control strategy, different sensing capabilities may
be necessary. Thus, they may not demand physical contact with the object or other ro-
bots and therefore be mounted on arbitrary positions [FIM13, SDF+01], or they may be
required directly at the interfaces to the load or robots as it is the case for reactive indirect
communication strategies [TDSD21, WS16].

The introduced main functionalities of mechanical interfaces can be exploited or implemen-
ted in different ways. However, although this work does not intend to delve into design
details, it is crucial to analyse some design measures and implementations in order to be
able to identify relationships, constraints and drawbacks which may emerge. Thus, the
following four design measures are analysed in the subsequent sections:

• (end-effector) integrating gripping load handling devices,

• (end-effector) compensating small displacements through mechanical compliant mechan-
isms,

• (end-effector) varying the degrees of freedom in the end-effector,

• (robot-robot interface) implementing robot-robot coupling mechanisms

4.1.2.1 Gripping Load Handling Devices

Attached gripping devices make it possible to transmit pulling and cutting forces, and spe-
cific proper designs may additionally allow to decouple the transported load from the ground.
Nevertheless, it is important to consider that the integration of attachment mechanisms also
entails certain challenges.
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The mechanical complexity may grow considerably in most cases, for instance, and al-
though on the one hand the transmission of certain forces is desired, as discussed above,
on the other hand, the rigid connection between the object and the robots may simultan-
eously transmit unwanted forces. These can emerge from environmental conditions such as
ground irregularities, or operational characteristics like control deviations, and thus cause
stresses in the load that may lead to systems damages.

All this increases the necessity either of having high accurate control strategies or compensa-
tion mechanisms for small displacements as it is presented below. Object attachment mech-
anisms may also decrease in some way the system’s flexibility by often requiring proper
interfaces on the object side, demanding higher relative positioning accuracy of the robots
and challenging flexible strategies as dynamic rearrangement processes.

Non-attached gripping devices may also allow to decouple the contact of the load with
the ground, but the transmission of pulling and cutting forces cannot be guaranteed in all
directions. Lastly, it is important to be aware, that carrying objects will demand that the
robot structures are dimensioned to be able to support the payload and not only to tow it.

4.1.2.2 Mechanical Compliance

Diverse factors can lead to the emergence of undesired forces at the end-effector, which
are especially critical in the presence of attachment mechanisms but without this being a
requirement or the only form to evidence them. Thus, dissipating energy at the end-effector
may protect the system from possible damages and simultaneously reduce the control effort
because the required motion accuracy of every single robot may be lower. Nevertheless,
its implementation increases the mechanical complexity of the system and the presence of
flexible and partially non-linear components may challenge modelling some reactive con-
trol strategies. Furthermore, the achievable object motion accuracy may be limited by the
magnitude of the displacements, which may be compensated. Thus, the matrix ∆∆∆ccc contain-
ing the maximum linear and angular deviations that can be compensated by the compliance
mechanisms of the N participating robots, is proposed as follows,

∆∆∆ccc =


∆c1x ··· ∆cNx
∆c1y ··· ∆cNy
∆c1z ··· ∆cNz
∆c1φ ··· ∆cNφ

∆c1ψ ··· ∆cNψ

∆c1θ ··· ∆cNθ

 (4.10)

It is important to note that for the analysis of the maximum achievable object motion
accuracy, it is necessary to consider the set of all compliance mechanisms implemented,
because depending on their orientations, these may have to be added to each other in-
creasing the tolerance range. Nevertheless, high accuracies may be possible to achieve
having compliant mechanisms, but this normally implies a considerably higher control
effort, requiring, for instance, the addition of supplementary sensing capabilities.
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In addition to the analysis of the maximum deviations ∆∆∆ccc, the relation between forces and
displacements are crucial for both, future detail dimensioning of specific mechanical com-
ponents and analysis at early stages of the synthesis process. This is the case, for instance,
with the verification of feasibility of ramp drivings, where the weight of the load causes
forces which may lead to the total contraction/extension of flexible parts and consequently
to a possible malfunctioning of the system.

Among the most common solutions to dissipate energy and compensate small displacements
are springs, dampers, or anti-vibration mats. HASHIMOTO et al. presents, for example, a
construction consisting of two passive prismatic joints with integrated springs [HOZ93].
In [OBA+96] also two parallel plates with springs guarantee mechanic compliance and in
[TDSD21] a system consisting of 8 uniform distributed and preloaded springs maintain
the end-effector centred and make possible to compensate displacements along the motion
plane. Additionally, an anti-vibration mat increases the dissipation potential in the normal
direction to the ground. Figure 4.15 presents a summary of some compliant mechanisms
implemented on MRS.

Figure 4.15: Examples of compliance mechanisms for MRSs [Dos20]

Compliant mechanisms inherently add some freedoms of movement which may increase
the overall manoeuvrability of the system for specific use cases. Nevertheless, they mainly
aim to compensate emerging forces rather than to increase its motion capabilities. In the
next section, the mobility of the end-effector in terms of its degrees of freedom is analysed
more closely.

4.1.2.3 End-effector Mobility

As discussed in the course of this work, the transported load may be integrated into the over-
all structure of the system. In this case, each participating robot is inevitably constrained
by the other agents. These constraints may cause degenerated overall kinematic configura-
tions, leading to slippage or system damages and may limit the overall capabilities of the
system. Figure 4.16 presents some examples of induced limitations by specific configura-
tions of MRSs. It can be seen, how manoeuvrability issues may emerge from the mismatch
of the position of the ICR (see a), how coupling two robots with fixed axles may lead to
degenerated kinematic configurations (see b), and how not having some motion freedoms
around specific axles on the ground plane, may limit the terrainability of the MRS by driving
through steep slopes (see c).
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Figure 4.16: Examples of emerging kinematic limitations in MRSs. a) mismatch of ICR, b) degen-
erated kinematic configuration, c) required DOFs by driving through steep slopes

It has been defined that in an attached end-effector, there is no relative motion between the
robot and the object. In the last lines, some partial degrees of freedom emerging from the
compensation of small displacements were presented, however, the focus was on dissipating
energy and not on the magnitude of the movement that can be tolerated in arbitrary direc-
tions and may be not sufficient to overcome some kinematic limitations. Thus, it is also
required to analyse the effects of the presence or implementation of additional degrees of
freedom in the end-effector, aiming to increase the potential relative motion between the
robots and the transported object.

The properties and characteristics of different joint types can be described through the
two general motion primitives: translation and rotation. Nevertheless, it is important to
highlight that the number of additional freedoms present in the end-effector may be due
to an explicit implementation of additional joints, or implicitly due to the nature and
characteristics of the contact between the transported load and the participating robots.

Thus, it can be seen how having non-attached gripping or pushing end-effectors some de-
grees of freedom are implicitly present. Hence, assuming for example that the participating
MRs are carrying the object on their tops, it can be observed that there are no motion con-
straints on the plane between the load and them, making it theoretically possible to translate
and rotate it “freely”, this of course being limited by the size of the contact surface (end-
effector) of the robots, as shown in a in Figure 4.17. Nevertheless, because the control
of these relative motions may require the availability of additional information in order to
guarantee the safety of the overall system, in most cases this potential is not sufficiently
exploited and their control strategies assume that due to the frictional coefficients and the
object’s weight, its relative position with the end-effector does not change dynamically.

In view of the above, alternative implementations for carrying transport tasks can be pro-
posed. Thus, for instance, one or a few robots can be attached to the object while the other
participants actively use their implicit degrees of freedom in the end-effector as shown in
the numeral b of the Figure 4.17. To guarantee the system’s safety, the relative position
of the object with the end-effector may be continuously tracked. Additionally, a transport
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Figure 4.17: Implicit DOFs in non-attached end-effectors. a) implicit DOFs during carrying task,
b) example of implementation for safe carrying: a sliding pin can move freely along
the surface limited by buffers, c) increasing traction during slope drive

aid with a sliding pin and buffers on specific robots may be implemented, increasing the
system’s safety and group’s capabilities. By active tracking the position of the pin, proper
specific movements of the following robots may be coordinated. Thus, if necessary, e.g. in
challenging use cases or path sections such as during slope drives, the follower robot may
be positioned in such a way that it is also able to transmit forces to the object as shown in
the numeral c of the Figure 4.17.

Pushing end-effectors also exhibit implicit degrees of freedom that may make possible
to move the object arbitrarily relative to the robot regardless of their geometry. Never-
theless, it is important to note that the load may be simultaneously constrained by the
other participating robots as shown in Figure 4.18a and in the subsection 4.2.1. All
this leading to the fact that for the determination of the final number of degrees of free-
dom, not only the end-effector of each individual robot must be considered, but their
interaction, the whole system as a unit.

Thus, a flat contact surface, for instance, makes it possible to transmit torques to the object,
which may be beneficial for example in single robot systems, or help partially centralized
leader-follower control strategies where the required object trajectory is only known and
initiated by one robot. However, the possibility to transmit torques implies at the same
time the lost of a relative degree of freedom, which in kinematic high constrained systems
may be disadvantageous. Thus, flat surfaces can be substituted by several punctual end-
effectors distributed along the object as shown in Figure 4.18b, which may facilitate the
manipulation of the load due to the nature of the contact point, this, however at the cost that
the transmission of torques has to be performed through the coordination of the participating
agents.
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(a) Geometric constraints in pushing end-effectors (b) Punctual contact point

Figure 4.18: Pushing end-effector configurations

Due to the scope of this work, the presence of the introduced implicit degrees of freedom
exhibits a great potential of using existing DOFs without having to add redundancies to
the system.

Therefore, for the characterization of the mobility of the end-effector, the matrix ν i contain-
ing the information about the number of actively used implicit degrees of freedom of the N
participating robots is introduced and defined as follows,

ννν iii =

ν i1x ν i1y ν i1z ν i1φ ν i1ψ ν i1θ

...
...

...
...

...
...

ν iNx ν iNy ν iNz ν iNφ ν iNψ ν iNθ

 (4.11)

Where ν i1{x,y,z,φ ,ψ,θ} . . .ν iN{x,y,z,φ ,ψ,θ} contain binary values indicating the use (1) or not (0)
of the implicit degree of freedom along/around the corresponding dimension.

In the case of attached load handling devices, it is important to analyse the differences of im-
plementing rotational or translational motion freedoms. Thus, the presence of even only one
translational DOF in the end-effector of a participating robot may make possible to modify
dynamically the arrangement of the MRS by changing its relative position (assuming that
the chassis kinematics allows the robot to perform the required movement). This may be
useful for instance to avoid obstacles or navigate through narrow environments in challen-
ging use cases. However, the implementation of translational passive freedoms on several
robots may lead to object wobbling which may simultaneously cause undesired vibrations
and system instabilities, requiring in the major cases additional actuators or joint blocking
systems. Moreover, prismatic joints may normally require bigger construction spaces and
their workspace is always limited by their slide limits. The presence of only one rotational
joint by contrast does not make it possible to modify the arrangement of the MRS. Never-
theless, the implementation of free rotational joints is normally straightforward, and their
construction space is considerably smaller.
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Additionally, it is important to note, that the movement restrictions imposed by the
kinematics of the chassis result from the assumption that standard wheels cannot per-
form lateral movements. This can be overcome by realigning them in such a way that
their rolling axles are perpendicular to the required direction. Nevertheless, in the case
that the wheels cannot be steered directly, the only possibility to overcome these con-
straints and increase the overall system’s mobility is by changing the orientation of the
robot, which may require the implementation of a rotational degree of freedom in the
end-effector of specific agents.

In conclusion, different system capabilities can be achieved through the combination of
proper interfaces together with other configuration parameters but always under considera-
tion of the use case requirements. Hence, an omnidirectional movement of the transported
load can be achieved, for instance, either through pure chassis kinematic and attachment
mechanisms or through the integration of rotatory degrees of freedom in the end-effector as
shown in the Figure 4.19

p

a)

b) vt

t = 1 t = 2 t = 3

δp

vt

Figure 4.19: Generation of omnidirectional capabilities through the implementation of rotational
DOFs. a) rotatory joint in the middle of fixed axle enables omnidirectional movement,
b) rotatory joint in an arbitrary position requires compliance mechanisms and omni-
directional movement presents a deviation from the required trajectory

The integration of additional joints may, however, have different impacts depending on their
specific characteristics. Thus, a rotatory joint implemented along the same rolling axle of
the non-steerable standard wheels (for example in the middle) compensates or “eliminates”
the present kinematic constraints making possible for the participating robots to reorient
themselves in order to be aligned with the required target velocity vt as it can be seen in the
numeral a in the Figure 4.19. Another alternative to perform omnidirectional movements
is by implementing both a rotatory joint at an arbitrary position of the robot and a com-
pliant mechanism which makes possible the compensation of small displacements in the
end-effector as it shown in numeral b.

It is important to note, that the performed path p presented in b in the Figure 4.19
exhibits a deviation δp from the required target velocity vt . Nevertheless, in this work
this characteristic is referred as an omnidirectional movement with a specific tolerance
δp. Ultimately, it is the customer’s requirements which dictate whether the achievable
accuracy is sufficient and can be considered as an omnidirectional movement or not.
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Holonomic capabilities can also be obtained through the implementation of proper kin-
ematic configurations and interfaces, and their sufficiency is also determined by the required
tolerances. In the numeral b in Figure 4.19, it can be seen for instance, how one holonomic
robot which can initiate an arbitrary motion, together with a rotatory joint and a compliant
mechanism, can enable the group of robots to perform holonomic movements while keeping
the emerging deviations within certain tolerable margins.

It can thus be seen how relevant it is to analyse the mobility of the end-effector during the
synthesis process, and therefore, a variable νe containing information about the degrees of
freedom of the load handling devices of the N participating robots is proposed as follows,

νννeee =

νe1x νe1y νe1z νe1φ νe1ψ νe1θ νe1θ̌
...

...
...

...
...

...
...

νeNx νeNy νeNz νeNφ νeNψ νeNθ νeNθ̌

 (4.12)

where νe1{x,y,z,φ ,ψ,θ} . . .νen{x,y,z,φ ,ψ,θ} contain binary values indicating the presence (1) or
absence (0) of the degree of freedom along/around the corresponding dimension in the end-
effector. Additionally, the dimension θ̌ indicates if the rotational joint around θ is imple-
mented along the rolling axle of the non-steerable standard wheels (1) or in another arbitrary
position (0). In case of having a rotational joint around θ and no non-steerable standard
wheels, the value in θ̌ would be (1).

Some implementations of end-effectors with additional degrees of freedom for cooperative
object transport applications by MRSs have been presented over the last years. In [HOE93],
an active prismatic link together with a passive rotatory joint were integrated on the top of
non-holonomic robots in order to compensate emerging lateral forces. The authors extended
the presented end-effector in [HOZ95] with an additional prismatic joint along the robot’s
main axis, forming thus a manipulator with three DOFs. Similarly, OTA et al. presented an
end-effector with three DOFs, however, in this case by implementing two rotational joints
together with a parallel-beam’s system with springs, which mostly serve as a compliant
mechanism to absorb energy [OBA+96]. Other systems with only one degree of freedom in
form of rotational joints can be found in [KOS+98, WS16].

As presented throughout the previous sections, a proper design of the robot’s end-effector
in relation to its motion capabilities and energy abortion, under consideration of the overall
system, may improve substantially its capabilities, increase safety and reduce unnecessary
redundancies. Thus, it is important to find an optimal distribution of the introduced charac-
teristics in the robot system. An integration of motion, perception and control is presented
by TORO RAMOS et al. in [TDSD21]. Here, after studying the likelihood of occurrence of
diverse forces within a transport task and their damage potential, mechanical compliance
and degrees of freedom were distributed. The authors proposed a standalone module dis-
played in Figure 4.20, in which small displacements and torsions can be compensated by 8
circular distributed springs. Additionally, a free rotational joint, an anti-vibrations mat and
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a height adjustment mechanism enable the module to be implemented in challenging scen-
arios with heterogeneous robot systems. All required sensors for control strategies based on
indirect communication and control units round off the module.

(a) Compliant mechanism (b) Height adjustment (c) Loadcell positions

Figure 4.20: Standalone compliant linkage for cooperative object manipulation [TDSD21]

In the next section mechanical interfaces which allow several robots to be connected are
analysed.

4.1.2.4 Coupling Mechanisms

In the course of this work it has been introduced, how integrating the transported load to
the overall structure may contribute to increase the system’s capabilities. Nevertheless, this
may not always be possible due to the properties of the object, for example in the case of
transporting fragile or non-rigid loads. Additionally, if the transport task is extended to the
moment when the robots are still approaching the object and have not yet picked it, it can be
seen that during this time it is also not possible to exploit the benefits of combining several
kinematics in order to extend the abilities of certain sets of the participating robots.

Robot coupling mechanisms have been studied in the past years by different authors. The
main objective has been to improve the overall mobility and terrainability of the system
through cooperative manoeuvres. In this way, DESHPANDE and LUTZ describe four basic
cooperative behaviours for physical connected robots: cooperative lift, buckle, climb, and
traction sharing [DL06a]. Building on this, the authors presented a gap crossing manoeuvrer
for a set of two robots connected by an un-actuated link in [DL03]. A similar approach for
physical cooperation but using a gripper with three degrees of freedom can be found in
[MBM+04]. Additionally, studies such as the one presented in [BTB+07] focus on the con-
trol of coordinated movement behaviours of physically connected robots, rather than on the
improvement of group capabilities. An industrial implementation of coupling mechanisms
between robots is the OmniMove∗ AGV of the German company KUKA AG, which can be
coupled to form a single agent, able to transport components up to 30 m long. Nevertheless,
it draws attention that to the best of found knowledge, coupling processes for heterogen-
eous groups or mobile robots with limited capabilities have not been directly addressed and,

∗ https://www.kuka.com
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therefore, the potential of combining different chassis kinematics or distributing the overall
system capabilities have not been sufficiently exploited.

The Figure 4.21 shows two examples of physically connected robots. It can be seen once
again, how after coupling agents with limited motion capabilities (CDOF=2), a new kin-
ematic structure with three CDOFs can be generated, increasing the manoeuvrability of the
overall system. Furthermore, it is presented how through the implementation of a hetero-
geneous MRS, a car-like kinematic structure can be formed.

Coupling mechanism

Figure 4.21: Examples of the generation of new kinematic structures resulting from the integra-
tion of coupling mechanisms. a) increasing the DOFs, b) building a car-like overall
kinematic structure

The implementation of mechanical interfaces that allow several MRs to be connected,
opens new possibilities to build different kinematic structures without adding unwanted
redundancies to the system, especially for cases when the integration of the object into
the overall structure is not feasible.

The physical connection between the robots can be maintained throughout the transport
task, but can also be released before the coordinated motion of the MRS begins. In this way,
robots with a higher manoeuvrability can be used to increase temporally the self-sufficiency
of specific agents, supporting them e.g. during the initial positioning and picking-up of
the load. Furthermore, by coupling several robots the relative position between them can
always be guaranteed, which may help to decrease the required control effort of the overall
system.

In this section, the potential but also the emerging limitations of implementing mechanical
interfaces to the load and other participating robots in MRSs are presented. Additionally, a
classification and variables for their characterization were introduced and different design
measures discussed. The Table 4.6 presents a summary of the results obtained throughout
this section.

In the next segment a new configuration space which focusses on the operation of the MRS
is presented.
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Table 4.6: Summary of design measures in the context of mechanical interfaces for achieving spe-
cific performance requirements
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4.2 Operational Configuration Space

In the previous sections, a selection of mechanic configuration parameters is presented.
There, for instance, combinations of chassis kinematics or interfaces as enablers for the
cooperation of heterogeneous robots in challenging use cases are discussed. Nevertheless,
all handled parameters intend to physically characterize and set up the participating robots
for their coming operation. In this section, it is continued from this point, starting analysing
the operation phase of the MRS. In this regard, two main aspects are normally addressed:
the required number of mobile robots together with the definition of their specific relative
positions and orientations (robot arrangement), and the transport strategy that the group
should follow in order to complete the required task.

Transport strategies are often classified into different groups, such as grasping, pushing,
caging or carrying as it is shown in subsection 2.2.2. However, to carry out this classification,
two main aspects are decisive: the available interfaces of the robots with the object (see
subsection 4.1.2), and the arrangement of the multi-robot system during the transport task.
For this reason, after analysing the robot arrangement in more detail as follows, all necessary
information for a strategy classification and discussion will be available.
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4.2.1 Robot Arrangement

The robot arrangement provides information about the number of robots and their relative
positions among the MRS and is normally determined by trying to optimize the performance
of the system according to particular criteria. In this work, a categorization of these criteria
for the optimization of robot arrangements for MRSs in four groups is proposed: safety,
performance, manoeuvrability and goal-oriented as it can be seen in the Figure 4.22.

Optimization Criteria

Omnidirectionality
Degrees of
freedom
Turning radius

Occlusion
Pusher-Steerer
Evolutive
algorithms
Analysis of
frictional forces

Energy distribution
Transport duration
Required power

Object stability
Driven stability
Visibility

Goal-orientedPerformance ManoeuvrabilitySafety

Figure 4.22: Criteria for the optimization of robot arrangements for cooperative transport tasks

It is important to note that the introduced optimization criteria are not equivalent to the
performance indices presented in section 3.1. Safety criteria, for instance, are therefore not
only related to the transported load but also to the driven stability of the MRS. Furthermore,
parameters such as energy distribution or required power refer to the single participating
robots rather than to the overall system.

Through the optimization of specific criteria, different performance indices of the robotic
system can be selectively affected as shown in the Table 4.7. It should be noted that the table
shows an implicit relationship of all optimization criteria to the handling flexibility. This
arises from the fact that, due to the underlying and inescapable purpose of a robot arrange-
ment to determine the contact points of the individual agents with the transported object, its
geometry will always influence the position of the participating robots. All this, affecting
the possibility to transport objects with different sizes, shapes, etc., which is addressed by
the handling criteria.

Due to the underlying nature of an optimization process, a selected robot arrangement
may not present the best performance for all involved parameters, but for the overall sys-
tem in relation to its technical requirements. For this reason, it is important to emphasize
the need to carry out an application-oriented synthesis, analysing and prioritizing the
criteria that may lead to an optimal configuration that meets the requirements of the
customer and use case.

Traditionally, the decision about finding the number of robots being involved in a manipula-
tion task is based on the weight of the object to be transported and the load capacity of the
participating robots [HAF+16]. However, some authors have approached this search from
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Table 4.7: Field of action of the configuration parameters for an optimal robot arrangement
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a bionic perspective, by trying to find answers in nature itself. Some observations suggest,
that ants, for instance, try to carry the object first, and then, if the item resists moving, to
drag it. Thus, the tractive resistance experienced by the group seems to be of more value
than other measures, such as the object size or absolute weight, to make decisions about the
transport strategy and whether to recruit more nestmates or not [DD97]. KUBE and BONA-
BEAU present in [KB00] a robotic implementation for cooperative object transport based on
ant behaviour studies.

The focus of research activities in the last years, which seek to find an optimal robot arrange-
ment, specially for grasping transport strategies, has mainly been on the object’s stability
and an equal distribution of the energy of the participating robots. In [SOY+95] for instance,
a penalty index based on the equality of the load distribution at the grasping positions of
each robot, and the required energy for a rearrangement process are proposed. The authors
assume different load capacities for the agents involved making the approach applicable for
heterogeneous MRSs. YOSHIKAWA et al. extend this indicator with a stability index based
on some distances between edges and the centre of gravity, and additionally investigate re-
grasping strategies [YKK96]. Furthermore, a force closure grasping condition to guarantee
forces and momentum equilibrium is added and presented in [HAF+19]. An alternative
grid-based approach for the allocation of spherical robots carrying objects with arbitrary
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shapes on their tops, starting with a grid generation, going through a robot cyclic allocation
and finishing with a stability analysis is proposed in [PMM19].

Arrangements and configurations for cooperative strategies, where the robots must surround
the object generating a “closure” condition (caging), have been also studied in the last years.
WAN et al. propose for instance, an approach based on the concept of configuration spaces,
and define a complete robustness index that guarantees the geometrical condition of robust
caging and thus a reliable object closure. In addition, a formation motion control strategy
to preserve robustly the robot arrangement is presented in [WSWF20, WFS+12].

LI et al. present a simple and efficient approach based on a graphical analysis of the in-
tersection of the roller axles for the determination of an optimal disposition of universal
wheels [LDZ+19]. The authors briefly extend the analysis to robot arrangements in MRSs,
addressing manoeuvrability aspects such as their omnidirectional capabilities. A further
investigation on robot arrangements focusing on the ability to pass through obstacles and
manoeuvre in challenging environments is presented in [AMBR17]. Here, an optimization
process which enables the participating robots to adapt and change their relative positions
depending on current environmental/obstacle conditions is proposed.

Regardless of which kind of process is carried out in order to determine a specific robot ar-
rangement, the MRS must be able to move the object from an initial point to a required goal
position. For this reason, specially in the case of transport strategies where it is not possible
to guarantee a permanent and continuous contact of the end-effector with the transported
load, some authors have focused the search for an optimal arrangement on supporting the
control strategy by meeting this minimal requirement, i.e reaching a goal position, rather
than trying to optimize other parameters and characteristics. Hence, CHEN et al., for in-
stance, propose a control strategy based on occlusion, where the robots position themselves
around the object, and only the ones without a direct view of the goal are allowed to push
it while the rest try to find new positions and rearrange themselves, so that they can contrib-
ute to the object’s motion [CGL+15]. BROWN and JENNINGS present implicitly in [BJ95]
another goal-related arrangement strategy where the MRS is composed of a steerer robot
which knows the path to be followed, and a pusher agent that is in charge of transmitting
pushing forces to the object. Here again, the robot arrangement is changing dynamically
during the transport task as a result of the control strategy that is being performed.

The identification or prior knowledge of the object characteristics is crucial to the search
for an optimal robot arrangement. In the case of a transport task where the load is
constantly in contact with the ground, for instance by having a pushing end-effector, the
estimation of the frictional parameters is especially important in order to predict and
control the direction of movement of the object.

Therefore, studies of arrangement and rearrangement control strategies for the transport of
objects with a permanent contact with the ground have been presented during the last years.
YOSHIKAWA and KURISU for example, propose a phased strategy in which by pushing an
object several times, and with the help of a visual sensor, the friction distribution can be
determined [YK91]. LYNCH follows a similar approach and complements it with a method
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for object recognition based on the estimated centre of friction [Lyn93]. Another study
with a humanoid robot for the determination of object’s physical properties is carried out in
[MNK+].

The reviewed research works on robot arrangements for cooperative object transport by
MRSs are summarized in Table 4.8.

Table 4.8: Summary of research works on robot’s arrangement
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It can be seen, how the majority of the works focus on the stability of the object leaving
aside aspects such as the driving balance of the overall system. Furthermore, to the best
of found knowledge, analyses of robot arrangements for MRSs with heterogeneous chassis
kinematics, in which for instance, the presence of fixed axles constrains the position of the
ICR, requiring additional conditions, have not yet been directly addressed.

The following lines present general parameters for the characterization of robot arrange-
ments in MRSs. Based on them, some indices are proposed for the quantification of the
performance criteria introduced in Table 4.7.

For the description of the item itself, an arbitrary polygon P describing the contour of the ob-
ject is assumed. Thus, it contains the x and y coordinates of all t vertices (~px, ~py), expressed
in a common object’s coordinate frame O (superscript o), as shown in a in the Figure 4.23.
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Figure 4.23: Object related parameters for the analysis of robot arrangements. a) object description
by the polygon P, b) robot configuration distributed in multiple scaled rings

All of them must be previously sorted consecutively, i.e each vertex must be surrounded by
adjacent vertices as follows,

OP =
[
~px ~py

]
with ~px = [ px1 px2 ... pxt ]T and ~py = [ py1 py2 ... pyt ]T . (4.13)

The robot arrangement describes the relative position of the N participating robots and may
be defined in different frames. Nevertheless, in order to avoid depending on a global local-
ization of the MRS, the poses are also expressed by the matrix R in the common object’s
coordinate system O as follows,

OR =
[
~rx ~ry

]
with ~rx = [ rx1 rx2 ... rxN ]T and ~ry = [ ry1 ry2 ... ryN ]T . (4.14)

It is clear that the robots n1,n2, . . . ,nN can theoretically occupy any arbitrary position under
the object. Nevertheless, in this work, the acceptable positions for the agents involved are
limited to those lying along the perimeter of the object P or a scaled form of it S, scaled by
the factor s f , as it can be seen in the numeral a of the Figure 4.23. Thus, the N robots must
be arranged along the polygon formed by the vertices contained in the matrix S, which is
defined below,

OS =
[
~psx ~psy

] ~psx = s f · ~px
~psy = s f · ~py

}
0 < s f ≤ 1. (4.15)

The selection of a proper scale factor s f may depend on different criteria such as the
stiffness and weight of the transport load, environment/obstacle conditions, or pick-
up/release requirements related to specific use cases. Furthermore, it is important to
note, that the robot arrangement is not limited to a single polygon S, but may present
a multiple number r of “rings”, each exhibiting different scale factors as shown in the
numeral b of Figure 4.23.
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Having defined that the robots must be located along the sides formed by the polygons
S1, . . . ,Sr, the representation of their positions by a one-dimensional variable may facilitate
subsequent optimization processes. For simplicity of the definitions to come, a single ring
configuration is assumed. Thus, for the representation of the positions of each agent, the dis-
tribution vector ~dr is proposed. This contains the distances to all robots along the perimeter
of the scaled object, all measured from a common vertex as shown in a in Figure 4.24, and
as defined below,

~dr = [ dr1 dr2 ··· drN ]. (4.16)

For the determination of the Cartesian positions of all participating robots (OR), based on
a specific robot distribution ~dr, the known coordinates of the vertices of the scaled object
OS can be used. For this purpose, a distribution of the distances to all of them starting from
the first vertex is contained in the vector ~dv as shown in b in the Figure 4.24. This can be
calculated through the cumulative sum of their Euclidean distances ~ev as defined below,

~ev =


√
(psx2− psx1)2 +(psy2− psy1)2√
(psx3− psx2)2 +(psy3− psy2)2

...√
(psxt−opxt−1)2 +(psyt− psyt−1)2

 dv =



0
1
∑

i=1
ev(i)

2
∑

i=1
ev(i)

...
t
∑

i=1
ev(i)


(4.17)

thus, knowing the distribution of the vertices ~dv and their Cartesian coordinates ( ~psx, ~psy),
the positions of the N participating robots for an arbitrary distribution ~dr can be determined
through linear interpolation as shown in the Figure 4.25.

The variables dr and dv can be used as a basis for the calculation of further indices which
may give information about the uniformity of the distribution of the agents, or the concen-
tration of them in a specific region. Thus, the distances between the allocated robots along
the object’s polygon can be defined as follows,
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Figure 4.24: One-dimensional distribution parameters for the description of robot arrangements.
a) robot distribution dr along the scaled object S, b) Vertex distribution dv
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Figure 4.25: Determination of the robot positions (~rx,~ry) through linear interpolation

~er =


dr(2)−dr(1)
dr(3)−dr(2)

...
dr(t)−dr(t−1)
p−dr(t)+dr(1)

 with p = ∑dv (4.18)

having the distances in ~er, their standard deviation σr can be calculated as,

σr =

√
∑(~er−µ(~er))2

N
with µ: mean (4.19)

and by minimizing it, a homogeneous robot distribution may be achieved, if necessary. This
can be aimed for instance to improve the visibility around the object, at first stage in caging
transport strategies, or simply to exploit the available surface of the transported load.

Depending on the positions of the robots during the transport task, different polygons Rp
can be formed as shown in Figure 4.26. The distances from the centre of mass of the object
(xg,yg) to the virtual edges of the polygon emerged can give important information about the
stability of the load during the transport task as presented in [YKK96], and is represented
by the variable de (see Figure 4.26). For its calculation, the following expression can be
used,

~de =

∣∣∣∣∣~mxg− yg +~b√
~m2 +1

∣∣∣∣∣ with ~m =
[

ry2−ry1
rx2−rx1

ry3−ry2
rx3−rx2

...
ryN−ryN−1
rxN−rxN−1

]T
, ~b = ~ry−~m◦~rx. (4.20)
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Figure 4.26: Visual description of the variable de representing the distances between the corners of
the emerged robot arrangement polygon Rp and the centre of mass of the object

The greater the components of the vector de are, the higher the stability of the transported
load may be. Therefore, based on these values, different indices for the optimization of the
object’s stability may be formulated. Thus, YOSHIKAWA et al. for instance, use only the
lowest value of ~de and propose the index 1

[min(~de)]2
to be minimized in [YKK96]. Never-

theless, depending on the optimization strategy and the final objective function, it may be
necessary to analyse the dispersion of all the values, which may lead to expressions such as,

d̆e = a ·min(~de)+b ·µ(~de) with µ: mean (4.21)

where a and b are arbitrary coefficients which may be selected and adjusted depending on
the final optimization strategy.

The forces exerted by each agent during the transport process give relevant information
about the system’s performance. For this reason, it is important to be able to calculate or get
an approximation of the acting forces fi on each of the N participating robots. Hence, the
conditions of mechanical equilibrium for a object-multi-robot system can be formulated as,

N

∑
i=1

fi = mg

N

∑
i=1

fi · rxi = mg · xg (4.22)

N

∑
i=1

fi · ryi = mg · yg

however, the expressions constitute an underdetermined system of equations. Thus, to ob-
tain additional relations, the elasticities of the system can be taken into account using the
HOOKE’S law for linear springs, which states,

fi = k∆z (4.23)

assuming a rigid object in which all points are on the same plane, applies,

arxi +bryi + crzi +1 = 0 (4.24)
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thus, solving for rz the Equation 4.24 and assuming z0 = 0, the obtained expression can be
used in (4.23) so that,

fi = Arxi +Bryi +C with A =
−ka

c
,B =

−kb
c

,C =
−k
c

(4.25)

using (4.25) in (4.22) results the following system of equations,



N
∑

i=1
rxi

N
∑

i=1
ryi N

N
∑

i=1
r2

xi

N
∑

i=1
rxi · ryi

N
∑

i=1
rxi

N
∑

i=1
rxi · ryi

N
∑

i=1
r2

yi

N
∑

i=1
ryi

 ·
A

B
C

=

 mg
mg · xg
mg · yg

 (4.26)

after solving the system of equations (4.26), the variables A,B and C can be used in (4.25)
to find the forces acting on each robot as follows,

~f =


f1
f2
...
fN

=


rx1 ry1 1
rx2 ry2 1
...

...
...

rxN ryN 1

 ·
A

B
C

 (4.27)

having determined the forces acting on each robot, different indices may be used for the
optimization of the performance of the MRS. This is normally done by trying to distribute
equally the loads between all agents involved. Nevertheless, specific approaches such as
the presented in [SOY+95], take appropriately into account the possibility to have robots
with different payloads, and therefore evaluate the dispersion of the ratio between robot
capacity and acting forces rather than simply the latter. Thus, assuming that the maximum
load capacity of each participating robot is contained in the vector ~pl, the following index
is proposed,

f̆ = ∑ ~f r+ std(~f r) with ~f r = ~pl�~f . (4.28)

The number of participating robots N has been assumed as a known fixed parameter. This
may be in the simplest case determined by the load weight and the payload of the participat-
ing robots. Thus, having an existing robot fleet, one can easily find the minimum number of
agents which may be able to move the object and perform the transport task. This, of course,
by verifying the space required by each robot and the load surface available. Nevertheless,
the search after the proper number of robots N may need to be also subject to iterative
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Figure 4.27: Object’s closure resulting from the implementation of specific robot arrangements.
a) total closure, b) partial closure along the x dimension

optimization processes. This may be the case, for instance, in dynamic arrangement con-
figurations, for an increase of visibility considering sensing capabilities, manoeuvrability
issues, etc.

Another relevant aspect to be considered in relation to the distribution of the participating
robots along the transported load consists of the object’s closure conditions. These are
mainly applied for MRSs with pushing end-effectors (see subsection 4.1.2) which cannot
guarantee a permanent contact of the agents with the object. These conditions, thus, are
intended to find a robot arrangement that may ensure that the object cannot “escape” from
the formation during the transport task and may therefore be considered as an alternative to
the implementation of specific mechanical interfaces. Hence, analogously to the variables
νe and ν i, which represent the implicit and explicit degrees of freedom of end-effectors, a
new variable ~νa is proposed and is intended to indicate the number of degrees of freedom
that are constrained due to the robot arrangement as follows,

~νa =
[
νax νay νaz νaφ νaψ νaθ

]T
. (4.29)

The definition of specific degrees of freedom as constrained (1) or not (0) may lead to either
total or partial closure characteristics as shown in the Figure 4.27. Thus, the implementa-
tion of robot arrangements which constrain the passive motion of the object along specific
space dimensions may cause the same positive effects of having gripping handling devices
as presented in subsection 4.1.2, and may be considered as an additional mechanism for in-
creasing the stability of the object during the transport task. All this expanding the spectrum
of use cases where the MRS may be implemented, such as by slope drives and applications
with a higher required maximal speed or object motion accuracy. Nevertheless, maintaining
accurately specific positions and formations may simultaneously lead to the need for higher
sensing capabilities and may considerably increase the control effort required.

The indices presented up to this point only refer to the need of “support points” for the
object and, in consequence, to the spatial distribution of the MRs. Therefore, it has been
assumed that every robot may be located at any point and specific kinematic characteristics
of each individual agent were not taken into account. Nevertheless, as stated previously, the
presence of kinematic constraints and interfaces impose requirements on the position of the
wheels to be integrated into the system and thus also on the arrangement of the robots, which



4.2 Operational Configuration Space 83

is even more important having heterogeneous configurations. Thus, apart from finding a
robot distribution dr, the second question to be solved is which specific robot, with which
particular kinematic design, has to take which place.

In subsection 4.1.1 it was introduced how the presence of a fixed axle in the chassis of a
mobile platform can considerably increase the stability of the robot. Thus, integrating some
agents with fixed non-steerable wheels into the MRS, building a virtual axle may have the
same effect (see Figure 4.28). Therefore, characteristics such as its position, orientation and
length, significantly determine the system’s behaviour. As discussed in previous chapters,
the presence of non-steerable standard wheels introduce non-holonomic constraints ( fat 6=
0), leading to the fact that all axles must lie along the same line unless proper interfaces are
integrated to the MRS as discussed in subsection 4.1.2. Thus, the vector ~̂fa is introduced
and indicates the presence of fixed axles, summarizing the information related to the chassis
kinematics and the implemented mechanical interfaces. Thus, it applies,

~̂fa (~fa,νe(θ̌),νe(θ),ν i(θ),∆∆∆ccc)︸ ︷︷ ︸=
[ ˆfa1

...
ˆfaN

]
(4.30)

where ˆfa1, . . . , ˆfaN indicate the need (1) or not (0) of the corresponding robot to be positioned
along the same line and are sorted in the same order as the robot distribution ~dr. Thus, for
all corresponding robots, collinearity conditions must be respected. This may be verified,
for instance, by ensuring that the slopes of the emerging lines between all possible pairs of
robots with non-zero entries present the same value.

After having identified the set of agents whose axles must be aligned, represented by the
non-zero entries of the vector ~̂fa, and in the case that ∑

~̂fa > 1, the positions of the two most
distant robots along the emerged line can be found and their indices stored in the vector
î = [î1 î2], so that their positions are defined by the matrix R̂ as,

R̂ =
[
~̂rx ~̂ry

]
with ~̂rx =

[
rx(î(1))
rx(î(2))

]
, ~̂ry =

[
ry(î(1))
ry(î(2))

]
(4.31)

thus, the length of the virtual axle can be calculated through the Euclidean distance between
the two farthest participants as follows, and is represented by the variable da,

da =
√

(r̂y(2)− r̂y(1))2 +(r̂x(2)− r̂x(1))2. (4.32)

Higher values of the variable da mean a longer wheel base of the system, which may nor-
mally be translated into greater driven stability. All this, making this parameter in itself a
relevant index which may be aimed to be maximized in further iterations of the optimization
process.
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Figure 4.28: Visual representation of specific variables for the description of robot arrangements in
relation to the introduced virtual axle

The presence of a virtual axle in the system forces the ICR to lie along this emerged line,
which indicates that depending on its position, the system’s manoeuvrability may present
clearly different steering characteristics. In the Figure 4.28, assuming the robot positions
n1 to n5, the 10 possible definitions of virtual axles are represented by the gray dashed
lines. The relative position of the axle with respect to the centroid (xc,yc) of the transported
object determines, for instance, how close the system’s centre of rotation to the geometrical
centre of the object can be located, which directly limits the turning radius achievable by
the system. To evaluate this characteristic, the parameter dac is defined as the perpendicular
Euclidean distance of the virtual axle to the centroid of the object as it can be seen in
Figure 4.28. This can be calculated analogously to the introduced variable de as follows,

dac =

∣∣∣∣mxc− yc +b√
m2 +1

∣∣∣∣ with m =
r̂y(2)− r̂y(1)
r̂x(2)− r̂x(1)

, b = r̂y(1)−mr̂x(1) (4.33)

thus, small values of dac can be traduced into smaller turning radii while simultaneously
increasing the manoeuvrability of the system.

The relative orientation of the virtual axle to the object also influences the magnitude of the
minimal achievable turning radius of the MRS. Thus, an axle aligned with the longest side of
the object normally requires more space to pass through a sharp curve than a perpendicular
virtual axle-object configuration. Thus, the variable ε , containing the angle between the line
formed by the two most distant vertices of the object (object’s main axle) and the virtual axle,
is proposed and can be seen in the Figure 4.28. For its calculation, all possible combinations
of two elements of the vertex matrix S are determined and the Euclidean distances between
them are calculated. The indices of the pair of elements which result on the longest distance
can be contained in the variable ˆim = [ ˆim1 ˆim2], so that their positions are defined as,

Ŝ =
[
~̂sx ~̂sy

]
with ~̂sx =

[
psx( ˆim(1))
psx( ˆim(2))

]
, ~̂sy =

[
psy( ˆim(1))
psy( ˆim(2))

]
(4.34)

thus, the angle ε can be determined as follows,
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ε = tan−1
∣∣∣∣ m2−m1

1+m1m2

∣∣∣∣ with m1 =
ŝy(2)− ŝy(1)
ŝx(2)− ŝx(1)

, m2 =
r̂y(2)− r̂y(1)
r̂x(2)− r̂x(1)

. (4.35)

Analysing the introduced angle ε , it can be seen that higher values which may be be-
neficial in terms of the manoeuvrability of the system, may simultaneously lead to a
smaller wheel base da which may cause stability issues. Thus, depending on the use
case requirements and optimization strategy, compromises have to be made in order to
find an optimal equilibrium between both indices.

Not only the positions of fixed axles play an important role in the search for an optimal ro-
bot arrangement. The location of steerable wheels can also affect criteria such as the overall
performance and the driven stability of the system. Hence, depending on their positions,
each steerable wheel has to rotate with different acceleration and velocity profiles in order
to comply with the conditions imposed by the ICR. Thus, analysing the robot configura-
tion presented in Figure 4.28, for instance, and assuming that the system after driving in
a straight line intends to place the ICR in the centre of its virtual axle c, it is possible to
deduce that the steering motor of the robot n3 has to rotate a larger angle than the steering
unit of the robot n1, which may be traduced either in higher performance requirements or in
longer transport times. For the evaluation of this type of characteristics, a new parameter ~κ
is proposed, which contains the angles between the virtual axle and a vector going from the
middle point of the virtual axle to each of the other participating robots (see Figure 4.28).
This can be calculated analogously to the introduced angle ε as follows,

~κ = tan−1
∣∣∣∣ ~m2−m1

1+m1 ~m2

∣∣∣∣ , with

m1 =
r̂y(2)− r̂y(1)
r̂x(2)− r̂x(1)

, ~m2 =

(
r̂y(1)+ r̂y(2)

2

)
−~ry�

(
r̂x(1)+ r̂x(2)

2

)
−~rx.

(4.36)

Thus, for the configuration presented in Figure 4.28, for instance, the vector ~κ contains the
angles between the virtual axle and the vectors ~cn1, ~cn3 and ~cn5. The variable ~κ can there-
fore be used as a basis for the formulation of different indices that may be included in the
objective function of further optimization processes. Hence, indices combining minimum
values with uniform distributions may be used for minimization as proposed below,

κ̆ = a ·µ(~κ)+b · std(~κ) (4.37)

where a and b are arbitrary coefficients which may be selected and adjusted depending on
the final optimization strategy.
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It is important to mention that subsequent optimization processes based on variables
introduced in this chapter or additional ones, do not necessarily have to be carried out
only once before the transport task begins, but may be continuously adapted or changed
during the required operation. These dynamic arrangement configurations may increase
the system’s flexibility, making the MRS easily adaptable to different use cases. Further-
more, in some cases, it may even confer omnidirectional capabilities to systems with
considerably kinematic constraints. Nevertheless, dynamic rearrangement strategies
may require higher sensing capabilities increasing the control effort of the system, and
the needed reconfiguration times may simultaneously increase the overall duration of
the transport tasks.

This section intended to present general criteria, variables and indices for the description
and later optimization of robot arrangements of MRSs. Furthermore, specific relations and
design measures for achieving or influencing the performance indices introduced in sec-
tion 3.1 were discussed. The Table 4.9 summarizes the most relevant variables and specific
statements of this section.

Table 4.9: Summary of the analysis and design measures in the context of robot arrangements for
achieving specific performance requirements
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4.2.2 Transport strategy

The subsection 2.2.2 presents a classification of transport strategies into three main groups:
caging, pushing and grasping. Nevertheless, it was also stated previously, that these are not
independent configuration parameters but they rather depend on two of them, which have
been introduced in the course of the present chapter: mechanical interfaces and robot ar-
rangement. For this reason, no new design measures, relationships and dependencies on the
performance indices are required to describe them. However, this section intends to define
again these transport strategies in terms of the two configuration parameters mentioned
above and to summarize their main characteristics considering the concepts introduced in
this chapter.

A pushing strategy may therefore be described by an MRS in which all participating robots
have pushing end-effectors (see Figure 4.14) and are positioned in an arbitrary arrangement.
In contrast, caging implies also the presence of pushing end-effectors but the robot arrange-
ment must constrain certain degrees of freedom of the object, so that closure conditions can
be met e.g. νa = [1 1 1 1 1 1]T . Lastly, a gripping strategy can be formally defined
as a combination of having a gripping end-effector (see Figure 4.14) and an arbitrary robot
arrangement.

Assuming these definitions for each strategy and analysing the introduced characteristics of
the described end-effectors and arrangements, the following conclusions in relation to the
five performance indices introduced in this work can be drawn.

Caging and grasping strategies present the best characteristics in terms of manoeuvrab-
ility, while during pure pushing, special re-arrangement routines may be necessary to
increase their capabilities in this regard. The grasping strategy, especially considering
attached end-effectors, remains in terms of terrainability ahead due to the fact of having
a fixed connection with the object which makes easier to drive, for instance, through
slopes and uneven terrains. The closure conditions in caging make it also possible ramp
drives, positioning this strategy in the second place, but the separation of the contact
between the transported object and the ground remains a challenge. In the case of push-
ing strategies, these two characteristics (closure and decoupling) cannot be carried out,
which makes this type of transport the least suitable for rough terrains. However, the
lack of gripping devices in pushing strategies make it the best in terms of both com-
plexity and flexibility, whereas the presence of specific gripping devices increases the
mechanical complexity and, the high requirements in terms of synchronization during
caging transports lead to a considerable higher control effort.

Thus, it can be seen how the combination of the configuration parameters, which describe
and define the three commonly known transport strategies helps to characterize them and
makes it clear that, there is no one single optimal transport type for all use cases, confirming
the unavoidable need for an application oriented synthesis.
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4.3 Summary

The next step in the synthesis process after having defined in chapter 3 a framework for the
assessment and comparison of different multi-robot configurations is to explore the design
freedoms and to find specific solutions which meet the formulated technical requirements.
For this purpose, the solution space is abstracted into three main configuration spaces: mech-
anical, operational and control. These are composed of a set of configuration parameters,
which are defined as settings that directly influence the behaviour of the MRS, being a rep-
resentation of the synthesis freedoms.

Thus, this chapter explores in detail the mechanical and operational configuration spaces
and in this context, further abstractions and classifications are proposed in order to make
the synthesis problem more tangible and to break it down. Therefore, after defining an
appropriate taxonomy, the correlations of each configuration parameter with the introduced
performance indices are analysed and subsequently specific design measures are derived and
defined. These measures constitute the basis to carry out further optimization processes or to
use traditional design methods such as morphological analysis in the search for an optimal
robot configuration. Table 4.10 shows therefore a summary of the correlations between the
proposed configuration parameters and the performance indices. Here, each dot represents a
correlation, which at the same time may be implemented in the praxis through several design
measures. Thus, for instance, the correlation between self-sufficiency and the steering kin-
ematics may be implemented by increasing the CDOFs, reducing the holonomic constraints
nh or increasing the steering capabilities ~nh(i) = δsi (see Table 4.4). Furthermore, for a bet-
ter and more general derivation and representation of the design measures introduced in the
course of this chapter, novel indices and variables are introduced.

The integration of the transported load into the overall structure of the MRS and the consid-
eration of heterogeneous groups of robots are among the most important concepts developed
and discussed throughout this chapter. Thus, these elements exhibit a significant potential
for expanding the design freedoms while reducing possible unnecessary redundancies and
high complexities of the system.

In the following chapter, the concepts and correlations introduced in an abstract and theor-
etical manner are applied to the analysis and implementation of the synthesis process for a
specific cooperative transport application, an automatic car transport task.
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Table 4.10: Visual representation of a morphological analysis based on the proposed synthesis
structure: performance indices and configuration parameters
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5 Applicability and Added Value of this Work on the
Example of an Automatic Car Transport System

This chapter intends to present the applicability and resulting added-value of the structure
and concepts introduced in the course of this work. To the best of found knowledge, the
analysis of the synthesis process itself of MRSs with a mechanical or operational focus has
not yet been addressed, and therefore a direct comparison with the present work cannot
be made. Nevertheless, different multi-robot systems for transport applications have been
presented over the last decades, making possible to analyse how these have been designed.
Thus, a specific use case in the context of cooperative transport is analysed in this chapter.
After defining the selected application in section 5.1, an analysis of specific implementations
carried out in four external research studies is presented in section 5.2. The chapter ends
with a description and comparison of the potential benefits and added-value which can be
achieved carrying out the synthesis process for the same application based on the concepts,
structure and perspective introduced in the course of this work.

5.1 Automatic Car Transportation

The automation of the process of moving a car from an initial position to a specific target
may at first glance seem to be unnecessary. Nevertheless, taking a look at the first use
case, parking, may help to assimilate the benefits, not only in terms of comfort but health,
that this technology can bring. The overcrowded cities have being making the search after
parking spots an unpleasant task. A study of the analytic company INRIX in 2017, shows for
instance that Germans spend in average 41 hours a year searching for parking, increasing
the anxiety and stress levels of the drivers [BB19, INR17]. Moreover, while it is true that
autonomous driving technologies are evolving at a crawl and the first cars with automated
driving functions are expected to be launched onto the market in the coming years [Bei15], it
is foreseen that the incorporation of these capabilities will not happen abruptly and globally
in a short period but gradually [Inta]. This makes it possible to consider automatic car
transportation in relation to the parking use case as a bridging technology that can contribute
to increasing the quality of life in the short term.

It is important to highlight that additional to the automation that these systems can offer, they
bring other potential advantages such as the increment of the manoeuvrability of the system
and the reduction of CO2 emissions which may be normally produced by the transported
car. Thus, despite the potentials of valet parking applications, automatic car transport is not
only limited to this use case. The technology may be applied, for instance, in emergency
towing away services, explosive ordnance disposal, logistic hubs for an intelligent vehicle
accommodation, in workshops, and in the middle of production lines.
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Figure 5.1: Single robot implementations for an automatic car transport [THTS19, Ser]

The broad spectrum of use cases and the diversity of operating locations of these systems
lead to a diverse set of requirements to be met. Thus, while some of them require an adaption
of the infrastructure where they operate, other are intended to work in existing facilities
and therefore require additional capabilities such as the possibility to travel through garage
ramps, which at the same time may present different characteristics, and to operate in mix
traffic conditions (manual driven and autonomous systems). Flexible devices that make
possible the transport of different type of vehicles (payloads and sizes), minimum speed
thresholds to avoid traffic congestions and the ability to negotiate terrain irregularities are
some of the most relevant conditions considered by designing these robotic systems.

The next section introduces and analyses specific robotic implementations for automatic car
transport systems.

5.2 Analysis and Discussion of Existing Automatic Car Transport Systems

This section intends to analyse four existing car transport systems with focus on the per-
formed synthesis process in relation to their mechanical and operational characteristics. It
is important to note, that the aim is not to evaluate the performance or capabilities of each
implementation but rather to understand the process and arguments that led to the consolid-
ation of the selected design.

Among the technical implementations for automatic car transport systems it is possible
to find single and multi-robot solutions. The Figure 5.1 shows two examples of robotic
implementations consisting of a single robot: the first one is a prototype presented and
patented by the VOLKSWAGEN AG [THTS19], and the second is developed by the German
company SERVA [Ser]. The French company STANLEY ROBOTICS also offers a single
robot implementation which has been used mainly in airports [Sta]. Due to the scope of
this work and the intention to analyse the synthesis process of MRSs, the following detailed
study is constrained to car transport systems composed of more than one agent.

The motivation to perform the transport task by more than one robot can be traced back to
the basic advantages of MRSs presented in section 2.2. Thus, it is mainly supported by the
intention to reduce the footprint required by the robots themselves both during the transport
process and, before and after it for storage purposes. Furthermore, the separated distribution
of gripping points intends to reduce torsion and stiffness issues and thereby may make the
systems more suitable to move across ramps.
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Figure 5.2: Implementations of multi-robot systems for automated car transport by the laboratory
of the TOHOKU UNIVERSITY [EHH+08, KYE+11, YKK+12]

The system robotics laboratory of the TOHOKU UNIVERSITY presented their first multi-
robot car transport system ICART in 2008 [EHH+08]. This implementation consists of two
robots able to grasp a car from the side as shown in the first image of the Figure 5.2. Each of
the two participating robots has two standard steerable wheels and the lifter module is com-
posed of two sets of bars for picking up each tire of the car to be transported. The gripping
mechanism is also additionally supported by passive castors which guarantee the stability
of the system. In their research report a detailed analysis of the synthesis process for the
selection of the described chassis kinematic is not carried out and the authors supported
their selection with the following argument: “for a practical application, wheels of the mo-
bile base module are standard wheels which are simpler and more inexpensive” [EHH+08].
The grasping positions (tires) for the participating robots were consciously selected in order
to avoid damages in the car and to be more flexible for the transport of different car mod-
els. Additional motion considerations for the design of the mechanical interfaces were not
directly indicated.

A further development of the ICART transport system, this time based on four agents, was
presented in 2011 (see second image in Figure 5.2) [KYE+11]. In their report, the authors
support the increase in the number of participating robots on the grounds that they can
downsize their system by not being constrained by the wheelbase of the car, and the pos-
sibility to transport vehicles with more than four wheels by integrating more of the same
developed robots. Additionally to the changes related to the robot arrangement, the ICART
II presents a new chassis kinematic composed of four universal wheels with tapered rollers
commonly known as WESN wheels [Hid03]. A detailed analysis or justification for the se-
lected kinematic is unfortunately not presented. Lastly, the authors presented in 2012 the
same ICART II robots but organized in a different arrangement. In this case only two ro-
bots were used to grasp the two front wheels of the car while the wheels of the rear axle of
the vehicle stayed in contact with the ground (see third image in Figure 5.2) [YKK+12].

The research project AVERT started in 2012 and its objective was to provide police and
armed services with the capability to move and extract vehicles from narrow environments
in emergency situations. For this purpose, the consortium partners developed an MRS com-
posed of four agents and a deployment unit used to transport them to a safe position close to
the car to be transported as shown in Figure 5.3. The four bogies are identically constructed
and their chassis kinematics presents omnidirectional and holonomic characteristics based
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Figure 5.3: Implementation of a multi-robot system for automated car transport in the context of
the research project AVERT [AHB+15]

on universal wheels. Thus, each agent is composed of four actuated mecanum wheels and
two passive omni-wheels. The robots are designed to transport the car by grasping each
vehicle tire, the mechanical interfaces and mechanism for the lifting process are based on
the same roller compression mechanism present in the ICART robots. Furthermore, the bo-
gies have a coupling mechanism that makes it possible to connect mechanically two agents
and thus simplify the deployment of the system. A detailed analysis of the performed syn-
thesis process for the mechanical configuration is either not presented in the research reports,
and the only note made by the authors is that the selected kinematic configuration makes it
possible to move the car in any direction and at any time but only in urban environments
where the ground does not present irregularities and outdoor capabilities are not required
[ACK+13, AHB+15].

Although the research reports of the three robotic implementations presented above do not
specifically describe the process carried out which led to the selected designs in relation
to their mechanical and organizational characteristics handled in the course of this work
(chassis kinematic, wheel assembly, mechanical interfaces, and robot arrangement), the
highlighted advantages of their selections and presented arguments make it possible to
identify similarities among different implementations for cooperative transport tasks and
derive the following conclusions.

The first inference to be drawn is that the synthesis process in the domains of chassis
kinematics, wheel assemblies, mechanical interfaces, and robot arrangement, is usually
neglected and not intentionally and consciously carried out at all. This lead to notable
facts, such as that when high manoeuvrability is required, the use of universal wheels is
often considered almost mandatory. Furthermore, the intention to simplify the synthesis
process prompts the developers to address the design of MRSs by analysing the capab-
ilities of every single robot and subsequently just multiplying these by the number of
participants, all this without considering the opportunity to distribute their capabilities
among them and just giving every single one as much as possible. This leads in the most
cases to homogeneous and not necessary redundant systems. This simplicity normally
intends to give researchers the possibility to focus in other control challenges, ignoring
that a holistic intelligent mechanical design may make these easier to be handled.

The VOLKSWAGEN GROUP INNOVATION investigates robotic solutions for service activit-
ies in the context of autonomous driving [Her21, FHDS17]. In this regard different imple-
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mentations of automatic parking systems have been presented [THTS19, TI19, IT19]. In
the context of these research activities in which also this work has been taken place, an
academic study within the framework of a master’s thesis was carried out. The aim of this
work performed by IBENTHAL was to lead a methodical analysis and synthesis process
for an automatic parking robot solution based on traditional engineering design techniques
[Ibe19].

After performing a detailed study of the use case and defining technical requirements for the
system, IBENTHAL carried out a morphological analysis [Rit13] represented by the Zwicky
box presented in the Figure 5.4.

For this analysis, the synthesis problem was broken down into the following four parameters
for which specific solutions were proposed and subsequently evaluated.

• Distribution of the available installation space: under this parameter, the number and
arrangement of the participating robots are handled. Thus, the author defines four possible
configurations: a single robot, two robots (one at the front of the vehicle to be transported
and the other at the rear), and two configurations consisting of four individual modules.
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• Wheel type: five wheel assemblies were analysed as possible solutions for the parking
robot system. Thus, fixed, castors, spherical and two universal wheel designs (omni- and
mecanum wheel) were taken into consideration.

• Chassis: under this parameter, the steering kinematics of the participating robots was
analysed. Thus, five steering designs were considered: turntable, ackermann, articulated,
all-wheel and differential steering.

• Gripper: in the last parameter, the operating mechanism for the interface of the robots
with the car is analysed. For this purpose four basic principles were considered: swivel,
parallel, extendable and a three-point gripper.

Based on the presented morphological box the author defined three specific concepts (see
connection lines in Figure 5.4) which were evaluated by a team of robotic experts. The
final selected design and implementation consisted of four identical robotic modules each
composed of four steerable axles (turntable steering) which kinematically can be compared
to an all-wheel steering chassis and is presented in Figure 5.5.

Figure 5.5: MRS for automated car transport by IBENTHAL and TZIVANOPOULOS [IT19]

The research study carried out by IBENTHAL is to the best of found knowledge one of
the only carrying out a detailed designed analysis of a multi-robot system for a transport
application. Thus, it helps to analyse how the traditional design and construction methods
perform, being implemented for the conception and synthesis of MRSs.

From the morphological analysis presented above, it can be seen that it does not facilitate,
encourage or promote a holistic synthesis approach. The search for a proper wheel assembly,
for instance, was carried out on the assumption that the whole system would have only one
specific type of wheels. The same chassis kinematics was intended to be implemented on
each participating robot, implicitly inducing a homogeneous robot system. The considered
gripping mechanisms address rather questions of construction details and how the wheels
can be gripped, but do not go a step beyond and analyse more generally, for instance, how
many degrees of freedom are required and whether these may be distributed among the
participating robots.



5.3 Application Oriented Synthesis of a Multi-Robot System for Cooperative Car Transport 97

It can be concluded that the followed traditional morphological analysis makes it pos-
sible to break down the synthesis process and makes it more tangible, however, at the
cost of a considerably early shrinkage of the solution space.

In the next section, the concepts introduced in the course of the chapters 3 and 4 are applied
for the analysis of the synthesis process of an MRS for cooperative car transport.

5.3 Application Oriented Synthesis of a Multi-Robot System for
Cooperative Car Transport

It is important to note that the aim of this section is not to carry out a detailed synthesis pro-
cess for an automatic car transport system or to evaluate and compare the presented existing
implementations with new possible solutions, rather than that it aims to present how the con-
cepts introduced in the course of the last chapters may support, structure and facilitate the
synthesis process of an MRS for automatic car transport and how instead of shrinking the
solution space, new design freedoms might be possible to explore. The Figure 5.6 presents
the general stages of the synthesis process at an early stage.
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Figure 5.6: Stages of the synthesis process of MRSs at an early stage

The first step in which detailed information about the use case is collected from the customer
is described in section 3.2. Nevertheless, examples of questions to gather a part of the
required information introduced in Table 3.1 and specific possible answers in the context of
automatic car transport systems for different use cases are discussed below,

• Interfaces: the customer must answer the questions if there are some restrictions or re-
gions where the robots are not allowed to be or to make contact with the car. Thus,
depending on the use case these gripping positions may be restricted, for instance, to the
chassis jacking points or in case of having special regulations to avoid structural or paint
damages these may be limited to the surfaces of the tires. Additionally, the presence of
wheels demands the need to clarify whether their degrees of freedom can be used during
the transport process or not. Making it important to know whether the wheels are blocked
or not during the execution of the transport task.
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• Special conditions: is the car expected to be clean or do dirty, oily and wet surfaces have
to be considered?

• Variants: is the transport task limited for one car model or are different models and cor-
respondingly sizes, geometries, structures and even different number of wheels expected?
Are there other types of objects to be cooperatively transported? This may be the case,
for instance, in production halls for the transport of components.

• Slopes: are there any ramps over which the vehicle has to be transported? Which inclin-
ation and geometry do they have? This may include, for examples, circular and helical
ramps in existing garage infrastructures.

• Procedural framework: are the cars to be transported always parked exactly in the same
position? Is it envisaged or allowed to use the same robots to perform other different
tasks?

• Internal regulations: assuming a car transport system intended to work in an existing in-
frastructure and environment where, for instance, other cars are manually driven, special
regulations such as minimal speed thresholds for avoiding congestions may be present.

The second synthesis stage consists of translating the collected and still abstract information
into more specific technical requirements represented by the performance indices introduced
in section 3.1. Although this process is extensively discussed in section 3.3, some examples
in the context of an automatic car transport system are presented below,

• Omnidirectionality and holonomy: depending on the use case, the system’s aim may be
to accommodate cars more densely and thus increase the capacity of the parking station
or simply to automate the vehicle transport while maintaining the same infrastructure and
parking spaces for manually driven vehicles. Therefore, these circumstances constrained
by the geometry of the passages and object, together with the expected transport durations
must support the specific decision whether the use case requires an omnidirectional or
holonomic MRS or not.

• Turning radius: especially in the case of non-holonomic or non-omnidirectional systems,
the analysis of the required turning radius is crucial. Thus, for instance, the ability to place
the ICR within the footprint of the transported car significantly increases the manoeuv-
rability of the system and thereby the possibility to turn on the spot or around a vehicle
axle may be sufficient to meet high manoeuvrability requirements even in the presence of
holonomic constraints on the participating robots. For this reason, it is necessary to define
specific values for the turning radius that make it possible to navigate in the environment
while respecting the required trajectories.

• Additional object stability: depending on the use case and environment in which the car
transport task takes place, the high grip characteristics of the tyres may be considered to
be sufficient to guarantee a safe transport assuming that the wheels are blocked at all times.
In other cases, e.g. due to stricter internal safety regulations, additional mechanisms may
be mandatory.
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• Handling flexibility: a holistic analysis may indicate if there is potential to combine
agents and robot fleets for the execution of different tasks. Thus, having a production
environment in which, for instance, group of robots may have to transport assembled
vehicles along short distances from indoor production halls to outside storage areas, and
also have to handle components in narrow interior environments, may signal the need for
highly flexible systems.

• Self sufficiency: for the car transport system the basic sufficiency that must be guaranteed
for each participating robot is mainly represented by their capacity to position themselves
accurately relative to the selected mechanical interfaces of the vehicle. This may range,
for instance, up to several centimetres in the case of self-centring mechanisms, or down
to a few millimetres in the case of anchoring systems.

The Figure 5.7 represents schematically the two stages discussed above and summarizes
by way of example a selection of the required information and translated performance in-
dices.

Interfaces: jackpoints, tires, etc

Special conditions: dirt, wet, etc.

Variants: VW Golf, VW Passat, vehicle body
components.

Slopes: 15%, circular ramps, etc.

Procedural framework: arbitrary initial positions,
multitask robots desired.

Internal regulations: minimal speed 15 km/h

Holonomy: yes/no

Omnidirectional: yes/no

Unevennes: max. gaps x and Offsets y

Turning Radius: approx x mm

Maximal speed: e.g. 10 km/h

Slopes: e.g 15% and circular ramps

Handling flexibility: high for transport of objects
with significant different characteristics
Self sufficiency: high for self-positioning in front
of the wheel / low for positioning in jacking points

Complexity: low

Additional obj. stability: required for slope drives

Gather data for
use case description

Express in technical
requirements/

performance indices

1. Information Collection 2. Technical Translation

Ground type: road surface, epoxied floor

Figure 5.7: Translating use case information into technical requirements for an automatic car trans-
port system (excerpt)

After breaking down the use case in a more tangible set of specific technical requirements
represented by the performance indices, the third step of the synthesis process explores the
possible solutions that can lead to achieving the formulated requirements. In chapter 4 a set
of specific design measures in relation to chassis configurations, mechanical interfaces and
robot arrangements to achieve particular system behaviours are handled in detail and are
summarized in the tables presented at the end of each subsection. The Figure 5.8 presents
schematically the connection between a selection of specific requirements of the automatic
car transport system with measures introduced in chapter 4.
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Coupling mechanisms

Object integration

Heterogeneity

Holonomy: yes/no

Omnidirectional: yes/no

Unevennes: max. gaps x and Offsets y

Turning Radius: approx x mm

Maximal speed: e.g. 10 km/h

Slopes: e.g 15% and circular ramps

Handling flexibility: high for transport of objects
with significant different characteristics
Self sufficiency: high for self-positioning in front
of the wheel / low for positioning in jacking points

Complexity: low

Additional obj. stability: required for slope drives

Express in technical
requirements/

performance indices

Analyse the solution space
and define specific
design measures

2.Technical Translation 3. Solution Exploration

Increase length of virtual axle 

DOFs in end-effector 

Reduce motors

Distance of virtual axle to centroide

Figure 5.8: Exploration of design measures for technical requirements of an automatic car trans-
port system (excerpt)

The relations presented in Figure 5.8 are used in the following lines to demonstrate by the
means of examples, how carrying out the exploration step from a holistic system perspect-
ive, by choosing and iteratively combining specific measures, can lead to feasible solutions
which by traditional methods may remain unexplored.

At the beginning, the exploration of the solution space must be seen as a single empty
canvas surrounding the object to be transported and which must be filled iteratively with
feasible technical solutions.

If one assumes the passenger car as this basis-canvas for the synthesis process, it can be
seen how it may be filled with diverse wheel configurations and mechanical interfaces at
arbitrary positions (see a Figure 5.9). Therefore, in order to rule out inappropriate solutions
and come to suitable configurations, design measures must be implemented. Thus, from
Figure 5.8 it can be extracted, for instance, that the complexity of the MRS can be decreased
by integrating the object into the overall structure, which in the specific case of the car, based
on its mechanical properties, is possible to do. Furthermore, assuming a use case in which
the robots are only allowed to make contact with the transported vehicle through their tyres,
the canvas-design space may be reduced and interconnected as shown in the numeral b of
the Figure 5.9.
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da

a) b) c)

d) e) f)

Object integration

Interfaces

Virtual axle

Canvas - Design space

dac

Figure 5.9: An example of a holistic exploration of the design space following the canvas concept

From the analysis carried out in chapter 4 and the design measures presented in Figure 5.8,
it can be seen that the stability of the system can be increased by implementing fixed axles
in the MRS, which may have a positive impact on its maximal speed and at the same time
may enable it to drive on more uneven terrains. Taking this into consideration together with
the integration of the object into the overall system’s structure may lead to implementations
such as the one presented in the numeral c of the Figure 5.9. Nevertheless, looking at the
design space from a holistic perspective makes it clear that the implementation of this virtual
axle is not necessary constrained to follow the car direction but can be integrated in different
ways, e.g. diagonally as shown in the numeral d. This configuration therefore presents a
larger virtual axle and allows the ICR to be placed closer to the centroid of the transported
vehicle, increasing the system’s manoeuvrability. Thus, this configuration may arise during
the attempt to satisfy the design measures max(da) or min(dac) during the optimization
process.

Following the concepts introduced in this work, it can be induced that the consolidation
of a virtual axle does not necessarily require the implementation of non-steerable standard
wheels. Thus, through an appropriate control strategy by selectively deactivating specific
motors, a virtual axle may be integrated through steerable and even castor wheels. There-
fore, depending on the weights assigned to the specific requirements, different configura-
tions may be preferred. The selection presented in the numeral e, for instance, may arise
due to a stricter focus on achieving low complexity, which can be pursued in optimization
processes through a min(cm). Nevertheless, the traction considerations may lead to the need
for an actuated front axle, and high flexibility requirements for use cases in which differ-
ent objects are intended to be transported may be easier to achieve through heterogeneous
MRSs, as it can be extracted from the design measures tabled in Figure 5.8. Therefore,
configurations such as the one presented in f may emerge.

After having a coarse definition of the overall chassis configuration to be implemented, it is
necessary to analyse in more detail the specific kinematics of each robot and whether their
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self-sufficiency and capabilities are sufficient to carry out the entire transport process. Thus,
assuming that each agent requires, for instance, a CDOF of three in order to be able to posi-
tion itself at the beginning just before the object may be integrated into the overall structure,
different specific implementations may be considered as presented in the Figure 5.10. This
makes it clear how the introduced design measure coupling mechanisms may be used to
increase the CDOFs and correspondingly the self-sufficiency of the MRS. As stated before,
the selection of the optimal configuration strongly depends on the use case requirements and
may be the result of iteratively optimization processes. Thus, while the lowest system com-
plexity may be achieved by combining robots, each with only one actuated standard wheel
(see c,i in Figure 5.10), the agents in this configuration have only a CDOF of one at any
moment in which they are not physically connected, which must be analysed in the context
of the procedural framework and verify whether specific coupling/decoupling sequences
may be sufficient to ensure that each agent takes up its required position. In the case of
the second configuration in c, the presence of coupling mechanisms does not increase the
system’s manoeuvrability and each agent by itself has the capability to control three degrees
of freedom. The configuration b has the potential to offer omnidirectional movement and
may also be used to form a virtual axle. The configuration a is based on universal wheels
and can therefore exhibit both omnidirectional and holonomic capabilities. Additionally,
depending on the MRS in which these agents may be integrated, different control strategies
by activating/deactivating motors may be possible to perform.

CDOF=3

CDOF=2

CDOF=3

CDOF=2

CDOF=3 CDOF=3

CDOF=1

CDOF=3

CDOF=3

CDOF=3 CDOF=3

a) b)

c)
i) ii)

Figure 5.10: Distribution of chassis kinematics by MRSs

Coming back to the cooperative car transport task, an MRS consisting of the robotic con-
figurations a and b presented in the Figure 5.10 can be selected. For the vehicle collec-
tion process, specific coupling and control sequences can be implemented, the Figure 5.11
presents two examples of possible ones. Here the four agents are coupled forming a unit at
the beginning of the transport task. To facilitate their control, the standard steerable wheels
may be oriented in the same direction that the universal wheels and the two agents of each
side may be controlled with the same velocity. It is important to note that the orientation of
the universal wheels and the position of the coupling mechanisms presented in Figure 5.11
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may vary and must be adapted depending on the specific characteristics of the implemented
roller-based wheels. Thus, the kinematic designs of the universal wheels in the two se-
quences presented in Figure 5.11 are different and correspondingly require distinct pick-up
strategies. In the first sequence both pairs of robots (front and rear) are capable to change
their orientations and therefore each of them can position itself relative to the front and
rear axle of the vehicle and subsequently drive individually to its corresponding tyre. In
the second sequence, the pair of robots assigned to the front axle of the vehicle is not able
to change its orientation and therefore must be conduced to their required positions by the
rear couple, all this requiring more steps and correspondingly time to carry out the transport
process.

a)

b)

Figure 5.11: Pick-up sequences of heterogeneous MRSs during a car transport task

The heterogeneous nature of the presented possible multi-robot configuration for an auto-
matic vehicle transport offers a great handling flexibility. Thus, while the holonomic front
module may be used for alternative transport applications in narrow indoor environments,
the rear modules based on standard steerable wheels may be able to sort, for instance, higher
outdoor terrainability requirements.

One of the previously discussed requirements for the car transport system is the possibility
to drive on existing infrastructure and correspondingly on ramps. Looking at the design
measures presented in Figure 5.8, it can be seen that for this purpose the analysis of the
mobility characteristics of the end-effector is required. Thus, a sufficient mechanical com-
pliance ∆c or degree of freedom around an axle parallel to the ground ψ must be integrated.
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For this purpose, different implementations are possible to be considered as presented in
subsection 4.1.2. The Figure 5.12 shows for example, how the geometry and characteristics
of the tyres may be exploited in order to make use of the concept of the implicit degrees of
freedom ν i. Nevertheless, it must be noted that the use of this characteristic may limit or
impede the integration of the object as part of the overall structure as done and discussed
above, requiring new iterations of the optimization process which may lead to new chassis
kinematic configurations. An alternative is the use of explicit attachment mechanisms either
passive, e.g. by means of rollers or actuated.

attachement mechanism
non-attachement
mechanism

implicit DOF

Figure 5.12: End-effector analysis of a car transport system during a ramp trip

It is important to note that the iteration order for the selection and analysis of the different
criteria and design measures performed in this section was arbitrarily chosen and an evalu-
ation of the performance of the different alternatives has not been carried out. These aspects
are the subject of the next stage of synthesis process, which however is deeply related to
the exploration step and is about optimizing. Thus, the introduced variables representing
specific design measures and quantifying criteria intend to facilitate the analysis, generaliz-
ation and formulation of this stage in future investigations of optimization strategies for the
synthesis of MRSs.

5.4 Summary

The synthesis process of MRSs in the context of chassis kinematics, mechanical interfaces
and operational configurations has not been the focus of intensive research studies so far.
For this reason, it can be seen that the selection of specific configurations is in most cases
driven by simplicity or by the pursuit of systems with the highest possible degree of cap-
abilities, e.g. in relation to manoeuvrability, without considering the requirements of the
application and leading to unintended redundant systems. The traditional design methods
applied for the synthesis of MRSs have proven to be an effective way to break down and
reduce the complexity of the synthesis process but do not promote the performance of a
holistic synthesis of MRSs. Therefore, it can be seen how this design process of a group of
robots is normally carried out by analysing a single agent together with its capabilities and
subsequently simply extrapolating these to all participating robots, leading almost exclus-
ively to homogeneous MRSs.

The application of the concepts introduced in the course of this work for the synthesis of
an automatic car transport system proved to support the beginning of the synthesis process
by reducing and abstracting the technical requirements to be considered at that early stage
to a specific set of them represented by the introduced performance indices. The search for
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feasible robot configurations carried out in the exploration stage shows that exploring the
solution space from a holistic perspective following the proposed canvas approach allows
considering new possible alternatives to meet the technical requirements by expanding the
solution space. This may make it possible not only to find substitute configurations to those
obtained by traditional approaches, but also to find solutions at all for use cases which appar-
ently seemed not to be feasible for MRSs. Lastly, the presented approach highlights the need
for optimization strategies which may support the evaluation of the new emerged configur-
ations during the exploration of the solution space. For this purpose, the introduced indices
and quantities constitute a basis for a future generalization of this kind of processes.

In the next chapter, the main results and contributions of this work are summarized and
discussed, ending with an overview of potential areas for future research.





6 Conclusion

This chapter begins with a summary and analysis of the results of this work, discussing
its potentials and limitations. Subsequently, the work’s main contributions are clustered
and explained as a basis for the definition of possible areas for future research, which may
continue strengthening, substantiating and extending the introduced concepts.

6.1 Summary and Discussion

The flexibility and increasing autonomy of mobile robots (MRs) have been making possible
the automation of challenging use cases in the course of the last decades. Nevertheless, these
advantages make it also necessary, depending on the use case, to consider many factors in
different fields and situations already during early stages of the synthesis process. Further-
more, due to their nature and increasing capabilities, the solution space and design freedoms
are continuously expanding. All this making the synthesis of single MRs in itself already a
complex process. The implementation of cooperative mobile multi-robot systems (MRSs),
which are composed of several agents working together to achieve a common goal, can fur-
ther expand the capabilities of the overall system. However, due to the larger solution space
and design freedoms arising from all the possible combinations of different robots, struc-
tures, interfaces, and operational configurations, the complexity and design effort increase
considerably at the same time.

Thus, this work intends to simplify and support the synthesis process of multi-robot
systems for object transport tasks at an early stage. For this purpose a general and
basic “framework” is proposed, which integrates the customer perspective into perform-
ance indices based on a selected amount of high-level information. Furthermore, main
clusters of configuration parameters containing specific design measures are proposed
and their interconnection and relations with the introduced indices are analysed. In par-
allel, new quantities and variables are introduced, which may serve for a formal char-
acterization and generalization of specific technical questions that may inspire further
studies in diverse fields and help as a basis for subsequent multi-criteria optimization
processes.

The Figure 6.1 presents the main structure of the framework proposed in this work which is
summarized below.

After presenting basic and fundamental concepts in relation to mobile robotics, the work
continues in chapter 3 dealing with the following question: among all the possible paramet-
ers, capabilities and criteria that may be used to represent an MRS for cooperative transport
applications, which set of them might be appropriate as an initial structure for characterizing,
evaluating and comparing different robot configurations?
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Figure 6.1: Summary of the main structure of the framework proposed in this work



6.1 Summary and Discussion 109

Five main groups of performance indices are proposed: manoeuvrability, terrainability,
transport safety, flexibility and complexity. Due to the fact that one of the main assump-
tions made in the current work is that robots together with the transported object should be
assumed as a unit rather than as individual elements, the definitions of some performance
characteristics may differ subtly from the standard or widely known ones. For this reason,
the subsets of performance information contained in the introduced groups are carefully
defined in relation to cooperative transport tasks.

After selecting and clustering the parameters for the classification of the robot system, the
next question that arises is, how the use case requirements can be defined and represented
by the performance indices, if the customer, who is the party having the most knowledge
and information about the application to be performed, does not necessarily have the ex-
perience and expertise in robotic design in order to define specific technical requirements
for the MRS? Therefore, three main groups are introduced containing a collection of basic
data for task description based on the guideline VDI 2701 and for which special knowledge
may not be required. In addition, correlations between this and the performance indices
are discussed in order to be able to translate the collected high-level information into tech-
nical requirements. This separation of the customer’s task description from the definition
of particular technical requirements is intended to avoid a too early specification of spe-
cial features such as holonomy or omnidirectionality, without having carried out a thorough
analysis of the use case to be performed, and consequently prevent the implementation of
unnecessary redundancies.

In chapter 4, three main groups of configuration parameters are defined: mechanical, op-
erational and control. These contain specific settings or design measures that can directly
influence the behaviour of an MRS. The present work focusses on two of them which are
developed throughout the chapter in more depth, the mechanical and operational configura-
tion spaces. Thus, subsets of parameters are proposed in order to break down the synthesis
process into smaller and more specific technical questions. This abstraction makes there-
fore possible to obtain an adequate overview of the overall synthesis process, to understand
its multifaceted nature, and to identify specific topics with a high potential impact on the
system’s performance, inspiring further detailed studies in diverse fields.

The definition of the technical requirements together with the benefits and drawbacks of
different robot configurations and specific design measures for the synthesis of cooperative
MRSs for transport tasks are introduced in theory in the course of the chapters 3 and 4,
however, on an abstract level. Therefore, the chapter 5 applies these concepts to one partic-
ular use case — the automatic car transport. In this way, without delving into details and
without intending to perform a complete synthesis process, it could be demonstrated how
by following the structure and synthesis approach proposed in this work, the complexity of
the synthesis process could be reduced by abstracting it to a finite and limited amount of
information and design freedoms. Furthermore, novel alternative robot configurations with
distinct characteristics, also able to fulfil the technical requirements, emerged, extending
the solution space, and all this validating the hypotheses formulated at the beginning of this
work.
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This work deals with multi-robot systems and focuses on cooperative object transport tasks,
nevertheless, the general structure of the proposed framework may be used as a basis to be
extended for the analysis and synthesis of other applications. The performance indices, for
instance, were specifically defined in the context of a transport task, relating characteristics
such as the manoeuvrability to the object and not to the single robots. This approach may be
applied for the analysis of other use cases, highlighting the necessity to relate these criteria
to the specific characteristics of the application to be carried out. Therefore, some specific
indices may be maintained but their definition must be adapted, others may no longer be
required and some new ones may have to be defined for an adequate description of the
general capabilities of the group to be synthesized. The same situation can be observed on
the side of the configuration parameters, whereby the main classifications introduced may be
preserved, but their specific implementations, definitions, and analysis of their correlations
and dependencies must be carried out for the new application.

Thus, assuming, for example, an MRS that must perform a cooperative measurement task
in which the robots are not physically connected but must maintain certain relative posi-
tions to each other in order to achieve a proper functioning of the measuring system. Here
again the synthesis process may be abstracted following the same approach described in
this work, regardless the fact that no physical connection is present between them. Thus,
the performance indices may be formulated assuming the system as a unit and the intro-
duced configuration parameters may be adapted to the new use case requirements. In con-
sequence, mechanical interfaces, for instance, where the implementation of explicit degrees
of freedom could increase their capabilities in transport tasks, may now be used to mount
reflective surfaces or devices that may extend the measuring tolerances of the participating
robots.

In the next section the major contributions of the present work are summarized.

6.2 Contributions

The first contribution of this work is the structuring of the synthesis process of cooperat-
ive mobile multi-robot systems for object transport tasks. It reduces a process that at first
seems intangible, with a great number of factors to be taken into account, design freedoms
of many different types, disciplines and complexities, to a specific set of characteristics that
allow not only to characterize the use case or application to be carried out, but also the per-
formance of the robotic systems to be selected. Furthermore, it initially defines a reduced
and tangible number of design parameters that, without delving into details, cover the main
characteristics to be synthesized at an early stage of the design process. All this reducing
significantly its complexity and dividing it into concrete and specific aspects which may be
selectively studied in depth in subsequent iterations of the design process. The proposed
specific structure also allows the study of the synthesis process by well-known design meth-
ods such as morphological analysis, which may be used as a framework for the exploration
for feasible solutions (see Table 4.10).
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The present work not only structures the synthesis process but analyses the field of action
of the configuration parameters by exploring specific design measures. This exploration
opens the door to the second major contribution of the present work, the expansion of the
design space and proposal of alternative synthesis freedoms. The introduced framework
and analysis of correlations make clear that specific performance levels may be possible to
achieve by the combination of completely different configuration parameters. Hence, it can
be seen, for instance, that manoeuvrability capabilities in MRSs are not only determined, as
it is traditionally the case, by the chassis kinematics but also by the mechanical interfaces
and the arrangement of the robots. This simultaneously leads to the conclusion that integ-
rating the transported object into the overall structure can completely change the synthesis
approach and may contribute to meet specific requirements avoiding the addition of un-
wanted redundancies. Thus, well-known chassis kinematics such as car-like or differential
robots are presented by the combination of wheels, end-effectors, coupling interfaces and
the load structure. All this increasing considerably the solution space during the design pro-
cess and highlighting the need of novel specific definitions of performance characteristics
for MRSs which are also provided. However, it must be clarified that the design measures
presented do not represent the totality of design freedoms, and should rather serve as an
inspiration for their expansion.

The third contribution consists of the definition of novel terms and variables for the de-
scription of cooperative MRSs in the context of transport applications. The more gen-
eral parameters may help, for instance, for the formulation of new indices representing com-
ing design measures, or extending the representation of the proposed ones. Furthermore,
they may be used as the basis for the definition and composition of subsequent optimization
strategies, which aim to find a set of optimal design measures for specific use cases, trying
to find the most suitable connection between the single boxes of the presented morpholo-
gical box. Thus, these strategies based on the concepts proposed in this work may be carried
out by design engineers during the synthesis process, or implemented in fleet management
systems for a constant and automatic optimization of the participating robots according to
certain conditions.

6.3 Future Work

Due to the nature of this work in which an abstraction of the synthesis process is carried
out and a first general framework is proposed, two main focusses can be identified as a
logical continuation of the presented approach. The first is to go deeper into the different
stages of the synthesis process, analysing in more detail the proposed parameters, taking
into consideration more factors and, thus, extending the scope of the approach. The second
one consists of connecting the proposed design measures through an optimization process
which may lead to the final definition and determination of robot fleets for specific use cases
and applications.
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Expanding and detailing the different stages of the proposed framework

Starting from the task description, traditional methods can be analysed in order to define the
most suitable ones for carrying out the extraction of the proposed information from the cus-
tomer. Furthermore, for the translation of the collected data into technical requirements, it
can be studied to what extent the discussed considerations can be implemented in automatic
routines or tools, for instance, by integrating traditional path planning algorithms in order
to support the initial decision of manoeuvrability requirements.

The analysis of the chassis kinematics carried out focusses on manoeuvrability, however an
analysis of traction characteristics may increase the applicability of the work. Thus, studies
of the relation between the positions of driving motors in the overall system, or analysis of
which wheels should be driven by the single robots as part of the united system, may lead to
the definition of new relevant variables and indices for the inclusion of these considerations
in further optimization processes.

The integration of the transported object as a part of the structure of the overall system is
discussed throughout this work. Thus, practical implementations of the proposed kinematic
combinations or even new ones, may help to validate the potential of this type of hybrid
structures. Furthermore, strategies for control simplification after the object is collected
and integrated into the structure were proposed. Hence, it is important to study how these
strategies may be triggered, and how the coordination of both agents connected by the object
may be guaranteed (communication requirements).

In relation to the mechanical interfaces, the concept of implicit degrees of freedom was also
introduced in theory. Thus, studies presenting specific implementations of them would not
only help to validate the potential of the proposed strategies, but may also show the limit-
ations and challenges which may be present, inspiring new research activities. In addition,
further investigations that develop specific designs for end-effectors, combining explicit and
implicit degrees of freedom may be of great interest in the search for optimal MRSs.

In the course of the work, it was introduced how the integration of appropriate mechanical
interfaces may allow the overall system to present specific manoeuvrability characteristics
within certain tolerances (see Figure 4.19). Thus, studies specifying possible guide values
for these tolerances may help to consider this kind of robot configurations during early
stages of the synthesis process.

For the analysis of the robot arrangement a representation approach based on vector distri-
butions along scaled polygons was proposed. In future works it can be investigated whether
assuming arbitrary polygons instead of only the one described by the object itself may have
positive effects for the determination of robot arrangements. Furthermore, the introduced
concept of multi-ring configurations may be exploited in more detail and different optimiz-
ation strategies applying the presented indices may be developed.

The last configuration parameter proposed for the synthesis of cooperative MRSs is control.
However, this was only mentioned but not specifically analysed in this work. Thus, although
in this regard many research activities can be found addressing planning strategies, archi-
tectures, formation and coordination control etc., further studies focusing on the holistic
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approach introduced in this work, assuming the system (robots + object) as a unit, distrib-
uting the required capabilities along the whole group, and considering heterogeneous robot
configurations may constitute a great basis and support for the implementation of optimal
cooperative MRSs for object transport applications.

Connecting the proposed nodes by an optimization process

Throughout this work, the field of action of configuration parameters for the synthesis of
cooperative MRSs was analysed and specific design measures were proposed. Furthermore,
variables and indices for the quantification of some of them were introduced. Nevertheless,
the formulation of a general overall strategy, which brings all these parameters together and
defines specific objective functions based on the derived technical requirements was outside
the scope of this dissertation. Thus, the investigation and formulation of possible multi-
criteria optimization processes may further concretize the concepts and considerations dis-
cussed, and make it easier to apply them, either in tool-based but manual staged processes,
or in partially/fully automated operations for fleet management systems.
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