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I humbly dedicate this thesis to the advancement of robotics,
encapsulating earnest e orts aimed at fostering greater acces-
sibility within this domain. It is with profound reverence and
utmost sincerity that 1 o er this work as an open-source so-
lution to inspire and invigorate the sphere of education and
research in robotics, particularly in the context of Brazil, with
the unwavering aspiration that it may propel the nation to-
wards greater strides of knowledge and innovation in this promis-

ing eld.
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Resumo

Esta dissertacao apresenta o design e desenvolvimento de uma nova plataforma robdética
de baixo custo especificamente projetada para experimentos com enxames de robos. Em-
bora os robos pequenos possam apresentar limitagoes inerentes em locomocao, sensoria-
mento e comunicag¢ao, grupos destes robos simples podem superar restricoes individuais
e alcancar tarefas complexas, além das capacidades de um unico robo. Dessa forma,
a plataforma proposta segue o conceito de robdtica de enxame, em que 0s robds sao
otimizados para diferentes atividades coletivas. Apesar de varios robos terem sido pro-
postos, muitos destes sao inadequados para enxames devido ao alto custo das plataformas
e as logisticas de aquisi¢ao. Nesta dissertagao, realizamos um levantamento dos robos de
enxame existentes, considerando sua adequacao para uso em experimentos. Com base
em nossa avaliacao, a plataforma proposta se destaca devido a seu custo, facilidade de
montagem e integracao com o ROS (Robot Operating System), garantindo facilidade de
programagcao. No projeto, priorizamos alta modularidade, eficiencia de custos usando
componentes disponiveis comercialmente e alta capacidades de processamento e sensoria-
mento. Experimentos demonstraram sua robustez, apresentando controle de movimento
estavel, localizacao precisa, sensoriamento de longo alcance e longa autonomia de energia.
Com o ROS, a plataforma provou ser confiavel e escalavel em termos de programagao
e comunicacao. Em conclusao, a plataforma proposta oferece uma solucao viavel e ade-
quada para experimentacao em enxames, devido ao seu custo reduzido, design amigavel
ao usuario e tamanho compacto. Trabalhos futuros devem aprimorar os filtros internos

para localizagao e o processo de montagem.

Palavras-chave: Robdética Movel, Design Robotico, Robética de Enxame, Robo Autonomo



Abstract

This thesis presents the design and development of a novel low-cost robotic platform
specifically tailored for swarm experimentation. While small robots may have inherent
limitations in locomotion, sensing, and communication, leveraging groups of these simple
robots can overcome individual constraints and achieve complex tasks beyond the capa-
bilities of a single robot. Our platform embraces the concept of swarm robotics, wherein
robots are optimized for generic collective activities. Although various swarm robots have
been proposed, many of these are unsuitable, mainly due to the high cost of the platforms
and the logistics for acquiring them. In this thesis, we surveyed existing swarm robot
platforms, considering their suitability for experimentation. Based on our evaluation,
our proposed platform stands out due to its affordability, ease of assembly, and seamless
integration with ROS (Robot Operating System), ensuring convenient programmability.
Throughout the design process, we prioritized high modularity, cost-effectiveness using
commercially available components, and reliable processing power and sensing capabili-
ties. Experiments were conducted on motion control, localization, distance sensing, power
consumption, and communication to assess the robot’s capabilities. The results demon-
strated its robustness, presenting fast and stable motion control, accurate localization,
long-range distance sensing, and long-term power autonomy. With ROS, the platform
proved reliable and scalable in terms of programming and communication. In conclusion,
our swarm platform offers a viable and suitable solution for swarm experimentation, ow-
ing to its reduced cost, user-friendly design, and compact size. Future work will focus on

improving the internal filters for localization and the assembly process of the platform.

Keywords: Mobile Robotics, Robot Design, Swarm Robotics, Autonomous Robot
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Chapter 1

Introduction

The current state of electrical component miniaturization, coupled with the increasing ef-
ciency in hardware and software, allows the development of smaller and compact robotic
systems. The convenience of using these small, simple, yet capable robots has gathered
the research community's attention toward practical applications using swarm robotics.

In this thesis, we take advantage of the recent technological advancements using
mass-produced components that are smaller, a ordable, and long-term available to design
a novel robot tailored for swarm applications. The robot is called HeRo and stands as
an entirely open, cost-e ective, e ortlessly assembled platform. The design and assembly
procedures aligned with contemporary trends, including the Maker Movement and Do It
Yourself (DIY), promote the replication of the robot using additive manufacturing and
readily available components. Furthermore, the robot boasts seamless integration with

the ROS, a preeminent robotic framework nowadays.

1.1 Contextualization

Small robots exhibit inherent limitations in terms of locomotion, sensing, and
communication. While individually less powerful than their larger and more advanced
counterparts, the aggregation of these simple robots can yield a multitude of advantages,

facilitating the execution of intricate tasks that surpass the capabilities of a solitary unit.
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For instance, the collaborative e orts of a cluster of these robots engaged in expansive
area exploration or the transportation of bulky loads might prove more e ective and
dependable compared to relying solely on a singular, more prominent robot.

Swarm roboticsconstitutes a relatively new research eld wherein intricate collec-
tive behaviors arise from the synergistic interaction of numerous robots, each endowed
with autonomous functionality. The concept of swarm robotics originates from studying
and modeling the impressive coordination abilities of biological systems such as ant or bee
colonies (Bonabeau et al., 1999). What distinguishes this eld is the elegance inherent in
the simplicity of individuals' units, enclosing restricted localization, sensing, and commu-
nication capabilities, while inherently possessing attributes such as robustness, scalability,
and versatility (Yogeswaran and Ponnambalam, 2010).

For instance, the utilization of a swarm of simple robots over more potent counter-
parts may bring numerous advantages, such as reduced costs, heightened reliability, aug-
mented fault tolerance, distributed sensing, improved workload distribution, and massive
task parallelization. In particular, groups of simpler robots working as a swarm have been
the subject of study in the pursuit of various collective behaviors aimed at resolving tasks
such as aggregation (Dorigo et al., 2004), segregation (Santos and Chaimowicz, 2014), pat-
tern formation (Hsieh et al., 2008), self-assembly and morphogenesis (Baele et al., 2009),
object clustering, assembly, and construction (Nitschke et al., 2012), collective search
and exploration (Howard et al., 2006), collective motion (Marcolino et al., 2017; Iracio
et al., 2018), collective transportation (Rubenstein et al., 2013), self-deployment (Cou-
ceiro et al., 2012), and foraging (Campo et al., 2010), among many others. Figure 1.1
presents examples of categories of swarm robots e ectively addressing some of these tasks.

The potential of robotic swarms is increasingly aligning with a wide range of real-
world applications, carrying signi cant societal and economic implications. The require-
ment for distributed and decentralized processing, relying only on local information, brings
distinct practical bene ts that set it apart from other robotic paradigms, a ording scal-
ability, resilience, and adaptability. This inherent attribute may further accentuate the

use of swarm robots across a spectrum of tangible scenarios, including search and rescue
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(a) Aggregation (Chen et al., 2012). (b) Transportation (Chen et al., 2013).

(c) Self-organization (Rubenstein et al., 2014b). (d) Self-assembly (Sproewitz et al., 2010).

Figure 1.1: Swarm robots producing di erent collective behaviors.

missions in hazardous or inaccessible locales, mitigation of oil spills in aguatic domains,
transportation of weighty objects, environmental monitoring, and surveillance, among
other noteworthy instances.

Nonetheless, the integration of robot swarms into operational contexts remains an
aspiration not yet fully realized. Nowadays, progress primarily resides within the stage of
experimentation, often con ned to simulation and proof-of-concept showcases within lab-
oratory settings or similarly controlled testing environments. This current situation can
be attributed, in part, to the ongoing challenge of designing robots capable of translating
prevailing theoretical frameworks into pragmatic solutions for real-world problems. No-
tably, some of the principal obstacles encompass tasks of achieving high- delity perception
and communication, and optimal power utilization at a small form factor scale.

In conjunction with the technological limitations inherent in current swarm robots,
researchers have encountered constraints arising from two crucial factors in numerous in-
stances. The rst factor resides in the relatively elevated costs associated with individual
robots, both in terms of initial outlay and the temporal investments requisite for their
development and assembly, thereby engendering challenges in securing funding and fa-

cilitating research endeavors. This consideration is of major signi cance in the context
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of swarm robotics, wherein a signi cant number of robots are requisite, necessitating a
maintenance management policy and the use of a scalable framework to facilitate the
deployment of robots. The second factor pertains to the requisite small dimensions of the
robots, allowing for the experimentation of sizable collectives within limited spaces such
as desktops or small rooms. However, this drive for compactness can potentially reduce
robots' capabilities and restrict the range of algorithms for testing. Consequently, to cir-
cumvent the inherent trade-o s involving robot size, capabilities, and cost, a signi cant
portion of experiments involving substantial robot groups are performed exclusively in

simulation environments.

1.2 Motivation

The robot simulation stage constitutes a valuable instrument that facilitates the
design and assessment of novel robotic systems. Over the years, numerous simulation
frameworks have arisen, enabling researchers to replicate diverse robotic systems, ranging
from sophisticated robots to simpler counterparts that engender intricate swarm behav-
iors, exempli ed in Figure 1.2. Furthermore, robot simulation furnishes a wide range of
options for tackling complex problems, a ording researchers the opportunity to explore,

visualize, and analyze robotic systems, even in the absence of real-world counterparts.

(a) Gazebo simulation a PR2 robot. (b) ARGOS simulating swarmanoids robots.

Figure 1.2: Simulation of di erent robotic systems.
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Preeminent among the advantages inherent in robot simulations over real exper-
imentation is its reproducibility, that is, its ability to perform the same behavior when
applied to the same conditions (Christiano et al., 2016). Beyond reproducibility, the

employment of simulations o ers other important bene ts, enumerated as follows:

A ordability : the necessity of acquiring costly robotic platforms for the validation

of theoretical concepts is obviated, rendering simulations a cost-e ective alternative;

Safety : simulations o er a secure alternative for conducting experiments, devoid of

potential risks to individuals or the physical integrity of the robot itself;

Robustness : concerns about sensor malfunctions are alleviated, as simulations

prevent the need to contend with hardware-related failures;

Temporal Manipulation : simulation environments a ord the exibility to ma-

nipulate the passage of time, facilitating accelerated or decelerated experimentation;

Convenience : the need for a pre-experiment setup, inclusive of addressing battery-

related constraints, is obviated, enhancing the overall ease of experimentation.

Despite the evident advantages conferred by simulation, it is important to acknowl-
edge that simulations do not always encapsulate the full spectrum of complexities and
outcomes encountered in real-world experimentation. Even in instances where more pre-
cise simulators are employed to mirror real-world dynamics more faithfully, such delity
can entail substantial computational demands, resulting in a scenario where the computa-
tion of seconds of simulation requires days, thereby posing challenges to the feasibility of
ordinary simulations. Consequently, several signi cant aspects intrinsic to robotics phys-
ical dynamics may not be possible to model within simulation environments. Foremost

among the limitations associated with simulation deployment are:

" Under-Modeling : many of pertinent physical phenomena remain unaccounted for

within simulation models;
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" Parametric Mismatch : even if the underlying physical equations are accurately
represented, the estimation of appropriate parameters, such as inertia and friction,

Is of paramount importance;

" Deformable Objects Complexity  : simulation of deformable entities, encompass-

ing exible bodies and interactions with uids, poses considerable challenges.

Modern robotics research frequently leverages simulation as an initial developmen-
tal phase for methodology formulation and experimentation, followed by validation using
real robots. However, within the eld of swarm robotics, this approach is restricted due
to the exigency of managing numerous robots, a potentially cost-intensive endeavor.

Early e orts have proposed diverse robotic platforms attempting to bridge the gap
between simulation and real-world experimentation. However, a substantial proportion
of these robots prove impractical, mainly attributed to the elevated costs associated with

the platforms and the logistics for acquiring them.

1.3 Objectives

Given the cost-e ective nature that characterizes research endeavors into robotic
swarms, the objective of this thesis is to engineer a robotic platform tailored for swarm

robotics, structured upon the following requisites:

" Cost-E ectiveness : robots should adhere to stringent a ordability criteria, since
most swarm con gurations typically involve an extensive number of robots, ranging

from dozens to hundreds;

" Compact Pro ciency : robots should be compact in dimensions while concurrently
incorporating sensing capacities, enabling dynamic environmental interactions. Fur-
thermore, they ought to demonstrate extended battery lifespans, thereby ensuring

the sustained operation necessary for the emergence of collective behavior;
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Fault Resilience : robots should exhibit robust fault tolerance attributes, bolster-

ing their reliability within a swarm context;

Scalable Versatility : robots should evince an inherent capability to execute di-
verse tasks as the number of robots expands in number. A case in point is the
requisite scalable communication capabilities poised to accommodate a large num-

ber of robots;

Accessible Reproducibility : robots should be featured by the uncomplicated

assembly, even for people with fundamental electronics and mechanics skills;

Seamless Programmability : robots should be characterized by facile programma-

bility and seamless integration with contemporary robotic frameworks, such as ROS.

The nature of this thesis lies in reconciling all these conditions within a single

design, which may pose a primary challenge. The design choices concerning a specic

requisite, such as size, produce additional constraints that resonate across other domains,

including sensing capabilities and power capabilities. Consequently, the design process

requires an integrative approach that adeptly accommodates these manifold constraints,

culminating in pragmatic design solutions amenable to multipurpose applications.

1.4 Contributions

Within the eld of swarm robotics, this thesis has contributed through the design

of a novel robotic platform engineered for swarm applications. The principal contributions

within this work include:

The design of a small robotic platform distinguished by its compelling a ordability,
priced at a mere 18 USD, and its streamlined assembly process through the integra-

tion of o -the-shelf components. This platform stands as an entirely open-source
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Figure 1.3: Design of the proposed open swarm robotic platform. The body of the robots
was designed for and fabricated using additive manufacturing, while the electronic and
mechanical parts were readily available components.

solution that is seamlessly integrated with ROS, the most used robotic framework
available today. The design further aligns with emerging paradigms like the Maker
Movement and DIY, thereby a ording the potential for its replication. An illustra-

tive depiction of this robotic platform is featured in Figure 1.3.

Beyond its pertinence to the eld of swarm robotics, this versatile robotic plat-
form extends the potential to serve as a promising educational tool, poised to ex-
ert a substantial in uence owing to its broad appeal and extensive applicability.
The intersection of a ordability and exibility intrinsic to small and simple robots
make them perfect as a pedagogical resource, particularly for instructing robotics
subjects spanning mobile robotics, robot control, embedded computing, signal pro-
cessing, introductory programming, wireless sensor networks, and even fundamental

programming techniques.
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1.5 Publications

The research e orts encapsulated within this thesis have culminated in important

peer-reviewed publications listed in the following:

" Paulo Rezeck, Hector Azpurua and Luiz ChaimowicHeRo: An open platform
for robotics research and education . 2017 Latin American Robotics Symposium
(LARS) and 2017 Brazilian Symposium on Robotics (SBR), Curitiba, Brazil, 2017,
pp. 1-6, hitps://doi.org/10.1109/SBR-LARS-R.2017.8215317 . [Qualis-CC B1]

" Paulo Rezeck, Hector Azpurua, Maurcio Corréa and Luiz ChaimowiczHeRo 2.0:
a low-cost robot for swarm robotics research . Autonomous Robot (2023).

https://doi.org/10.1007/s10514-023-10100-0 . [Qualis-CC A2]

1.6 Organization

The remainder of this thesis is structured as follows. A review of the literature
on small robot platforms and systems is delineated in Chapter 2. The mechanical and
electrical design, as well as the software and communication architecture, are presented
in Chapter 3 and Chapter 4, respectively. The robot's performance with respect to a
set of metrics is evaluated experimentally in Chapter 5. In Chapter 6, we present the
use of HeRo in some swarm applications. Finally, Chapter 7 brings the conclusions and

directions for future work.
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Chapter 2

Related Work

Over the years, researchers have delineated crucial attributes subjected to the design of
robot swarms (Olaronke et al., 2020). In addition to aligning the design of these platforms
with the overarching requisites of swarm applications, a paramount point is the attributes
of footprint and cost, as these variables are pivotal in facilitating the scalability of swarm
systems. Another point of equal signi cance is the integration of a scalable communication
architecture, promoting seamless robot-robot interactions and the prospect of reprogram-
ming through a remote server, ensuring that the addition of other robots does not restrict
the robustness of the swarm's communication framework.

Other elementary capabilities a robot must have are a way of sensing and locomo-
tion. Among the cost-e ective options for sensing, IR range sensors emerge as a common-
place choice, enabling proximity estimation between the robot and environmental objects.
Alternative sensing modalities include sonar arrays and camera sensors; however, these
can be more prominent, cost-intensive, and typically necessitate data processing, which
could strain embedded processors and increase power consumption.

Complementing sensing, locomotion is an imperative ability for robots to navigate
from one locale to another. Constrained by the dimensions of the robot, electric motors,
and wheels emerge as pragmatic actuation mechanisms. The prevailing paradigm adopts
two actuated wheels to design di erential-drive robots outstanding for their facile and
e ective control, especially when contrasted with intricate models like stick-slip omnidi-
rectional drive, reliant on three vibration sticks for propulsion (Klingner et al., 2014).
Another pivotal facet of a swarm robot is the capacity to estimate its position relative

to a reference frame. A conventional technique within robotics is the computation of
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odometry, often achieved by attaching encoders to the motors for the estimation of wheel
positions, subsequently enabling the computation of the distance traversed by the wheels.
Aligned with these requisites, a wide range of small and relatively simple robots
have been proposed as a swarm platform. Most of these platforms stand as open-source so-
lutions or incorporate components available through open-source channels, while a subset
remains proprietary or con ned to commercial outlets. Within this chapter, our discourse
undertakes a comprehensive survey of the most salient and pertinent platforms tailored for
swarm experimentation, expounding upon the pros and cons associated with each. We di-
vide them according to their locomotion mechanisms and restrict this comparison to only
small robots (less than 100 mm), which are generally more suitable for swarm robotics.

A summary encapsulating this comparative assessment is presented within Table 2.1.

2.1 Vibration-based platforms

In recent advances, researchers have designed robots that employ vibration-based
motion mechanisms. Generally, such mechanisms can be seamlessly integrated into the
robot; however, they necessitate additional intricacies in the design of the robot's motion
control algorithms. This mechanism also requires a smooth and even experimentation
surface and may move relatively slowly. Furthermore, the absence of a convenient form
of odometry renders precise long-distance movement challenging or impractical if such
information is necessary.

A notable example of vibration-based robot that has garnered signi cant atten-
tion within the swarm robotics community is the Kilobot (Rubenstein et al., 2014a),
originating from Harvard University - USA. This open-source platform, with individ-
ual components amounting to a mere 14 USD, has also been commercialized at a price
point of 100 USD. Equipped with an ATmega328 (8-bit at 16 MHz) microcontroller, the

Kilobot has an ambient light sensor on its top surface and an IR sensor on its bottom,
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used for both proximity readings and communication. Operating on a unique locomotion
principle reliant on two vibration motors, this design choice reduces both cost and size.
However, this condition also places an upper limit on the robot's top speed, capping it at
10 mm/s. The integration of an overhead controller device facilitates IR communication
with all robots, enabling remote control and wireless rmware updates. Despite its rel-
atively higher commercial cost and limited sensing capabilities, research endeavors have
successfully carried out experiments involving up to 1000 robots (Slavkov et al., 2018),
showcasing Kilobot's potential as an enticing platform for swarm applications. Refer to
Figure 2.1a for an illustration of the Kilobot robot.

The Droplet (Klingner et al., 2014; Farrow et al., 2014), developed at th€orrell
Robotics Labat the University of Colorado Boulder USA, constitutes another compelling
instance within the vibration-based small robot design. Slightly larger than the Kilobot
(44 mm), the Droplet features enhancements in both its locomotion and sensing mecha-
nisms. Featuring six IR sensors for proximity and orientation estimation, and inter-robot
communication, the Droplet also employs three vibration motors to enable omnidirec-
tional control | a pragmatic feature, given its modest speed (10 mm/s). The adoption
of an Xmegal28a3u (16-bit at 32 MHz) microcontroller indicates an improvement over
Kilobot, endowing it with capabilities for control, data processing, and generalized com-
putation. Augmenting its functionality, the Droplet is primed for sustained experimenta-
tion through an energetically charged oor bedecked with alternating positive charge and
ground stripes. Beyond powering, this bedecked enables data transmission, facilitating
swarm programming directly via the oor interface. While the commercial cost is similar
to that of the Kilobot (100 USD), the Droplet necessitates a powered oor mechanism
to sustain its operational power. Figure 2.1b shows the physical encapsulation of the

Droplet, showcasing its 3D-printed plastic shell.
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(a) (b)

Figure 2.1: An illustration of Kilobot (a) and Droplet (b) robots. They represent two
of the latest and more compact platforms for swarm robotics.

2.2 Wheel-based Platforms

While vibration-based locomotion requires minimal mechanical complexity for ac-
tuating the robot, its e cacy diminishes when it comes to precision over long distances
due to inherent nonlinearity and propensity for excessive slippage. Conversely, wheel-
based systems o er enhanced practicality in terms of control and e ciency, as the torque
generated by the motor acts directly and roughly linearly on the wheel. Presented below
are some wheel-based robotic platforms.

Alice (Caprari and Siegwart, 2003), developed for swarm applications at thu-
tonomous Systems Lab dcole Polytechnique Fecerale de LausannéEPFL), Switzerland,
stands as one of the early miniature robots in this category. Based on a two-wheeled dif-
ferential drive con guration, Alice boasts a lightweight plastic chassis with a PCB on top.
Occupying a small footprint of 22 mm, it uses a pair of high-e ciency swatch motors
for locomotion, enabling speeds of up to 400 mm/s. A low-power PIC16F877 (8-bits at
4 MHz) microcontroller controls the robot and executes diverse applications. Designed
for the use of various sensory modules, the robot houses 4 IR sensors positioned around
its perimeter to facilitate obstacle detection and short-range robot-to-robot communica-
tion. An upper-mounted IR receiver enables external command reception, while a Radio
Frequency (RF) module facilitates remote communication. Additionally, Alice supports
varied expansion modules, for instance, a gripper module and a linear camera. The ini-
tial version of Alice uses two watch batteries as its power source. Subsequently, these

batteries were replaced by solar panels and lithium batteries to enhance autonomy. This
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con guration facilitated continuous charging, enabling the robot to operate for around ten
hours typically. However, the authors noted that the light source utilized for solar panels
was incompatible with the robot's IR proximity sensors, thereby curtailing the spectrum
of applications for this robot. Refer to Figure 2.2a for a depiction of the latest iteration
of the Alice robot.

AMIR (Arvin et al., 2009), an open-source robot originating from théJniversity
Putra, Malaysia, o ers a budget-friendly solution with an assembly cost of approximately
85 USD and a compact 75 mm footprint. The robot is actuated by two-wheeled di eren-
tial drive mechanics that use two micro DC internal gear motors to reach speeds of up to
100 mm/s. An ATmegal68 (8-bits 8 MHz) microcontroller handles communication, mo-
tion control, perception, and user-de ned tasks. The robot carries 6 IR sensors enabling
proximity and bearing estimation and also short-range robot-to-robot communication. It
uses a 3 VDC 200 mAh lithium battery allowing it to operate for up to 2 hours. While
programming the robots requires them to be connected by cable to a computer, simu-
lated models in Player and Stage facilitated the development and test of user tasks. The
AMIR's adoption as a swarm solution is highlighted by various researchers and robotics

educators (Arvin et al., 2011, 2014). See Figure 2.2b for its visual representation.

@ (b)

Figure 2.2: An illustration of Alice (a) and AMIR (b) robots. They represent two of
the early robots for swarm experimentation

The E-puck (Mondada et al., 2009) stands as a notable achievement among com-
pact commercial robots, initially tailored for educational purposes and subsequently em-
braced for research in swarm robotics. Using a two-wheeled di erential drive mechanism,
the E-puck carries a price tag of approximately 975 USD. With a modest 70 mm footprint,

the robot employs two planetary-geared step motors for actuation, enabling velocities of
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up to 100 mm/s. The latest iteration of the E-puck integrates an STM32F4 (32-bits
at 180 MHz) microcontroller, while an Espressif ESP32 serves as the Wi-Fi/Bluetooth
module. The robot boasts versatility when equipped with diverse built-in sensors, encom-
passing microphone arrays, proximity sensors, a 640480 pixel camera, and an inertial
motion unit. Programming the E-puck is facilitated through a serial cable or Bluetooth
interface, with Wi-Fi handling communication with a server or setting mesh network.
The platform's extendability is evident through sensor augmentation possibilities, includ-
ing omnidirectional camera and bearing modules, alongside potential processing module
integration using Raspberry Pi. Powering its operations is a:3 VDC 1200 mAh lithium
battery, a ording operational times of up to 3 hours. Bolstered by an expanding user
community, the E-puck's software, documentation, and discussion forums thrive, favoring
its integration with diverse simulators and robotics frameworks, such as Gazebo and ROS.
Notwithstanding its merits, the commercial version's cost renders the E-puck inaccessible
for large-scale swarm implementations. Figure 2.3a shows the recent e-puck robot.
Jasmine (Kernbach, 2011), developed at theJniversity of Stuttgart, Germany,
stands as another widely adopted two-wheeled di erential drive small robot. With a
price tag of around 120 USD for its parts, Jasmine presents an undersized footprint of
just 30 mm. Its motion is promoted by two micro DC internal gear motors, allowing the
wheels to reach a maximum speed of 300 mm/s. The third version of the robot is equipped
with an ATmegal68 (8-bits at 20 MHz) microcontroller and uses 6 IR sensors for proxim-
ity and bearing estimation, light measurements, and communication with other robots.
Positioned atop the robot are LEDs that serve a dual purpose, o ering status monitoring
and a means for debugging. The platform also encourages customization through vari-
ous tailored boards that can expand its capabilities, enhancing sensing and connectivity,
among other attributes. On the energy front, the latest version of Jasmine relies on a
3:7 VDC 250 mAh lithium battery, a ording operational times of up to 2 hours. Notably,
the robots exhibit autonomous recharging capabilities as they engage with a pair of metal
contacts (power and ground) a xed to a wall. This convenient mechanism enables the

robot to detect its battery's need for recharge, prompting autonomous navigation to a
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