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ABSTRACT The concept of smart manufacturing has attracted huge attention in the last years as an
answer to the increasing complexity, heterogeneity, and dynamism of manufacturing ecosystems. This
vision embraces the notion of autonomous and self-organized elements, capable of self-management and
self-decision-making under a context-aware and intelligent infrastructure. While dealing with dynamic and
uncertain environments, these solutions are also contributing to generating social impact and introducing
sustainability into the industrial equation thanks to the development of task-specific resources that can
be easily adapted, re-used, and shared. A lot of research under the context of self-organization in smart
manufacturing has been produced in the last decade considering different methodologies and developed
under different contexts. Most of these works are still in the conceptual or experimental stage and have been
developed under different application scenarios. Thus, it is necessary to evaluate their design principles
and potentiate their results. The objective of this paper is threefold. First, to introduce the main ideas
behind self-organization in smart manufacturing. Then, through a systematic literature review, describe
the current status in terms of technological and implementation details, mechanisms used, and some of
the potential future research directions. Finally, the presentation of an outlook that summarizes the main
results of this work and their interrelation to facilitate the development of self-organized manufacturing
solutions. By providing a holistic overview of the field, we expect that this work can be used by academics
and practitioners as a guide to generate awareness of possible requirements, industrial challenges, and
opportunities that future self-organizing solutions can have towards a smart manufacturing transition.

INDEX TERMS Cyber-physical production systems, smart manufacturing, self-organization, complexity
theory, artificial intelligence, biologicalisation.

I. INTRODUCTION
In the past decades, the high market dynamicity in addition
to globalization, fast change in customer preferences, high
rate of personalization of products (short life cycle), and
increasing need for customer satisfaction have brought the
need for companies to change their business strategies to stay
competitive. This situation requires the development of novel
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manufacturing control approaches where resources need to
be ready to change, production delays are not allowed and
opportunities to increase performance should be part of a
constant process adaptation.

Industry 4.0 or Smart manufacturing (from this point
they will be used interchangeably) was coined back in
2010 as a new revolutionary industrial paradigm driven
by the German government [1]. This vision supported
by emerging computational concepts i.e., digitalization or
Cyber-Physical Production Systems (CPPS) [2] aims to
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provide the agility and flexibility required to fulfill these new
industrial requirements. Although preliminary supporting
ideas were already introduced in the early 2000s with the
concepts of Evolvable Production Systems (EPS) [3], [4],
Holonic Manufacturing Systems (HMS) [5], [6] and Bionic
Manufacturing Systems (BMS) [7].

Today, this digital innovation and smartification in the
manufacturing sector is associatedwith sustainability policies
(to minimize effects on environmental impact) and it is
pushing circular and shared economy as there is a link
towards the reusability of resources [8], [9]. A direct target
is manufacturing industries as they are responsible for a sig-
nificant contribution to greenhouse emissions [10]. In 2021,
in the U.S., the manufacturing industry only was responsible
for around 23% of CO2 emissions according to the Envi-
ronmental Protection Agency [11]. Also, in Europe industry
emits annually around 880 million tones of CO2 [11]. High
relevance has the concept of sustainability and its application
in manufacturing that a recent report by Deloitte states
that significant change is afoot [in manufacturing] and it
necessitates bigger thinking. Those unprepared may find
themselves being left behind [12].

Hand in hand with sustainability, higher levels of automa-
tion are supporting smart manufacturing, too. The World
Economic Forum states 3 main reasons why automation
matters in an industry 4.0 context [13]. First of all,
to lift industrial productivity: requiring less manual labor
in operations, and reducing commissioning and installation
expenses. Second, by providing the workforce with tools
that allow operators to work remotely and from a safe
distance, and third, by reducing the impact of industry on the
environment, highly related to the concept of sustainability
previously introduced.

Besides automation and autonomous systems, from a busi-
ness perspective, several factors should be taken into account
to reach the desired level of sustainability. Some examples
to consider are: the creation of value from waste (circular
economy, sharing assets) and delivering functionalities rather
than ownership (using product service systems: rental, lease,
and share equipment and technology) [9].

Autonomous manufacturing systems with the capacity
of self-management (characterized by self-x behaviors i.e.,
self-organization) are in line with the aforementioned man-
ufacturing requirements (i.e., sustainability, digitalization,
and smartification). Independent task-specific modules can
be re-used and shared thanks to a collaborative and smart
infrastructure. Thus, reducing the manual engineering effort
of configuration and reconfiguration and bringing also a high
adaptation capacity to the system.

The interest in the design of self-organizing manufacturing
approaches has been growing in the last years. Probably
initial ideas in the field date back to the conception of the
HMS in the early 90s [6]. From that point, a wide variety
of research has been produced. Some of them have provided
conceptual ideas about the concept of self-organization in
manufacturing: challenges and opportunities [14], the role

of collective intelligence [15], status and the relation with
industry 4.0 [16], agents (main enablers of self-organizing
approaches) [17] and contribution of holonic systems in
industry 4.0 [18].

Generally speaking and under the umbrella of self-
organized manufacturing, there is a lack of a comprehensive
review that explains the main background and concepts
behind the field, the different mechanisms that are being
used, the status of implementation they have, the different
technological enablers that potentiate its implementations,
and some of the challenges and potential research directions.

Thus, the main objective and contribution of this work go
towards that direction. By means of a systematic review and
three research questions, we comprehensively analyze the
main mechanisms used, the current status of implementation,
and some of the future research directions. Future researchers
and practitioners can use the result of this work as a
generic guide to design and implement new self-organized
manufacturing solutions.

The rest of this paper is organized as follows. Section II
presents relevant concepts and definitions in the context
of smart manufacturing (i.e., manufacturing automation,
flexibility, intelligent product-driven manufacturing, Cyber-
Physical Production Systems). Section III presents relevant
concepts and definitions in the context of self-organization
and complex systems (i.e., complex systems, complex adap-
tive systems, self-organization, emergence, biologicalisation,
swarm intelligence). Section IV presents the objective and
method of the research. Section V presents a summary of
the mechanisms utilized. Section VI introduces an overview
of the current status (i.e., readiness level, automation level,
the context of the application, and technological enablers).
Section VII presents challenges and implications for future
research. Section VIII presents an outlook of the work.
Section IX presents some limitations of the methodology
of the literature review and finally, Section X presents the
conclusions of this work.

II. SMART MANUFACTURING - BACKGROUND,
CONCEPTS AND DEFINITIONS
This section introduces relevant concepts regarding auto-
mated and flexible manufacturing systems as well as a
general overview and characterization of the fourth industrial
revolution and CPPS.

A. MANUFACTURING AUTOMATION
Automation is required in a factory while manufacturing a
product and in operations like assembling, inspection, and
material handling. Automated processes are performed with
a reduced level of human intervention [19]. Some examples
include: automatic material handling, processing/assembling
with industrial robots or automated storage systems [19].
Several benefits are driven by industrial automated solutions
i.e., increasing productivity of factories, increasing human
safety, and reducing environmental impact [13], [20].
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B. FLEXIBILITY IN MANUFACTURING SYSTEMS
Increasing market dynamism and unforeseen events indicate
that it is not always feasible to define in advanced behaviours
that explicitly state how a manufacturing shop-floor should
react in terms of configuration or organization.

Due to this level of uncertainty, it is important to
have shop-floors with high levels of flexibility. Flexibility,
as defined by [21], is ‘‘the capacity of a system to change
and assume different positions or states in response to
changing requirements with little penalty in time, effort, cost
or performance’’. Several types of flexibility can be derived
by this definition in a manufacturing context e.g., machine
flexibility, material handling flexibility, operation flexibility,
process flexibility, product flexibility, routing flexibility, and
expansion flexibility [21].

C. INTELLIGENT PRODUCT DRIVEN MANUFACTURING
An intelligent product as defined by D. McFarlane et al. [22],
[23], [24] is ‘‘a physical and information-based representa-
tion of an item for retail’’ which fulfills characteristics like:

• Posses a unique identification.
• Can communicate with the environment.
• Can store data about itself.
• Has a language to display its production requirements.
• Can participate in the decision-making of the process.

In a product-driven manufacturing context, the potential
for responsiveness and adaptation to disturbances can be
handled by the product and the set of specifications it
has [23]. This intelligence makes the system more proactive
by handling the information from the product, identifying
production problems, and notifying if relevant decisions
are required [23]. Automatic identification technology can
be used to track and manage products on the shop-floor.
Intelligent products are also able to negotiate required
operations with available resources in run time (see Fig. 1).

The current transition from mass customization to a
mass personalization era where the satisfaction of individual
requirements for personalizing goods and services need
to be fulfilled [25] and the opportunities of batch size
one operations are enabling the introduction of intelligent
production models. Those present conceptual principles to
generate adaptation and self-organization for new automation
solutions.

D. EMERGING CONCEPTS ON SHOP-FLOOR AUTOMATION
Traditional manufacturing systems have rigid layouts and
fixed conveyor systems. This can restrict the movement and
capacity of adaptability of shop-floor elements; thus, new
solutions should be more flexible and designed with dynamic
control solutions. Novel ideas show a direction towards a
higher level of mobility and transportation [26].

While categorizing various automation levels, it is sug-
gested that industries are still far from reaching a high
application maturity in terms of the mobility of resources
and consumables. High complexity in the management

FIGURE 1. Intelligent product-driven manufacturing concept, from [24].

and heterogeneity of operational resources seems to be
fundamental reason. Below is a detailed list of the automation
levels considered by [26] and also detailed in Fig. 2.

• Level 0: Manufacturing operations are manual e.g.,
holes are drilled by hand.

• Level 1: Automated operations of workpieces e.g., with
CNC machines.

• Level 2: There is a structure and automated handling of
parts in fixed lines.

• Level 3: There is a complex handling and transportation
of materials in flexible lines.

• Level 4: Mobile robots can perform operations of
picking and preparation of parts, tools, and equipment.

• Level 5: Mobile robots autonomously perform complex
production. Some repair tasks are also automated.

Mobile automation is an important enabler for the tran-
sition from current application design into levels 4 and 5,
with such a degree of flexibility and engineering required,
manufacturing solutions that can self-organize become
imperative. Those can push higher levels of automation on
the manufacturing shop-floor.

Some companies have already a vision of such future
scenarios. The concept of Factories of the Future by Rexroth-
Bosch [27] suggests that to achieve high product customiza-
tion the only thing that should be static in the shop-floor are
the walls, the floor, and the ceiling. All the other elements
should be capable of moving. Following the same trend,
the company KUKA has been already manufacturing robots
with navigation capabilities [28]. Those can execute material
handling activities autonomously. The separation of the
intra-logistics and production, namely the Matrix Production
is another vision proposed by KUKA, where categorized
and standardized cells with product-neutral equipment are
implemented in a grid shape layout [29].

The core idea of the Matrix Production is the separation of
the shop-floor intra-logistics and production, avoiding fixed
material flows and rigid links between stations. In this con-
cept, the shop-floor consists of a grid (or matrix) of stations.
Those are not product specific, i.e., they are not equippedwith
product-specific tools. A tool store provides the necessary
equipment to customize the cells. Also, a warehouse provides
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FIGURE 2. Level of automation, adapted from [26].

all necessary production parts and an Automated guided vehi-
cle (AGV) store provides transportationmeans (i.e., AGVs) to
transfer both tools andmaterial into each of the stations. Thus,
the system can convert itself, scale, and, control capacity
utilization and bottlenecks. A sketch of the matrix production
can be seen in Fig 3. As this concept is relatively new, it is sug-
gested that its control logic is an open research question [30].

E. FOURTH INDUSTRIAL REVOLUTION
Manufacturing systems have undergone a huge transforma-
tion and evolution in the last decades to deal with the constant
change of customer and market requirements and naturally

going hand-in-hand with the technological evolution
[4], [31]. In 2020, the Covid 19 pandemic affected a wide
number of industries worldwide, obligating many of them
to change their core manufacturing business. Many failed
because of the lack of infrastructural or engineering capacity
to adapt or change. This clearly shows the rigidity of mass
production approaches which cannot cope with this level of
production/market volatility.

Novel manufacturing solutions and ideas along with the
introduction of information and communication technologies
(ICT), Artificial intelligence (AI), collaborative robotics,
high sensor availability, computational power, and faster
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FIGURE 3. Matrix production concept by KUKA as a new concept of automation solution.

and more reliable networking infrastructures are currently
pushing a new vision of the industry.

In general, Industry 1.0 was related to steam-powered
systems, Industry 2.0 to the use of electric and electronic
devices, and Industry 3.0 to the adoption of information and
automation technologies.

Industry 4.0 aims to digitize physical assets on the
shop-floor [32], providing an integral level of awareness,
intelligence, and connectivity [33].

A vastly interconnected, integrated, and agile indus-
trial environment will provide a competitive advantage to
industrial stakeholders, sharing data, generating relevant
knowledge, and efficiently and optimally controlling the
manufacturing process. Those levels of integration can be
summarized in [33], [34], and [35]:

• Horizontal integration: The integration of the man-
ufacturing actors in the value chain, from the release
of a new order, relation with suppliers, manufacturing
operations, logistics, and final distribution elements.

• End-to-end integration: The digitization and integra-
tion of information of the product and set of operations
during its life cycle.

• Vertical integration: At the shop-floor level, the inte-
gration of all the elements e.g., manufacturing resources,
software, and people.

This overall integration allows the system to be more
flexible and respond more agilely to disturbances.

F. CYBER-PHYSICAL PRODUCTION SYSTEMS
The concept of CPPS emerges from the integration of
digital units (cyber) with their physical counterpart. These
elements are autonomous and cooperative and are present
across all the levels of the manufacturing life cycle. CPPS
are characterized by having intelligence, connectivity, and
responsiveness [2]. Intelligence to acquire information from
the environment and to respond independently, connectivity
to exchange information and to be easily integrated with
other elements, and responsiveness to respond to external and
internal changes.

With the advent of the internet of things (IoT) and the
Industrial Internet of things era (IIoT) and with the high data

availability, continuous and more efficient monitoring and
control is possible [36].

This evolution comes hand in hand with the implementa-
tion and development of pilot use cases.

Those rely on the application of emerging ICT technolo-
gies i.e., Multi-Agent Systems (MAS), Web services, Cloud
computing, Big Data, Digital Twins, human-machine interac-
tion, wireless communication, etc. As CPPS are still far from
being in a mature implementation stage, such technological
applications can showcase industrial stakeholders about the
real business advantage.

The Industrial Internet of Things (IIoT) is clearly support-
ing the design and implementation of CPPS. Those rely on
technologies such as Radio-frequency identification (RFID),
Wireless Sensor Networks (WSN), (network of sensors
to sensor and monitor), Internet (IPV6), 3G/4G, ZigBee,
WiMax, Social Networks, Near field communication, Web
services, Cloud computing, Barcodes, Smartphones, AutoID,
ITU, Bluetooth [37].

While the introduction of IIoT technologies has motivated
the design of CPPS, the intelligence of smart factories has
been the result of the development of smart devices and smart
sensors. Those, besides having infrastructure communication
capacity, have computing and perception power [38] and
are equipped with signal conditioning features, intelligent
algorithms, and interfaces that provide self-awareness, self-
diagnostic, and self-identification [38].

G. CPPS RESEARCH CHALLENGES
CPPS have brought a lot of attention from the research
community, yet many recent publications discussed gaps
and challenges for the development of future CPPS
[2], [18], [32], [39], [40], [41], [42], [43], [44]. Most of the
later reviews agree on the confluence of the following general
clusters:

• Self-organizing, complex, and autonomous behaviour:
adaptability, robustness, and new ways of collaboration
will make CPPS capable of dealing with dynamic
changes in more complex environments.

• Learning-based systems: A proper data processing
and acquisition, the consideration of human-in-the-loop
decisionmaking, and implementation of proper artificial
intelligence techniques.
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• Control and standardization: Low-level control
(shop-floor) and the inclusion of standards as well as
the inclusion of enabling technologies will foster the
implementation of use cases and the industrial adoption
of CPPS.

• Human machine interaction: Methodologies for the
cooperation and collaboration between humans and
machines, collaborative decision making, collaborative
learning. Keywords such as operator 4.0 or industry
5.0 are usually associated with this concept.

Fig. 4 shows a sketch that presents a summary of this
section alongside the industrial evolution. This paper is
mainly concerned with the first set of research challenges.
Self-organization and related concepts are explained in the
next section.

III. SELF-ORGANIZATION AND COMPLEX SYSTEMS -
BACKGROUND, CONCEPTS AND DEFINITIONS
Below, several concepts are introduced referring to
self-organization and complex systems. Those are thereafter
put in the context of smart manufacturing.

A. COMPLEX SYSTEMS
Complexity science deals with the study of complex systems.
Complex systems consist of several heterogeneous and
interdependent elements which are in constant interaction
[45], [46]. In these systems, the change in the behavior of one
of their elements leads to a change in the behavior of others by
indirect interactions. They are said to have ‘‘freedom to act in
ways that are not always totally predictable’’ [47]; therefore,
it is not feasible to reduce their global behavior as the result
of the sum of their elementary internal interactions.

Examples of complex systems are chemical reactions, cells
(including the interactions with different microorganisms),
human societies or stock markets [45].

B. COMPLEX ADAPTIVE SYSTEMS
Complex adaptive systems (CAS) are complex systems char-
acterized by adaptation and learning [46]. These properties
allow a continuous improvement in the interactions and
behaviors of a system and in its internal units.

CAS refer also to the Darwinian evolutionary theory [48]
where natural organisms physiologically evolve to survive
over generations, improving their suitability and survival
in the environment. This biological capacity denotes a
continuous adaptation.

The study of complexity science and complex systems cov-
ers a wide range of interdisciplinary fields e.g., evolutionary
theory, collective behaviour, self-organization, etc. Those are
the basis to analyze, model and understand the behavior of
complex systems.

C. SELF-ORGANIZATION
Self-organization has been extensively researched in software
engineering [49] and swarm robotics [50]. It is referred to as

‘‘a process where a system changes its internal organization
to adapt to changes in its goals and the environments
without explicit external control. Self-organization often
results in emergent behavior that can be either desirable
or undesirable. Thus, we define self-organization as the
mechanism or the process enabling a system to change its
organization without explicit external command during its
execution time’’ [51]. Fig. 5 depicts a self-organizing and
emergent process as a result of local interactions.

Various properties (mandatory and optional) that com-
plement the understanding of self-organizing systems are
[49], [51], and [53]:

1) Decentralized control: The control of the process is
distributed along all the elements i.e., every single unit
contributes to the organization of the system.

2) Dynamic adaptation: Systems that self-organize are
capable of changing their organization dynamically
fulfilling a specific objective and the conditions and
restrictions of their environment.

3) Lack of external control: Systems that self-organize
do not have an external entity that has global awareness
and control. All changes that occur in the system are the
result of internal interactions.

4) Robustness: Robust systems are the ones that can work
in normal conditions even if one of the constitutive
elements fails or if it is removed.

Important examples of self-organization can be found
in nature. Life exhibits self-organization. Animals like a
school of fish, a colony of ants, or a flock of birds
self-organize to survive. Several disciplines like robotics or
software engineering have taken biological inspiration to
solve complex problems.

D. EMERGENCE
This concept was originally studied by the ancient Greeks
and appears in several fields e.g., philosophy, physics,
thermodynamics, etc [51]. Close to its definition is the
saying that ‘‘the whole is greater than the sum of its
parts’’.

Emergent phenomena are characterized by the irreducibil-
ity of the properties of their parts at least from a high-level
perspective. The process entails a certain degree of novelty
in the sense that a product, process, or in general something
new is released that was not expected.

This does not mean to have inconsistent behaviour,
the final outcome should have coherence. An example
of this can be observed in a society of ants, where the
self-organizing process of pheromone depositing leads to the
whole organization of the ant colony (finding new sources
of food). For the concept of emergence, we highlight the
definition provided by [54]. ‘‘A system exhibits emergence
when there are coherent emergents at the macro-level that
dynamically arise from the interactions between the parts at
the micro-level. Such emergents are novel w.r.t. the individual
parts of the system’’.
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FIGURE 4. Challenges towards the fourth industrial revolution transition.

FIGURE 5. Self-organization and emergence representation, adapted
from [52].

E. CONFLUENCE OF SELF-ORGANIZATION, COMPLEXITY
AND SMART MANUFACTURING
The future of smart manufacturing systems is highly influ-
enced by digitalization, enabling technologies, an increasing
information acquisition capacity as well as the enormous
inter-connectivity required, within a factory and with the
entire value chain is producing new levels of complexity
not seen before [55]. Traditional reductionist methods are
not prepared for this new level of complexity because they
can only work for tasks they were pre-program to do;
hence, newmethodologies that promote high adaptability and
self-organization should be designed and implemented [55].
To this end, complexity science and self-organizing sys-
tems bring interesting sources of inspiration that even
though implemented to some extent, have not been highly

exploited [55]. Future cyber-physical entities should be
capable of self-organization without any external control,
to the extent that new global behavior can emerge. This
means that manufacturing components do not need to be
reprogrammed, but they can have the needed abilities to
respond to specific situations, which implies very high levels
of adaptability and robustness.

Smart manufacturing systems and more specifically
product-driven manufacturing can represent a source of
application for self-organizing design. Physical processes
(manufacturing tasks) are driven by a layer of collaboration
either digital or physical (by means of perception) or a
combination of both. In run-time conditions, the intelligent
product can find its path toward a resource without predefined
engineering conditions. This means that if new resources
are added or removed, if one of them fails, or if a different
product is launched, the system is able to autonomously or
at least partially autonomously reconfigure and adapt. This
explanation concept is illustrated in Fig. 6.

F. BIOLOGICALISATION IN MANUFACTURING
Considering new, smart and sustainable advanced manu-
facturing technologies, and the integration of biological
and bio-inspired principles, the term ‘‘Biologicalisation in
Manufacturing’’ was conceived. It is defined as [56] ‘‘the
use and integration of biological and bio-inspired principles,
materials, functions, structures and resources for intelligent
and sustainable manufacturing technologies and systems
with the aim of achieving their full potential’’.

At the shop-floor level, important focus areas of
biologicalisation in manufacturing include: manufacturing
system design and manufacturing process and assembly
operations [56]. Transversal to these fields is the idea of
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FIGURE 6. Self-organization in a product-driven manufacturing context.

looking back at natural principles and understanding how
those can be used to solve new complex design problems and
the alternatives they provide compared to more traditional
solutions.

Some bio-inspired solutions include [56] the use of heuris-
tic optimization approaches (e.g., to optimize parameters
during a manufacturing process) like genetic algorithms or
particle swarm optimization. Production self-assembly can
be instantiated by the self-assembly of molecules or cellular
formation. Novel assembly concepts also include the use
of decentralized swarm of robots. Similar to what ants
do in nature to allocate their work. Immune systems and
collective systems are also being utilized for fault detection
and recovery using distributed intelligence.

Several approaches of biologicalisation in manufacturing
are in the research phase [56]. Various biological solutions
and principles are paving the way towards a new technology
pull. Those are proving various solutions at the production
stage.

G. SWARM INTELLIGENCE
One of the key factors behind the success of social
insects/animals is their capacity for cooperation. Even if
it seems that all individuals have their own agenda, the
whole colony/community/group seems to be very organized.
What is more fascinating is that nobody is in charge in that
organization [57].

Many characteristics of the behavior of social insects
represent self-organization. The macroscopic pattern and
complex behaviour of the group appear as the result of
the simple behaviour of individuals [57]. Social insects
are therefore a promising source of inspiration to design
intelligent computational and robotics systems.

Several properties are of fundamental interest for
researchers [57], [58] e.g.:

1) Adaptability/Flexibility: Capacity of a swarm to adapt
to different environments.

2) Robustness:The ability of a swarm to recover its global
functionality even if one individual agent is lost or has
failures.

3) Scalability: The addition or removal of various swarm
members does not affect the global interest of the
group.

4) Simple behaviour: As social insects have limited
cognitive capabilities, the modelling of their behaviour
should be simple.

Within the previous context, swarm intelligence is
defined as ‘‘an attempt to design algorithms or distributed
problem-solving devices inspired by the collective behavior
of social insect colonies and other animal societies’’ [57].

Swarm intelligence has been applied in robotics. A swarm
robotics system usually describes a swarm of mobile robots
(a large number of individuals) whose collective behaviour is
based on or inspired by swarm intelligence algorithms [59].
Their control is distributed and decisions are mostly based on
local interactions. Individual robots have sensing, processing,
acting and communication capabilities [60]. They can share
information with each other. Interactions of swarm robotic
systems range from basic behaviours for sensing and acting
to more elaborated and complex decision-making.

IV. OBJECTIVE AND METHOD
As a starting point to understand the state of the art of
self-organized manufacturing applications at the shop-floor
level, a systematic literature reviewwas conducted. Thus, this
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section provides a review of related applications as well as
trans-disciplinary ideas that will complement the objective of
the paper.

Several works are analyzed under the umbrella of smart
manufacturing and under the concept of product-driven
manufacturing as described in Section II-C.

It is imperative to identify and characterize tendencies
in the application of concepts of self-organization in smart
manufacturing; as well as to understand the integration
with current emerging technologies, their technological and
industrial readiness, and potential future research directions.
In this section, we conduct a systematic review, performed
based on the following research questions (RQs).

• RQ1: What are the main mechanisms and design
principles of self-organization in product-driven smart
manufacturing applications?

• RQ2: What is the current status of self-organization in
product-driven smart manufacturing?

• RQ3:What are the main challenges and future research
directions?

These questions will guide hereafter the development of
this review.

A. METHODOLOGY
The literature review followed a systematic approach. The
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [61] was used. This methodology was
chosen as it provides predefined and well-established steps
to conduct a transparent and complete reporting of research
work.

B. OBJECTIVES
The objectives of this review are threefold and are aligned
with the research questions presented above.

• In terms of RQ1: What are the main design principles of
self-organization in product-driven smart manufacturing
applications? The main interest is to understand (1) the
mechanisms used and (2) to have an insight into
implementation details as well as its characteristics.

• In terms of RQ2: What is the current status of
self-organization in product-driven smart manufactur-
ing? the main interest is to understand (1) the type of
applications at the shop-floor level, (2) the shop-floor
automation level of the application, (3) the emerg-
ing technologies applied, and (4) the readiness of
implementations.

• Finally, the RQ3 is related to understanding what are
some of the challenges and potential future research
directions.

C. STUDY IDENTIFICATION, SCREENING, AND ELIGIBILITY
A set of keywords has been chosen considering relevant ter-
minology in the area. Core concepts reflected here are ‘‘self-
org’’, ‘‘product-driven’’ and ‘‘product-oriented’’. Those are
accompanied by industrial terminology i.e., ‘‘manufact*’’,
‘‘industr*’’, ‘‘shop-floor’’. Group 1 and Group 2 are linked

TABLE 1. String of key words adopted for the review.

with the operator AND, whereas internally they are linked by
the operator OR. Table 2 presents the research string utilized
for this review.

The research string was applied in the electronic databases
Web of Science (WOS) and Scopus as they are well-known
and large academic scientific repositories.

The identification of articles started with the identification
of records using the specified keywords. Also, a set of
10 articles were manually added as it was believed by the
authors that contributed to the main goal of the review.

The screening phase contemplates the identification of
relevant articles after an exclusion criteria considering papers
written just in the English language, journal publications, the
exclusion of non-related fields (e.g., Environmental Sciences,
Biology), and the consideration of articles published after
2010. As a result, 1650 articles were obtained. After
removing duplicates, 377 articles were removed, leaving
1273 articles for further consideration. Papers in the eligibil-
ity phase are the ones that after a fast checking of the Title and
Abstract presented some relevance considering the 3 RQs.
Also at this phase, an emphasis on the selection was given
to articles that were exploring solutions at the shop-floor
level or that were following a product-driven approach. Thus,
in the Eligibility phase, 173 articles were further considered.
The last criteria included a more detailed screening of the
content of the paper, going for instance for fast reading of
the text. The articles that were conceptual or just discussions
without concrete use case representation were removed
(52 articles included). From this point, different clusters and
ideas were collected aiming to answer RQs of this section.
Fig.7 summarizes all steps of the systematic review.

D. RESULTS
A total of 52 related papers have been analyzed. A Summary
of their contributions, Potential future research, Automation
level (AL) and Readiness level (TRL) is presented in Table 5
in the Appendix of this work.

Sections V, VI, and VII will provide insight to answer the
research questions presented in this section. Fig. 8 presents a
histogramwith the distribution of works and years considered
in this review.

V. MECHANISMS AND DESIGN PRINCIPLES
This section presents a collection of mechanisms used by
state-of-the-art works. Emphasis is given to methods already
defined by software engineering and artificial life community
e.g., Stigmergy, Immune-based systems, Holonic systems,
and Generic Architectures as described by [16], [53],
and [62].
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FIGURE 7. Methodology followed in the literature review.

FIGURE 8. Distribution of works over the years considered in the review.

Fig. 9 presents a summary of some of the mechanisms
used, general characteristics, and some lessons learned for its
utilization.

A. MULTI-AGENT SYSTEMS
Most of the work on manufacturing self-organization
includes the use of Multi-Agent Systems (MAS). Agents
represent autonomous units with characteristics of autonomy,
collaboration, reactivity, pro-activity, and learning [67].
Different actors, objects, and processes can be abstracted
and represented as agents, e.g., product agent, resource
agent, transport agent [68]. Those represent the digital

part of the cyber-physical system. Usually, agents have
local policies and negotiate (contract net protocol) and
collaborate with others to fulfill a specific global behaviour
e.g., manufacturing of a product [68]. Agents make use
of semantic knowledge to understand each other (have a
common language). Also, ontologies have been used with
MAS to create reasoning mechanisms with the necessary
knowledge, rules, policies general information to model
agents’ behaviour [66], [69].

Self-organization using agents has been implemented in
different contexts and is supported by various technological
enablers e.g., web services and cloud-based systems [70]
(see next section). They can form coalitions [4], [68]
and create aggregated and more complex functionalities.
An example of coalitions as an aggregated group of agentified
manufacturing components is the CoBASA architecture
(Coalition Based Approach for Shop floor Agility) [4].
In CoBASA, agents form contracts that regulate the process
of adaptability of the agentified modules on the shop-floor.

Agents instantiate intelligent products [71]. They negotiate
the transportation and specific manufacturing tasks with
available resources. This negotiation produces self-organized
manufacturing. In extreme conditions, excessive negotiation
of agents can cause bottlenecks or communication delays.
Excessive complexity management and specification of
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FIGURE 9. State of the art of self-organizing mechanisms - *Some figures presented have been adapted from various works in the
literature: Holonic Systems [16], Artificial Immune Systems [63], Firefly and Potential fields [64], Stigmergy [65], Chemical reaction
model [66].
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policies or rules can be a drawback for the agent-based
implementations for highly dynamic shop-floors [55].

B. CLOUD AND SERVICE-BASED SYSTEMS
Services and cloud computing mechanisms provide the
necessary infrastructure to generate production self-
organization. This infrastructure supports centralized or
supervisory control that coordinates or monitors industrial
networks [72], [73] or even a network of interconnected
agents. Cloud infrastructures can be also used to coordinate
external actors in the production process. Agents can
make use of web services. Services can encapsulate the
functionality or skill that a manufacturing agent can provide
[66], [74]. Services provide a greater level of interoperability.
The functionalities of machines or manufacturing resources
can be published on the network or cloud and be used
when required [16], [70]. The challenge lies in the dynamic
service orchestration and composition. Those are supported
by various self-organizing methods.

C. HOLONIC SYSTEMS
The term holon was first proposed by A. Koestler in
1968 in the book ‘‘The ghost in the machine’’ [75] while
studying the behaviour of biological and social systems.
Koestler describes a holon as something that is a whole
(autonomous entity) and part of a bigger whole (which is
cooperative). Koestler also defines a holarchy as a hierarchy
of interconnected holons which coordinate their parts, are
dependent on their coordinators, and interact with the
environment.

These ideas have been adopted by the manufacturing
community (i.e., HMS [6]) to describe all manufacturing
activities and their interrelation, considering holonic objects
as distributed and autonomous manufacturing elements.
Usually, they represent a physical asset and/or an abstract
information unit.

A lot of current research [76] is based on the ideas of the
PROSA (Reference architecture for holonic manufacturing
systems) [6] and ADACOR (A holonic architecture for
agile and adaptive manufacturing control) [5]. The acronym
PROSA stands for product-resource-order-staff architec-
tures [77]. In terms of production control, each holon can
represent different aspects e.g., the production planning, the
allocation of resources, or the management of the logistics.

New works under the umbrella of holonic manufacturing
systems have potentiated these interactions and infrastructure
concepts by proposing hybrid interactions [76] i.e., hierar-
chical or stationary state and heterarchical or transient state
depending on the perturbation generated. Bio-inspiration is
also considered e.g., stigmergy as a way of indirect communi-
cation between the holons [76]. Holons have been instantiated
using Agent technology [78] or web services [79].

D. ARTIFICIAL IMMUNE SYSTEMS
The immune system plays an interesting role in the regulation
and protection of the body in presence of infectious agents or

antigens which induce an immune response (protection in the
body) [80].

The metaphor of the immune system consists of the
adaptation of the mechanism to protect invaders that can
affect their normal health conditions. The self-organization
of the immune system is the result of high-distributed
entities, i.e., antibodies that without a centralized control
can cooperate, adapt and learn from previous infections
(memory) [81]. A basic idea in the context of software
engineering considers the request of an event as an antigen
(or stimulation) and a response or answer as antibodies.
Given the highly distributed design, the immune system
can be used to decompose complex decision-making [81].
This organizational design makes it ideal the utilization
of multi-agent systems as technological enablers to design
immune-based systems.

In [63], the authors propose an agent-based immune
monitoring model to create adaptability during the control
of a manufacturing system. An immune monitoring cell is
proposed. Its architectural design contemplates six agents that
mimic the immune response e.g., decision-making, diagnosis,
recognition, perception, memory, and state monitoring. Its
behaviour is dependent on the condition of the antigen
(environmental status). The immune monitoring cell can
exchange information with others and thus generate a
distributed immune control.

E. POTENTIAL FIELDS
The artificial potential field concept has been presented
by [82] for applications like path planning and obstacle
avoidance in robotics. The metaphor consists of generating
fields that can indirectly guide the movement of an entity,
repelling it from obstacles or attracting it to specific
targets [83]. From a social interaction and distributed control
perspective, each robot can sense a resultant potential field
generated from different components and act under the
influence of the generated force [84].

Artificial potential fields have been used in manufacturing
shop-floor operations, specifically during material handling
or intralogistics. The route of a product can be dynamically
built based on the interaction of various attraction fields.

In [85] a potential field approach is proposed based on
fixed and mobile resources. Products are mobile and are
attracted to resources that can provide one or more services.
Products can sense the resource workload and the services
they provide. The attraction is based on the quality of the
resource. This approach is said to have an easier design
and engineering process and an easy-to-manage reactive
behaviour [86]. Due to the inherent reactivity of potential
fields, this approach has been combined with a switching
mechanism to provide also global optimization (in terms of
scheduling) when required [87]. In [88], a potential field
approach is utilized along with energy consumption consid-
erations as a decision criterion to activate and deactivate the
fields of the resources. A switching mechanism based on
energy optimization allows this transition.
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F. FIREFLY ALGORITHM
The firefly algorithm developed by Xin-She Yang in
2007 [89] has been used as a metaheuristic optimization
solution. The algorithm is based on two key ideas: the light
intensity that each firefly emits and the level of attractiveness
between two fireflies. The flashing patterns are mainly used
to attract mating partners, and potential preys as a warning
mechanism [89]. The light intensity of the light source is
inversely proportional to the square of the distance. The
previous formulation is used as the objective function in
optimization problems.

As a result of a PhD research, a bio-inspired self-organized
method for a manufacturing shop-floor was developed
[64], [90]. It has been instantiated using the firefly algorithm.
The approach has some similarities to the concept of
attractiveness with the potential field model. In this concept
female firefights are attracted to male ones. The analogy
considers male objects as static entities which generate
a mechanism based on attraction based on the skill or
functionality each resource has. Female entities consider a
transport element and the part. The architecture is said to be
highly decoupled and with a high level of reactivity.

G. STIGMERGY
The concept of stigmergy was proposed by Grasse in
1959. The mechanism suggests indirect coordination as
a result of the change of environmental variables (i.e.,
pheromones). In ant colonies, when ants are looking for
food sources, foraging ants emit a pheromone trail on their
way home, so that other ants can follow the food path
(positive reinforcement). Coordination based on stigmergy
offers advantages such as the recruitment of other foragers
looking for sources of food, and the selection of the shortest
path between the food source and the nest of the colony [91].
If the reinforcement stops, after some time the pheromone
trails evaporate. As a result, less efficient paths or empty
sources of food are not reinforced until they disappear.

Stigmergy provides an efficient way to achieve coor-
dination and self-organization. There is no need to plan,
communicate (directly), impose sequences, or for agents to
be centrally controlled [92]. Simple rules lead to robust
collective behaviours [91].

Several applications for self-organizing control have been
proposed in the last years that apply stigmergy or ant-based
algorithms e.g., for dynamic routing and task allocation [93].

In [94], the analogy of food-foraging ants is considered.
Here, the concept of an ant agent is conceived as referring
to an agent that has the capacity of releasing pheromones
(i.e., production data). Pheromones are shared through a
cooperative environment in form of a message mediator that
influences agent decision-making. It is suggested that ant
agents can travel virtually to disseminate information (using a
service bus) and continuously update shop-floor information
e.g., the capabilities of agents or production data.

In [65] the analogy considers the launching of a product
as the representation of the nest, the task to be performed

as the food source, and the various possible sequences to
manufacture the product as the various alternative paths
for the ant to go from the nest to the food source.
Pheromones or ant agents can store information e.g., routing
or historical data, process time, etc. Pheromones can be
used as a communication mediator. Similarly in [95], the
concept of digital pheromone is used as a form of indirect
communication (a short message). Those are stored in
a pheromone container. Examples of pheromones include
feasibility pheromones that present a list of services that a
specific resource provides or reservation pheromone that is
used to reserve a specific path for the passage of an AGV.

In [76] the concept of pheromones is considered to
establish influence in the re-organization of an holonic
architecture. The representation of stigmergy is based on how
far it can be dissipated (having a range of influence in the
holonic system).

H. CHEMICAL REACTION MODEL
In 1986 the Gamma chemical reaction model was intro-
duced [96]. It was developed taking into account a chemical
reaction metaphor. It can be considered as a different
approach to sequential programming. In this case, a program
is modeled as (Reaction, Condition and an Action). There
is a continuous execution of the programs in the reaction
condition, replacing them with the product of the action.
This process continues until no more reactions can be
executed [97].

In the context of a self-organizing assembly process,
this methodology has been applied in [66], [74], and [97].
The self-assembly of molecules is used as a metaphor to
generate a composition or aggregation of manufacturing
modules. Without a central control and considering various
rules/policies two or more modules can be aggregated
to each other to generate coalitions and therefore more
complex tasks, functionalities, and skills. Such aggregation
is dynamically done and it is launched after the execution of
a new production order.

I. FUNCTIONAL MODELLING
Complementary to self-organizing approaches, we also
consider works that show adaptability on the shop-floor.
Even though they are not strictly under the umbrella of self-
organization, they are described here because they provide
adaptability and autonomy to production activities. Those
can be labeled as functional modeling. A functional model
shows how the general goal of a system is achieved by
the realization of sub-goals via the sub-functions in the
system [98]. This requires the decomposition of the activities
of a process as well as the required services for execution.
In other words generating the decision design principles
(e.g., rules or policies) between the system requirements
and the components specification [98]. This process is also
transversal to all self-organizing mechanisms as all of them
require an analysis of reasoning mechanisms and structural
decomposition.
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TABLE 2. Mechanisms used in the works analyzed.

Some examples include the definition of a func-
tion behaviour structure mechanism as described by
Sanderson et al [99]. A function represents the product to
be assembled and its requirements, the behaviour is the set
of tasks required to assemble it, and the structure defines the
components of the shop-floor and its interconnection.

In [100] production self-organization utilizes the ana-
lytical target cascading method (ATC). With this method,
system requirements can be translated into single-component
problems. Different nodes of the ATC model are used to
implement collaboration (hierarchy-based). In this work,
an autonomous matching between the product requirement
and services available is formed.

Knowledge representation and reasoning are imperative for
process self-organization. In some cases, they can provide
tools for autonomous decision making as in the case of [69]
where agents (products and machining) and knowledge
reasoning from ontologies are provided.

This process can be dependent on the adaptation of the
specific rule/policy considered in the context of the problem.
A summary of the distribution of works considering the type
of mechanism/design principle used is shown in Fig. 10.
We did not include functional modeling in the description
of Fig. 10 due to the high variety of possibilities for their
representation.

VI. CURRENT STATUS
The current section presents the results in terms of readiness
level, automation level, context, type of application and
various technological enablers utilized in the works analyzed.

A. READINESS LEVEL
Considering the level of implementation, the majority of
works (52%) are still in a conceptual or simulation stage, 38%
have a partial demonstration at a laboratory level, and around
10% have an industrial implementation. Probably a big
roadblock for practical implementations in the last decades
has been the lack of computational power and infrastructure
development. The same has slowed down the development
of the industrial implementation of CPPS, but that now is
tending to increase thanks to the different European andworld
manufacturing strategies.

FIGURE 10. Distribution and percentage of mechanisms used in the
works analyzed.

A lot of current work has been done in the development
of reference architectures. Future research should start
showcasing the industrial potential of these works attracting
in this way industrial stakeholders that can understand the real
potential benefits that self-organizing systems have. Fig. 11
shows the summary of the readiness level of the literature
analyzed.

B. AUTOMATION LEVEL
Considering the automation level as detailed in Section II-D,
none of the works consider levels 0 and 1, probably because
these levels have a very reduced level of flexibility which is
required for manufacturing self-organization.

The vast majority of works and their applications are
around levels 2 and 3. Most of the use cases consider
assembly lines with fixed conveyor systems. Even if they
have a degree of flexibility, they are usually restricted to the
pre-defined layout they have.

Less works consider mobility with applications using
AGVs or mobile robots, i.e., [111] and in some cases, they
are still in a very conceptual implementation stage [90].
In [107], it is presented an approach based on multi-agent
negotiation that showcases production self-organization in a
smart workshop, AGVs are in charge of the transportation of
material from the warehouse to production cells.

Fig. 12 shows the summary of the level of automation of
theworks considered. Someworks have been categorized into
more than one cluster of automation as it was generally hard
to categorize them in a specific one.

C. CONTEXT AND TYPE OF APPLICATION
Regarding the types of applications, the confluence of five
differentiating areas allows us to understand the general focus
of current research. This list is not strict and some works
may fall into various contexts. However, they can be used
as a baseline to understand where self-organizing approaches
have a strong focus. A summary of the classification of the
works and a frequency diagram can be seen in Table 3 and
Fig. 13 respectively. Some works have been clustered in more
than one group of applications.
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FIGURE 11. Distribution and percentage of readiness level of the works
analyzed.

FIGURE 12. Distribution and percentage of the automation level of the
works analyzed.

• Generic/Manufacturing control: Usually presented
as reference architectures. Those have a high-level
abstraction of the operations and resources that are part
of the shop-floor, and provide a series of constructs that
allow the monitoring, diagnosis, and control of a manu-
facturing process. Normally, they are not associated with
a specific activity. Self-organization consists of a series
of interactions and negotiations between each of those
constitutive entities. In [76] a holonic-based architecture
presents various constructs to generate reconfigurability
and self-organization.

• Planning/Scheduling/Task allocation: Usually associ-
ated with optimization activities considering tasks to
be executed (operations, jobs, manufacturing parts),
number and type of resources available, manufacturing
constraints and performance indicators (e.g., time,
quality).

• Routing/Intralogistics/Material handling: The focus
of these works is at the shop-floor level. Normally they
consider the product or parts of the product, tools, and
resources as elements that can move. Self-organization
considers the necessary interaction that allows the
transportation or movement (manually, with AGVs, with
cranes, and conveyors) of goods to specific places
(e.g., for executing an operation). A material handling
architecture based on MAS is presented in [105].

FIGURE 13. Distribution and percentage of the context of the application
of the works analyzed.

FIGURE 14. Distribution and percentage of the technological enablers of
the works analyzed.

TABLE 3. Context of the application of the works analyzed.

• Plug and Produce:At the shop floor level, the hardware
and software (i.e., mechatronic component) of a produc-
tion resource can be added without extra engineering
effort and without modification of hardware. This brings
a lot of scalability and robustness to the system. Self-
organization occurs when new resources are connected,
initiated, and automatically integrated into the system.
The industrial demonstrator of the IDEAs (European
project) [68] is an example of a plug-and-produce
system. The control software is in charge of coordinating
and configuring each of the modules.

VOLUME 11, 2023 10121



L. A. Estrada-Jimenez et al.: Self-Organization in Smart Manufacturing

• Skills/Modules composability:When there is a certain
level of granularity in the system, elementary elements
may have specific skills or functionalities. The dynamic
association or composition of such skills (self-assembly)
represents another way of self-organization. e.g., in the
work presented in [66], the self-organization occurs
when a gripper (which individual skills are drag and
drop), and a robotic axis (individual skill is moving in
a 3d plane) are dynamically arranged (self-organized) to
perform the task of pick and place.

D. TECHNOLOGICAL ENABLERS
In terms of technological enablers, most of the research (at
least 65% of the works in this review) discusses technologies
related to infrastructure development. This means basic
technologies to make the system functional and to establish
a minimum level of communication with its constituent
elements. Clear examples represent MAS, cloud computing,
and web services. This goes in line with the current trend
in digitalization along with IoT and IIOT development and
the benefits that connecting all the resources on the internet
may have. Interesting to mention is the utilization of the FIPA
agent communication language.

Another technology widely used is represented by the
internet of things devices (at least 56%). The inclusion of sen-
sors and actuators but especially microcomputers i.e., rasp-
berry pis has been extended in the last years aiming to give a
certain level of computation and intelligence to the shop-floor
elements e.g., RFID technology (to store information on the
status of the product). Sensors allow also the monitoring of
variables i.e., energy consumption. Such information can be
used for optimization or self-organization activities.

To a lesser extent (around 29% of the works), consider
machine learning and deep learning algorithms. This includes
also data analytics and big data. Data extraction, storage,
and processing in some hierarchical systems can be used
to improve process self-organization [103]. Reinforcement
learning has been also used as an optimization mechanism
in scheduling problems.

Production management technologies i.e., Enterprise
resource planning (ERP), Manufacturing Execution Systems
(MES), or Supervisory control and data acquisition (SCADA)
systems do not have a wide scope of consideration (around
13%). This makes sense as the main focus of the research was
on shop-floor operations. However, its consideration on hier-
archical self-organizing systems is imperative in industrial
applications as they provide the means of integration with the
business area of a company.

As the number of AI technologies has not been widely
extended, the same causes an even reduced number of works
that consider perception detailed methodologies (around
10% of the works). This means how robots, machines,
and in general manufacturing resources can identify their
environment and generate valuable cognitive information
that can be used to provide self-awareness in manufacturing
systems. Most of the works have a limited consideration of

TABLE 4. Type and area of interest of the technological enablers of the
works analyzed.

measurement of process variables i.e., temperature, vibration,
acoustic, and fewer works consider camera-based systems for
object tracking or Lidar sensors. In general, the perception
of mobile robots is not widely considered. Probably the
high focus on infrastructure development is the cause of
such reduced integral research. Less works have used Robot
Operating System (ROS) for control and simulation of
robotic operations. Interesting will be to have simulation in
self-organization applications as a way to understand possible
unexpected behaviours based on the emergence occurrence.

VII. CHALLENGES AND IMPLICATIONS FOR FUTURE
RESEARCH
Results from the review carried out reveal several lines of
research under the scope of manufacturing self-organization
at the shop-floor level. Those summarize the main aspects
presented in Table 5 in the appendix at the end of this work.
Fig. 15 presents an overview of the percentage of challenges
and potential future research presented.

A. COMPLEXITY AND DYNAMICITY OF SHOP-FLOORS
Widely mentioned is the increasing complexity and dinamic-
ity of both shop-floor structures and the high level of product
individualization. In the first case, the assumption of static
layouts with limited topological changes and reduced mobil-
ity certainly reduces the complexity of self-organization
process modeling but also can limit the capacity of adap-
tation of the shop-floor. Future use cases should have an
applicability that goes beyond Level 4 and reach Level 5 of
automation as presented in Section VI-B in Fig. 2 and why
not adopt future and more concrete visions of industry.
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An interesting example to consider is the Matrix production
concept proposed by KUKA and several commercial mobile
manipulation systems already in the market [132]. In the
second case, the assumption of use cases that consider not
just a single product or a single family of products should
be avoided. Companies should be prepared to drastically
change their production business if they want to survive.
During the Covid pandemic, various companies had to change
their core business models e.g., from automotive products to
health care (e.g., ventilators) [133]. This certainly takes out
some level of determinism that approaches under the scope
of manufacturing self-organization generally have. This
argument is highlighted by some research in the field where
the concept of mobility is an important focus, i.e., [111].

B. PERCEPTION/COGNITIVE/LEARNING IN
SELF-ORGANIZED APPLICATIONS
A second point of consideration is the use of AI, learning
techniques, and sensory perception systems for individual
manufacturing resources. This has been generally avoided as
concluded in the previous section. The reason is probably
that a lot of current research is mostly centered on the
infrastructure development of CPPS. However, from a
more individual/resource point of view, the integration of
such research can enhance the self-awareness of individual
elements and at the same time improve the self-organization
policies, which will take into account not just internal states
but also their interdependence with the environment and with
other elements. This clearly shows the need for integration
with Robotics, Mechatronics, and mobile robotic systems
and the integration of sensors (IIoT) in both logistics and
production as well as real-time and low-level computation
capabilities (edge computing, microcomputers). From a low-
level perspective, and in the context of mobile robotics
some works have used camera-based tracking systems e.g.,
for task allocation of resources [121]. Under the same
context, interesting could be the concept of an embodiment
for self-organized robotics [50]. This implies embodying
a physical system with sensors, actuators, and a neural
model that can represent its physical interaction with the
environment. Also, as we are heading towards an increased
level of mobility, interesting is the consideration of ideas
from the vehicular autonomous navigation point of view i.e.,
behavioral reflex-based navigation which does not necessar-
ily require a centralized planning phase for navigation pur-
poses [134]. Autonomous vehicles are guided basically by a
layer of perception and intelligent decision-making. Machine
learning and deep learning techniques can complement the
perception mechanisms [135] and therefore in a manufactur-
ing context self-organization may occur in transport entities.

C. DECENTRALIZATION, COMPLEXITY THEORY AND
SELF-ORGANIZATION-BASED CONCEPTS
Many authors mention the need of having decentralized
systems without a central point of coordination (due to

the fact that it can be considered also a central point of
failure) that can adapt and react faster. This goes hand in
hand also with the introduction of self-organization with its
inherent characteristics (e.g., emerging behaviour, complex-
ity, complex adaptive systems) as mentioned for example
by [49], [51], [53], and [136] (see the section III) of this
work. We believe the study and application of ideas of these
‘‘non-conventional’’ fields can generate a higher level of
autonomy as done at some point with established paradigms
i.e., EPS [3], [4], HMS [5], [6] and BMS [7]. Indeed, many
works do not introduce or explore these concepts when they
talk about self-organized manufacturing. This can result in
the design of traditional centralized approaches.

D. BIOLOGICALISATION, SWARM INTELLIGENCE AND
MORE CREATIVE SOLUTIONS
With the previous context in mind and considering also the
need of having more ‘‘creative solutions’’ for self-organized
manufacturing systems as suggested by [74], it is natural the
consideration of Biologicalisation [56], collective behaviour
and swarm intelligence [137], [138]. Collective biological
systems offer characteristics that are needed to fulfil the
concept of Industry 4.0 and a high level of individualization
i.e., scalability, robustness, adaptability, flexibility and simple
behaviours design [57], [58]. Not so many works in the
literature have been focused on this type of solution (i.e.,
see results in section V), which is why it is imperative to
potentiate the current ones i.e., make them less abstract, create
necessary information modelling for their implementation
and make tangible experiments or industrial demonstrators
(additional challenges and implication for future research).
The inclusion of technical enablers will push forward this
type of solutions and will create awareness for industrial
practitioners to understand their potential benefits. Important
principles have been already established for bio-inspired
manufacturing solutions [64], [90], [111]. Interesting will be
to potentiate them with current technological enablers and
showcase themwith modern industrial vision. New principles
can be derived from new sources of inspiration of natural-
inspired principles. An interesting guideline for this can be
found in [139] in the work: ‘‘Distributed systems – from
natural to engineered: three phases of inspiration by nature’’.
The main steps to design natural systems considered are the
understanding of the natural system, the lab experimentation
with such understanding and finally, the implementation with
the consideration of industrial constraints.

E. TECHNOLOGICAL ENABLERS AND REAL-TIME
COMPUTING POWER
While a lot of research work is showing the application
of technological enablers (see section VI-D), especially in
terms of infrastructure development and IoT implementation,
fewer works are considering complementary aspects that
could potentiate their development. Some examples are
machine learning techniques to generate cognitive learning
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agents that can learn new policies while self-organizing.
This could be used to create smart autonomous navigation
systems that can find their way to take tools, materials
and specific resources. Interesting will be also the inclusion
of reinforcement learning methods in a self-organized
simulation environment, where the policies can be learned
by different simulation iterations and just after that applied
to a real manufacturing plant. This could drastically reduce
the design effort for self-management and coordination in this
type of applications. Future potential research when focusing
on higher levels of mobility may include coordination not just
based on digital negotiation but on smart perception. Thus,
a combination of sensors, and smart and fast edge computing
devices need to be considered.

F. SELF-HEALING, SELF-MONITORING, AND INTEGRATION
WITH OTHER SELF-CAPABILITIES
It is important to mention the integration of self-organizing
manufacturing methodologies with other self-x capabil-
ities [140] to build integral solutions. This means the
incorporation of monitoring, diagnosing, and even healing
mechanisms into these approaches with the aim of finding
a wider scope of applicability. There are several examples
in biological systems where this type of ideas can take
inspiration from e.g., the artificial immune system [141] or
with the concept of reciprocal altruism applied in a society
of vampire bats i.e., bats who have eaten can recognize and
help hungry ones [142]. An example of the applicability
of this idea could be the sharing of energy or spare
parts between AGVs or robots when one of them requires
it.

Other interesting considerations could be the application
of optimization techniques for collaborative self-organization
by means of digital twins as explained in [143]. Here,
various key performance indicators and a production plant
can be used to generate different scenarios for shop floor
reconfiguration and self-organization.

G. HUMAN IN THE LOOP FOR SELF-ORGANIZED
MANUFACTURING
Although the purpose of having self-organized manufactur-
ing applications is the design of autonomous manufacturing
systems, we should highlight recent efforts under initiatives
like industry 5.0 that suggest the reintroduction of the human
operator into the center of the process [144]. Thus, several
remarks need to be reconsidered under this context i.e.,
What would be the role of the human during this type
of ‘‘autonomous operations’’? How to model this mutual
operator-resource relationship?What ethical issues should be
considered? and how can we create mutual collaboration?
i.e., How can we take advantage of the experiences of the
operator (decisions) to enhance the autonomous process?
Under the umbrella of self-organized manufacturing, this
has been generally elusive; however, new approaches should
integrate such ideas. Human holons under the context of HMS

FIGURE 15. Distribution and percentage of the potential future research
mentioned in the works analyzed. The cluster in dark green is described
in section VII-C. The cluster in light blue is described in section VII-E.

are an interesting example [18]. Those have to interact with
other holons, negotiate, and at the same time understand that
humans have to be aware of the context of the process. Also,
the industrial system should realize that the decisions of the
operator are not perfect and mechanisms should be developed
to recognize and provide the necessary feedback.

VIII. OUTLOOK
The results of this work are used in this section to provide
an outlook of important considerations when designing a
self-organized manufacturing solution. This is dived into four
generic stages from the conception of the solution to its
application.

A. CONCEPTION
Drivers of these solutions are aligned with the generation
of revenue, added value, or change in business mod-
els of a company/shop-floor. Self-organized manufacturing
can ensure sustainability by means of the re-usability of
resources/machines and in general assets that require a certain
level of reconfiguration which can be replaced by smart task-
specific resources. Smart infrastructures can ensure higher
levels of automation not just on the shop-floor, but also
in the monitoring, planning, and supervision layers. This
ensures agility of the process, reducing the time to market
and in many cases optimizing process variables (e.g., energy)
contributing also to reducing manufacturing environmental
impact. There is a wide scope of applications to consider
depending on the perspective of the process, resources,
and technologies available. From a high-level manufacturing
control perspective, planning and scheduling where process
variables can be optimized and optimally coordinated to a
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FIGURE 16. Outlook of important considerations for self-organized smart manufacturing solutions.

low-level one (shop-floor), where smart process modules can
form coalitions, or products can find their way intelligently
towards a specific resource.

B. METHODOLOGY CONSIDERATION
From an understating of the task, a methodology aligned with
its objectives should be generated. The chosen methodology
can take into account some of the ones revised in this
review and will definitely depend on the main business
objectives and technologies available, e.g., a more traditional
supervision and monitoring control approach can be based
on HMS supported by MAS. Solutions that are based on
higher levels of flexibility or that have mobility included
can consider less traditional approaches e.g., some that may
require physical perception (firefly algorithm or potential
fields). A more detailed analysis and comparison (out of the
scope of this work) will definitely be necessary to evaluate
the possible method used.

C. ADAPTATION AND DEVELOPMENT
This stage suggests the formalization and adaptation of a
strategy combining the chosen mechanism with a gran-
ularity definition, requirements specification, and desired
performance indicators. The granularity definition takes into
account which actors have relevance in the targeted applica-
tion. Some examples are the order, the product, resources,
transport elements, tools, an understating of how they are
interrelated, and a set of requirements and assumptions
necessary to showcase the main objective of the application
considered. The adaptation of the specific strategy will
take into account those elements to generate analogies or
design patterns that satisfy such requirements. Besides the
well-known design patterns of multi-agent manufacturing
systems, less traditional works (in a bio-inspired context)
like [64] do this job considering male fireflies as active
resources and female fireflies as passive products that can
move and are attracted to a specific resource.
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D. IMPLEMENTATION
In the final stage, the implementation is carried out con-
sidering the strategy developed based on the application
of specific technological enablers. Three main aspects
are considered here. First, the necessary infrastructure to
coordinate, communicate, and integrate the physical assets,
including also a supervisor and monitoring entities (could
be digital). Second, the integration of perception and
actuating technologies to embed a smart physical capability
in low-level resources, smart controllers, and manufacturing
products. Finally, important is to consider the inclusion of
supervisory and enterprise technologies e.g., ERP, MES, and
SCADA systems. This could be included in a cloud-based
environment to increase the scalability and interoperability
of the solution.

Fig. 16 presents a summary of the outlook and important
considerations of the work to generate a self-organized smart
manufacturing solution.

Future research work on the self-organization of smart
manufacturing can consider the guidelines presented in this
section to design and implement new solutions.

IX. LIMITATIONS
The exclusion criteria used while doing this literature review
may have left some relevant publications out of the analysis.
This is true due to the high variability of buzzwords generated
under the context of smart manufacturing and self-organizing
applications. However, the number of works considered as
well as its dispersion during 12 years time are a good
representative sample of the research carried out. A way to
prevent this limitation was the inclusion of 10 works that
were found after an empirical research in the field. Another
detail to consider is the exclusion of articles that were not
in the English language, this could have left some relevant
publications out of the cluster, too.

Also, due to the limited research to characterize
self-organized smart manufacturing systems, several sections
represent the result of an analysis of empirical evidence found
in the literature e.g., technological enablers or context of the
applications. They provide a holistic view of the field as well
as core representative elements and clusters. The next stages
of the work should head towards a conceptual framework
development that can deal with specific manufacturing
applications overcoming also industrial current roadblocks.

Finally, as this field of research tends to be highly volatile,
especially in regards to technological enablers, strategies to
generate autonomy, and taking into account the conceptual
level of implementation of the works presented, it is possible
that the results shown in the work can change in the future.

X. SUMMARY AND CONCLUSION
The current work presents a systematic review of smart
manufacturing and more specifically of self-organization in
smart manufacturing applications considering two important
scientific databases i.e., Web of Science and Scopus. The
main objective of the work was threefold. First, to provide

a brief overview of related concepts and background in the
field (see Section II and Section III). Second, to characterize
the current landscape of research through a PRISMA analysis
based on three research questions, and finally to present an
outlook considering the results of the work.

The description of mechanisms and main design principles
as an answer to RQ1 has been identified in Section V,
resulting in eight identified methodologies. Multi-agent
systems have been widely considered in the literature
while biological-inspired mechanisms have had less attention
(i.e., artificial immune systems, firefly algorithm, stigmergy,
chemical abstract machines). Other mechanisms popularized
consider the use of hierarchies based on holonic systems.
Functional modeling techniques complement the develop-
ment of these frameworks by providing goals and subgoals
that require the decomposition of manufacturing activities
and the design of rules that design such behaviour.

The current status as an answer to RQ2 is presented in
Section VI providing details on readiness level, automation
level, the context of the application, and the various techno-
logical enablers used. Generally speaking, most of the works
(approx. 52%) are still in a conceptual/simulation stage,
others have a lab experiment demonstrator (approx. 38%)
and fewer have a demonstration in an industrial setting
(10%). Flexible lines with fixed conveyor systems are
presented as use cases in most of the works, giving less
attention to material handling using AGVs for example.
Also, several works are focused on the development of
manufacturing control architectures and often they do not
go towards specifications on how to achieve pluggability
at the shop-floor level and even less often go towards the
composability of manufacturing modules. Most of the papers
consider technologies in terms of infrastructure development
(approx. 52%) (e.g., MAS, cloud computing, web services)
and IoT (e.g., RFID, sensors). Fewer works focus on the
perception and management of intelligence at the low level,
simulation, or the inclusion of production management
technologies.

A discussion of the challenges and the potential future
research directions as an answer to RQ3 is presented in
Section VII. From the literature analyzed, seven clusters have
been considered in this section highlighting the complexity
and dynamicity of shop-floors in terms of mobility of
resources, the application of biologicalisation, and more
creative solutions to deal with current design challenges, the
embodiment of learning, cognitive and perceptive techniques
in low-level resources and the introduction of the operator
as an important actor of the self-organized manufacturing
process.

The last part of the paper presents an outlook that summa-
rizes important considerations when designing self-organized
smart manufacturing solutions Section VIII. As we believe we
are still in the initial stage to have self-organized solutions
totally functional in an industrial setting, we expect the
outcomes of this work can facilitate the transition to develop
new ideas towards a smart manufacturing transition.

10126 VOLUME 11, 2023



L. A. Estrada-Jimenez et al.: Self-Organization in Smart Manufacturing

TABLE 5. Summary of references considered.
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TABLE 5. (Continued.) Summary of references considered.
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TABLE 5. (Continued.) Summary of references considered.

APPENDIX
Table 5 presents a summary of the works and potential future
research obtained from the systematic literature review.
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