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Abstract: In the last decade, the integration of robots into agricultural tasks has significantly transformed food
production from planting to harvest. The precision and efficiency of a robot allow for specialized crop management
in cases such as; plant disease identification, optimization of water and fertilizer use, monitoring of environmental
and soil conditions, among others. That is, the adoption of robots in agricultural practices through intelligent
automation increases crop yields and decreases environmental impact. Intelligent automation faces contemporary
challenges such as climate change and population growth, promoting sustainable food security. Therefore,
this article presents a review of the state of the art of modular robots and their applications in agriculture.
Modular robots have the ability to reconfigure and adapt to different tasks, promoting versatile solutions for
the agricultural sector. These solutions are linked to the robot’s control systems, which can be centralized,
decentralized, and hybrid. Firstly, centralized control allows for unified management and coordination in high-
precision tasks. Secondly, the decentralized approach offers flexibility and robustness in changing environments
where adaptability is required. Thirdly, hybrids incorporate features of both control types balancing control and
autonomy to increase efficiency and effectiveness in practical applications [1]. In some cases, control systems
incorporate bio-inspired motion control techniques, where the robot mimics natural movements and behaviors
to improve its adaptability in performing a task. For example, the chemosynthesis model, which is a biological
process where bacteria convert an inorganic compound into energy, has been adapted for individual robots to
explore and navigate their environment [2]. Therefore, this article presents an overview of modular robots, the
incorporation of bio-inspired motion control techniques, and their convergence towards the sustainable solution

of contemporary problems in the agro-industry.

Keywords: agricultural robotics; intelligent automation; modular robots; control systems; bio-inspired motion

control

1. Introduction

The world population increase, projected to reach 11.2 billion by the year 2100 [3], poses significant
challenges in agricultural resource management and food production. According to United Nations
data, the proportion of the population residing in urban areas has risen from 52.5% in 2012 to 56.9%
in 2022. This trend towards urbanization is more pronounced in developed countries, where it is
estimated that 79.7% of the population lives in urban areas, in contrast to 52.3% in developing countries.
On the other hand, in the least developed countries, the urban population constitutes only 35.8% of
the total [4].

Urbanization has made the population predominantly urban since 2017, and this behavior is
expected to continue over the coming decades. In this context, the challenges of this era include urban
sustainability, agricultural resource management, and food production [4]. Likewise, the development
of sustainable agricultural systems, which not only meet food demand but also adapt to the reduction
of rural spaces and increase in urban areas. From this perspective, robotics helps to address these
challenges, as automation and the use of robots in agriculture compensate for labor shortages and
optimize agricultural production efficiency.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Robotics is a branch of engineering that involves the design, manufacture, and operation of robots,
which could be defined as an advanced tool for enhancing human capabilities [5]. In this scenario,
agricultural robots equipped with sensors and artificial intelligence systems perform tasks such as;
optimizing the use of water and fertilizers, carrying out planting activities, and/or taking care of crops
and harvesting. For example, artificial vision systems used to identify and harvest ripe peppers [6].

Agrotechnology is a term that integrates robotics and/or automation with agriculture, aiming to
transform, totally or partially, practices adopted in some stages of agricultural production. Specifically,
autonomous vehicles or systems used in planting, which adapt to the varying environmental conditions
ensuring constant seed spacing and planting depth, maximize crop yield through controlled plant
development [7]. This approach has enabled the incorporation of multi-robot systems, or swarms of
robots to perform tasks simultaneously in different parts of the field, increasing coverage efficiently.
For example, swarms of drones used for monitoring or spraying crops [8,9].

In the category of multi-robot systems, there are modular robots characterized by their ability to
reconfigure and adapt to different tasks and environments. This means that a single robotic system
can perform various functions, changing its structure or modules according to each specific case [1].
Although there are no specific applications for all types of modular robots in agriculture, they may be
employed in tasks such as; pesticide spraying or data collection, as needed at the time. This ability to
adapt and reconfigure not only improves efficiency but also reduces the need for multiple specialized
machines, which can be a significant saving in terms of costs and space.

Modular robots, equipped with specialized control systems and techniques, differ from conven-
tional algorithms in their configuration. In some cases, these robots implement biologically inspired
control techniques, mimicking behaviors observed in nature [10]. In agriculture, their applications
are diverse, as presented in this article, which is organized as follows: the first section describes
the methodology used for the literature review. The second section addresses the development of
agricultural robots, from a general perspective to the implementation of multi-robot systems. Finally,
the conclusions offer an overview of the topic and explore the role of modular robots in addressing the
agricultural challenges of the modern era.

2. Methodology

The topic encompasses various fronts, which are presented in the following sections. However,
for each general theme, different search equations were used to capture as much relevant information
as possible. Initially, the research focuses on aspects related to agriculture and automation methods.
Then, the topics focus on issues related to multi-robot systems and control strategies. Finally, the
search delves into a specialized approach oriented towards modular robots, multicellular robots, and
the phenomenon of bacterial quorum sensing, as shown below. From a total of 120 sources and/or
articles initially selected, 72 were chosen based on their relevance, recency, and alignment with the
research objectives, ensuring a comprehensive yet focused exploration of the subject matter.

e Agriculture and automation:

— Agricultural robotics AND agriculture AND emerging technologies

— Robotic systems AND crops AND environmental sustainability in agriculture
— Automation technologies AND agricultural practices

— Trends in modular robotics AND agriculture

¢ Multi-robot systems and control forms:
— Autonomous robotic systems AND precision agriculture

— Synthetic biology AND modular robots AND agricultural optimization
— Bio-inspired robotics AND motion control

¢  Modular robots, Multicellular robots, and Bacterial Quorum Sensing:

— Modular robots AND multicellular robots
— Bacterial quorum sensing AND robots
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— Synthetic biology AND modular robots AND agricultural optimization

The databases and information sources consulted address information reported by researchers,
students, and/or organizations to quantify or understand the technological trend of modular robotics.
Therefore, searches were conducted on sites like IEEE Xplore, Web of Science, Scopus, Springer, and
Google Scholar, as well as technical reports, conference papers, and relevant theses to obtain a com-
prehensive view of the current state and future trends in modular robotics applied to agriculture.
However, this review focuses on identifying and analyzing recent developments and potential appli-
cations of modular robots in agriculture. Nevertheless, this review had certain limitations, given the
rapid evolution of robotics may mean that some very recent developments are not included, as shown
in Figure 1.

Agricultural robots

‘ Individual systems }(—{ Technology and principles }—){ Collaborative systems

‘ Drones ‘ ‘Modularrobots

Degrees of freedom

‘ Drones ‘ ‘ Mobile robots

Communication

‘ Mobile robots

Morphologies or structures

Multicellular

Commercial applications or research specifically in agriculture

‘ Trends in agricultural robotics

‘ Agricultural practices

Automation

Figure 1. Relationship of terms used in modular robotics.

3. Robots and Agriculture

Agriculture is one of the sectors transformed by leveraging the versatility of robotics [11]. How-
ever, robots are classified in various ways, taking into account aspects such as their functionality,
control techniques, type of actuators, among other characteristics. In this context, there are two main
types of robotic systems: individual robotic systems and multi-robot systems [12].

On one hand, an individual robotic system refers to a robot designed to carry out tasks au-
tonomously. This type of robot is equipped with sensors, communication systems, and control
mechanisms, enabling it to perform tasks such as; preparing the land, plant treatment, sowing, collect-
ing agronomic data, and harvesting [11]. On the other hand, a multi-robot system is a set of robots
working simultaneously on one or several tasks within the same agricultural ecosystem. These robots
are designed to share information, make decisions based on collectively gathered data, and cover large
areas of land.

The choice between one system or another depends on various factors, such as; the size and
type of crop, the tasks to be performed, and the cost. Although individual systems are efficient for
performing specialized tasks, multi-robot systems are more flexible and are used in large-scale tasks.
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Therefore, this classification is presented in a general way in Table 1 and is explained during the
development of this section.

Table 1. Comparison between an individual robotic system and a multi-robot system in agriculture

through remote oper-
ation.

ing, monitoring, and
fertilization of crops.

ent types of crops.

Category Basic characteristics Applications Advantages Disadvantages
Capajble of  per- Used in automated lelted in the va-
forming tasks lanting and harvest- | Adaptability to differ- | "% of tasks they

Individual robot [13] | autonomously or | P & P v perform, high imple-

mentation and main-
tenance costs.

Multiple robots [14]

A group of robots
working coordinately
through a system of
communication and
collaboration among

Ideal for supervision
and management of
large crop areas and
integrated weed con-
trol.

Increases the farmer’s
reach and coverage
in large expanses of
land.

Coordination of
individual robots is
non-trivial and re-
quires robust control
methods to achieve
effective interaction

them.

among them.

3.1. Individual Robotic System

Individual agricultural robots are designed with various types of sensors, actuators, and commu-
nication systems to increase the farmer’s productivity in performing a task. Firstly, they are equipped
with imaging, environmental, or soil sensors to analyze, visualize, or collect environmental data from
the surroundings, supporting tasks like planting, fertilization, or pest control [15]. Secondly, these
robots can have locomotion systems such as wheels, tracks, propellers, or legs to move from one
place to another. Thirdly, the communication systems implement wireless technologies such as Wi-Fi,
Bluetooth, LoRaWAN, NB-IoT, or GSM, facilitating their integration into smart agricultural systems or
allowing their operation remotely [16,17].

Another characteristic of these robots is that they vary in size and design, from small autonomous
devices to large and complex systems. Small robots are typically used for simple tasks like weeding
or crop monitoring, as they can quickly move between crop rows. In contrast, larger robots are
mostly used for planting, fertilization, and harvesting, as they cover extensive land areas and perform
demanding tasks [18,19]. Various examples are provided below to describe the basic functionality
of this type of robot, and an overview is presented in Tables 2 and 3, which outlines their basic
characteristics, advantages, and disadvantages.

*  CropScout (Figure 2a) is a robot designed for crop inspection and analysis, equipped with mul-
tispectral cameras and temperature and humidity sensors to monitor crop health and growth.
Moreover, this robot implements Wi-Fi technology to transmit data in real-time to a database,
where it is analyzed to provide insights about the crop condition. CropScout is capable of
autonomously navigating through fields, using wheels designed to adapt to various types of
agricultural terrain [20].

*  WeedBot (Figure 2b) is a robot that uses cameras and computer vision sensors to identify weeds
among the crops and mechanically remove them without using herbicides. Additionally, this robot
communicates via Wi-Fi to receive updates and send information to operators, and its compact
design allows it to maneuver easily between the crops [21].

*  GrapeBot (Figure 2c¢) is a robot designed for viticulture, equipped with specialized sensors to
measure the maturity and environmental conditions of grapes, and then harvest them. This robot
communicates with the operator via Wi-Fi, is capable of making autonomous decisions based
on the collected data, and its modular design allows it to adapt to different grape varieties and
cultivation techniques [22].


https://doi.org/10.20944/preprints202408.0761.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024

d0i:10.20944/preprints202408.0761.v1

50f 16
Table 2. Comparison of individual robotic systems with agricultural applications (part 1)
A Loco- . .
Name Application motion Functional advantages User interface Year
John deere au- i . . .
£ | tonomous tractor | Commercial AWD High traction on rough terrains. Cabin cpntrol 2022
Z | =3 - Reduces operator fatigue. panel, mobile app
5 - High-efficiency electric vehicl
g, gl y electric vehicle. .
g Ifilbom X Tractor Commercial 4WS - Reduces environmental impact and Mobile app, touch 2020
£ | T [24] control panel
o saves energy.
& | Agrobot
S grobo j 1 .
= | SWe010 [25] | Commercial WS St‘ab.lht‘y on uneven terr.ams. Remgte control, 2019
= - Minimizes soil compaction. mobile app
?glAnalyzer Research AWD - Adaptable tf) various §911 types. Mobﬂe app, web 2021
= [206] - Analyzes soil composition. interface
c John Deere Au- . High traction on difficult terrains. Cabin control
§ | tonomous Tractor | Commercial 4WD . . 2022
2 | =g Reduces operator fatigue. panel, mobile app
< =
=1 g — a B
£ | Kubota X Tractor High-efficiency electric vehicle. Mobile app, touch
L ) Commercial 4WS Reduces environmental impact and / 2020
& | T [24] control panel
o saves energy.
‘: S El 0
g é\grobot SW6010 Commercial WS TWD Sté‘ib‘lht.y on upeven terre}m. Rempte control, 2019
= [25] Minimizes soil compaction. mobile app
?211Analyzer Research WD Adapts to various 5011. types. Mobﬂe app, web 2021
= [26] Analyzes soil composition. interface
. Uses solar energy for mobility. .
e Esorobohx ARA Commercial 4WD Reduces the use of chemicals or fer- Mobile app, touch 2021
3 | Q127 o control panel
g tilizers.
54 Maneuverability in tight spaces. .
[
& | Dino 20[28] Commercial 4WS Controlled weeding in vegetable Cabin c.ontrol 2019
= panel, mobile app
g crops.
~ Ql Agras T20 Commercial UAV Aerial access f01j precise spraying. Remgte control, 2024
=l [29] Improves spraying efficiency. mobile app
Precision in soil treatment applica-
PlantHealth tion. Mobile app, web
= [30] Research 4WS Diagnosis and treatment of plant dis- | interface 2022
eases.
Table 3. Comparison of individual robotic systems with agricultural applications (part 2)
s Loco- . .
Name Application motion Functional advantages User interface Year
Rowbot =0 [31] Commercial AWD Quickly fertlhz.es Tow crops. Mobﬂe app, web 2022
0 Reduces excessive seed expenditure. | interface
o T 0 0 0
g AgriBots @ [32] | Research SWD Precision and reduction in seeding Cont.rol panel, 2022
2 waste. mobile app
FarmBot Genesis Commercial Robotic Customization for home gardening. | Web app, remote 2020
=& [33] OMIMEre arm Automation in small gardens. control
SeedMaster Precision seeding efficiency. Mobile app, web
= [34] Research 4WD Reduces variability in seeding. interface 2021
PlantingDrone Ae.znal seeding in inaccessible ter- Remote control,
=l [35] Research UAV rains. mobile app 2022
N Expands the reach of seeding.
Harvest CROO . . . Cabin control
%o Robotics 20 [36] Commercial 4WD Increases productivity in harvesting. panel, mobile app 2023
¢ | Abundant . . User interface
E Robotics 0 [37] Commercial 4WD Automated apple harvesting. with panel 2022
T Al-based smart harvesting.
ﬁf geéglgglester Research 4WD Reduces damage and improves fruit ;%%::la panel, 2022
) selection. pp
. Mobility in high-density crops. .
TﬁrraSentla Research 4WD Detailed monitoring and crop perfor- MOblle app, web 2019
=0 [39] : interface
mance improvement.
. Real-time soil analysis. .
§2118can Al Research UAV Soil fertility optimization and nutri- Mobﬂe app, web 2022
=0 [40] . interface
ent detection.
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(b) WeedBot
Figure 2. Example of individual robotic systems

(a) CropScout

(c) GrapeBot

3.2. Multi-Robot Systems

Individual robotic systems marked the beginning of a transformation in the agricultural sector,
highlighting their ability to perform tasks such as planting, irrigation, or harvesting, reducing the
dependency on manual labor. However, some of these systems transitioned towards multi-robot
systems. This transition is characterized by the coordinated collaboration between multiple robots,
working together as a synchronized fleet to amplify the individual capabilities of each robot.

For example, SwarmFarm Robotics are modular robots capable of performing planting, spraying,
and weeding in controlled conditions. These robots have a modular design that allows them to be
reconfigured to perform various tasks. Similarly, fleets of DJI Agricultural Drones (model DJI Agras
MG-1) perform tasks of spraying and aerial monitoring. These drones quickly fumigate large tracts of
land to improve crop yields by eliminating pests [29,41].

Other examples of multi-robot systems like AgEagle Aerial Systems and Harvest Automation HV-100
leverage the specialization of each robot to solve tasks collectively. AgEagle drones carry out aerial
mapping and spraying, while Harvest Automation HV-100 robots focus on greenhouse logistics. Each of
these robotic systems redefines agricultural practices, as summarized with some examples in Table 4
shown below.

Table 4. Comparison of commercial multi-robot systems with agricultural applications

Name Locomotion| Functional advantages Commu.nlcatlon Year
mechanism
SwarmFarm AWS Modularity and adaptability for var- | Centralized con- 2019
robots [41] ious agricultural tasks trol panel
DJI agricultural . . S
drones [29] UAV Quickly fumigates large crop areas Radio signals 2024
Parrot drones for Advanced imaging and sensor tech-
. . . Remote control
agricultural supervi- | UAV nology for crop monitoring and anal- . 2019
; . and mobile app
sion [42] ysis
Harvest automation | ;¢ Space optimization and efficiency in | Radio signals and 2016
HV-100 robots [43] nurseries and garden centers Wi-Fi
Agrobotix  harvest UAV Autonomous harvesting for various Radio signals 2017
robots [44] types of crops

Note: *WS(Wheel Steering), UAV(Unmanned Aerial Vehicle).

3.3. Modular Robots

Within the realm of multi-robot systems, modular robots (Figure 3) stand out as articulated
systems composed of blocks, standardized components, or modules. Unlike the previously discussed
robots, these modules allow the robot to reconfigure itself to construct different morphologies, thus
solving various types of tasks. These morphologies can be defined or arbitrary. On one hand, the
assembly of the modules is done in an orderly and specific manner. On the other hand, the modules
have various connection forms and can form different types of structures [45,46].

The modules of a modular robot can be reconfigured either manually or with user assistance or
automatically, where the robot autonomously manages its individual modules. Module management is
carried out through controllers that can be centralized, where a single controller available in a module
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or external device coordinates the robot’s movements; decentralized, two or more modules control the
robot; or hybrid, combining centralized coordination with decentralized autonomy. However, since
the modules of a modular robot are interchangeable, decentralized control systems reduce the unit
cost of each module through mass production [47,48].

Control defines the intelligence of each module based on its ability to interact with the environ-
ment; therefore, some authors incorporate local sensors and actuators in each module to respond
effectively to external stimuli such as heat, light, electricity, moisture, among others. This indicates
that the design of the modules must consider at least three (3) stages: definition of the architecture
to determine functional modules and feasible assemblies between modules; orientation of system
configuration tasks to optimize module assembly; and the form of control to coordinate and control the
movements of the formed robotic structure. Among these, the architecture allows for the classification
of modular robots into three (3) categories: chain, lattice, or hybrids. On one hand, chain-type modular
robots are assemblies of modules connected in sequence whose configurations form kinematic chains
in two (2D) or three (3D) dimensions. On the other hand, lattice-type modular robots form geometric
structures similar to a prism, and hybrids integrate elements of both chain and lattice robots, allow-
ing their modules to group forming linear chains or adopt regular geometric arrangements in their
structure [47,49].

Manual

Automatic

Modular Robots Reconfiguratior

= q Deterministic
Stochastic <

Lattice

Morphologies

Hybrid

Figure 3. Basic characteristics of modular robots.

The mechanisms used by modules to couple are crucial as they enable system reconfiguration
and transmit mechanical force, energy, heat, or data. However, the shape of the module faces dictates
the movement and load capacity of the assembled robot. These faces can have connectors or forms
of connectors, such as male, female, hermaphroditic, or gender-neutral. Male and female connectors
have shapes that fit together mechanically or electromechanically. Hermaphroditic connectors have
both male and female elements on each face, allowing them to adopt a module in any position, while
gender-neutral connectors are usually electromagnetic and do not require mechanical coupling [46,50].
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A specific example of a chain-type modular robot is the EMeRGE modular robot, which has four
faces; three of them are female connectors, and one is male. Magnets on the faces allow its modules
to be quickly coupled Figure 4a. Then, there is the lattice-type modular robot Odin, characterized
by a hierarchical structure of modules based on specific functionality. Lower-level modules act as
joints, focusing on information transmission, while higher-tier modules provide structural support and
facilitate movement. Odin’s modular architecture allows adaptive reconfiguration, deforming to fit
different environments without altering its general configuration Figure 4a. Additionally, there is the
HyMod hybrid modular robot, which has modules with three degrees of freedom and hermaphroditic
connectors to form arbitrary structures and manipulate objects with tools activated by the user from
an application Figure 4c.

%

(a) EMeRGE [51] (b) Odin [52] (c) HyMod [53]
Figure 4. Examples of modular robots and their morphologies.

While most studies consider the load capacity of the mechanism in the design process, it is
not a representative factor for determining whether they can create reliable connections in module
assemblies. The limited load capacity and the nature of the movements imply that many of these
robots are in preliminary development stages and do not have a defined commercial application.
Each connection mechanism has its advantages and disadvantages, as connectors allow for quick
coupling and uncoupling of modules to perform self-repair tasks, enabling the robot to replace faulty
modules with functional ones while performing a task. In other words, self-repair is a specific case of
self-reconfiguration [54,55].

For example, in the application by Wu et al. [56], faulty modules can be ejected from the initial
configuration and replaced with spare modules. They developed a gradient-based self-repair method,
in which some modules identify and replace the faulty modules without needing to eject them.
This approach allowed for faster and more energy-efficient repairs, as it minimizes the number of
movements required for reconfiguration and repair. However, Wu’s method was validated only in
simulations and requires further research for real hardware implementation.

Another aspect of modular robotics is the study of the enumeration of modules in the robot’s
configuration, but this does not provide information about performance in specific tasks [57]. However,
artificial evolution is proposed as an approach to discover suitable combinations of morphologies
and controllers. Luo et al. and Shin et al. explored the idea of evolving morphologies and controllers
simultaneously to create virtual creatures, although their physical construction was challenging.
Similar techniques are applied to modular robots, with the advantage that these robots can be easily
assembled from modules, allowing simpler adaptation to various applications and tasks [58,59].

This implies that the design of the controllers for the robots must be sophisticated, and the
techniques implemented for controlling them even more so. Therefore, this article will describe the
controllers used in this type of robot and their information transmission methods in the following
sections.

3.4. Control Systems

Control mechanisms in modular robots range from centralized controllers to bio-inspired ones.
Each control approach has unique characteristics and adaptability versions according to the robot
implementing it. Firstly, centralized control is characterized by a single central system or controller
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that makes decisions and coordinates all the actions of the robot’s modules. Despite its efficiency in
coordination and decision-making process simplification, the vulnerability of the central controller to
failures can paralyze the entire robot’s operation [1,10,60].

In contrast, distributed control assigns each robot module its own local controller, allowing it to
make decisions independently. Coordination between modules is achieved through communication,
creating a robust and fault-tolerant system. This structure has certain advantages in changing or
unpredictable environments, where the ability to adapt and recover from failures is embedded in the
robot [61].

For example, the M-TRAN (Modular Transformer) robot is a modular robotic system based
on a lattice structure that can modify its morphology. This robot incorporates distributed control,
which enabled the modeling of self-reconfiguration experiments with up to 24 modules, managed
by both centralized and decentralized control. The scalability and homogeneity of the system were
maintained in all experiments, demonstrating the effectiveness of distributed control in modular
robotic systems [62].

This distributed control approach indicates that each module can function independently while
retaining the capability to coordinate complex actions with other modules. This module-level auton-
omy enhances the system’s overall robustness and fault tolerance, as the failure of one module does
not incapacitate the entire robot. Furthermore, distributed control facilitates adaptability and real-time
reconfiguration, allowing adaptation to dynamic and unpredictable environments [63].

Other control forms, such as bio-inspired or autonomous, are based on principles and strategies
to enhance the operability of modular robots. Bio-inspired control leverages algorithms and principles
based on the behavior of living organisms, allowing robots to modify their behavior in response to
environmental changes, by emulating biological processes to increase their efficiency and effectiveness.
On the other hand, autonomous control provides these robots with the ability to operate independently,
without human intervention, using sensors and algorithms for decision-making, thus navigating and
executing tasks in various environments. Furthermore, remote control or teleoperation, along with
mixed control, offer alternatives that allow direct human intervention from a distance in hazardous
environments or the combination of multiple control systems to achieve a balance between efficacy,
adaptability, and robustness, tailored to the specific needs of each application [63,64].

For example, ATRON uses a distributed control that incorporates Artificial Neural Networks
(ANN) to decide when to emerge, stop, and calculate the fitness value in self-reconfiguration and
self-repair processes, using genetic algorithms to optimize the ANN weights. This approach shows
a combination of bio-inspired and autonomous control, as ATRON modules are capable of making
decisions locally and coordinating their movements without direct human intervention [65]. Another
example is the Molecubes robot, which uses a bio-inspired and autonomous approach, implementing
a genetic algorithm to evolve the control of the robot’s modular neural network in simulation, aiming
to generate specific behaviors or movements [66].

As observed, the choice of control system depends on the specific application and the environment
in which the robot will operate. For instance, a centralized control system might be preferable in
controlled settings where experimental testing is conducted, while distributed control offers advantages
in terms of robustness and fault tolerance for operations in unpredictable or hazardous environments.

3.5. Multicellular Robots

Control system models represent this type of robot as multicellular robots, which mimic the
organization and functioning of living organisms. Just as cells in an organism specialize and work
together to achieve complex goals, multicellular robots use control systems, such as distributed or
bio-inspired, to self-organize, adapt, and navigate through changing environments [50,51,66].

This biology-robotics connection reflects a paradigm where engineering meets biology. For
instance, the biological systems studied by Satoshi et al. represent an innovative advancement in
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synthetic biology, where through the use of cellular signaling with the synNotch platform, researchers
managed to program cells to induce specific morphological changes and spatial organization [67,68].

This work highlights the ability of biological systems to self-organize into complex multicellular
structures through cellular interactions. Cells can communicate with each other and change their
behavior in response to specific signals, similar to robots using control systems to adapt to their
environment. These artificial genetic programs lead to the formation of cellular assemblies with
characteristics of natural developmental systems, such as robust self-organization, choreographed
sequential assembly, divergence of cell types, symmetry breaking, and the ability to regenerate after
injury [69].

Similarly, Ghasem et al. and Banzhaf et al. describe how Quorum Sensing (QS) facilitates
communication and coordination among bacteria using signaling molecules called autoinducers
(Als). This process allows bacteria to detect population density and collectively regulate their gene
expression, which is crucial for a variety of bacterial behaviors, such as biofilm formation and virulence.
QS systems can be genetically reconfigured to develop new functions in biotechnology and medicine,
such as biosensors and bacteria-based therapies [70,71].

In parallel, the concepts of Quorum Sensing (QS) and unicellular organisms are studied in robotics,
where control and communication systems among modules determine the collective behavior of a
system. Similar to QS, multicellular robots use signals to coordinate among themselves, adjusting their
behavior based on the perception of the environment and the density of the robotic population. This
process allows for self-organization and adaptability in complex tasks, reflecting how living organisms,
like bacteria, communicate and coordinate for collective functions [69,70].

More specifically, multicellular robots are modular robotic systems composed of multiple au-
tonomous units that interact with each other to achieve common goals. These units, often referred to
as modules or robotic cells, can have the ability to self-organize, adapt, and work together similarly to
how biological cells form tissues, organs, and entire organisms. Some key concepts to study in this
type of robot are [47]:

*  Modularity: Multicellular systems are characterized by their modular structure, where each
module can perform specific functions.

®  Self-organization: The ability of multicellular robots to form complex structures or behavior
patterns without centralized direction, similar to biological processes like embryonic development

or tissue formation.

¢ Adaptability: These robots can adapt to changes in the environment or in the task being performed,
autonomously adjusting their configuration or behavior.

e Communication: Interaction among robotic cells often involves some form of communication,
whether through direct physical connections or via wireless signals, allowing coordination and
cooperation between modules.

Specific examples of this type of robot include RoboBees, swarm robots, and robots inspired by
marine organisms to mimic the collective intelligence observed in nature. RoboBees are small flying
robots that work in swarms to perform tasks like crop pollination or search and rescue in hard-to-
reach areas. Swarm robots, composed of numerous small units, coordinate with each other to create
structures or patterns, enabling them to explore environments or transport objects [72]. Additionally,
there are robots designed after marine organisms that simulate the collective behavior of schools of fish
or jellyfish colonies, with the goal of monitoring the marine environment or responding to oil spills.
Finally, Table 5 presents a compilation of different types of modular robots and their applications.
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S-BOT ! Yes Decentralized | High | " | exploration,
30 actuators, Blue- & Anupama, and rescue
and step- tooth 2016
per motors
Inspection
. . and main-
Snake 6 Electric Yes | Wi-Fi Centralized High Liu & Tong, tenance,
type motor 2021 .
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HyMod | 27 Electric Yes | Wi-Fi Distributed High Parrott, Dodd, agriculture,
motors & Grofs, 2018 .
and livestock
management
Gao Huo Exploration
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Note: This table summarizes the characteristics and applications of various self-reconfigurable modular robots.
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Conclusions

Quorum sensing (QS) communication in bacteria, which allows for complex coordination and
adaptation within microbial communities, provides an analogy for modular robotics. Just as bacteria
use QS to synchronize collective actions, modular robots could employ similar signals to coordinate
their movements and tasks, adapting to changes in the environment or to the density of the robot
population. This approach would allow modular robotic systems to exhibit collective behavior,
enhancing efficiency and adaptability in performing various tasks.

In agriculture, modular robots can utilize QS principles to optimize irrigation, fertilization, and
harvesting. These robots could communicate among themselves to efficiently distribute tasks, identify
areas requiring attention, and adapt their actions in real time to changing conditions, such as weather
or plant growth. The ability to self-organize and respond as a collective could revolutionize precision
agriculture, making crop management sustainable and productive.

Furthermore, implementing QS strategies in modular robotics could facilitate monitoring and
responding to environmental issues, such as early detection of plant diseases or soil imbalances.
Robots equipped with sensors and QS algorithms could patrol fields, communicate findings, and au-
tonomously take corrective actions, thus minimizing the need for human intervention and optimizing
resource use.

Inspiration from QS could also lead to the creation of modular robots capable of constructing or
repairing agricultural structures, such as irrigation systems or crop protection barriers. By working
together, these robots could adjust their construction or repair strategy based on detected needs, similar
to how bacterial communities build protective biofilms.
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