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Designing the Future: Exploring the Smart
Manufacturing Ecosystem and Future Landscape

Siham Bouguern

Abstract— The manufacturing industry has continuously evolved
alongside technological advancements, progressing from steam
engines to electricity, microprocessors, computers, automation, and
most recently, artificial intelligence, the Internet of Things (loT),
and cyber-physical systems. This digital transformation has ushered
in the era of smart manufacturing, characterized by the development
of intelligent systems. In this paper, we provide a comprehensive
exploration of the smart manufacturing ecosystem, assessing its
current status and forecasting future trends. Key elements and
technologies central to smart manufacturing and Industry 4.0 (14.0)
encompass digital manufacturing, big data analytics, cloud
manufacturing, digital twins, 10Ts, and smart factories. Our research
adopts a qualitative approach, offering a broad perspective on the
concept of smart manufacturing. This paper aims to explore these
emerging trends and shed light on future opportunities associated
with this digital transformation. Consequently, enterprises need to
redesign their businesses and models to achieve the benefits
disclosed by these new settings.

Index Terms— Big Data Analytics, Digital Ecosystem, Digital
Manufacturing, Digital Transformation, Industry 4.0, Internet of
Things, Manufacturing Ecosystem, Production Ecosystem, Smart
Factory, Smart Manufacturing

I. INTRODUCTION

ndustries serve as the primary engines of a country's

economic growth and the overall well-being of its

populace. Enhanced performance and increased
productivity within these sectors contribute to the
advancement of the national economy [1]. The concept of
manufacturing often invokes thoughts of repetition,
structured processes, and predictability. The long-standing
perception of manufacturing, present for over a century and
continuing among younger generations, goes beyond
traditional assembly lines and efficiency-focused systems.
Manufacturing, when viewed more broadly, is inherently
organic, playing a crucial role in the creative process of
product development. Consequently, the manufacturing
industry can be likened to a dynamic, adaptive organism
engaged in the creation and production of goods, as opposed
to a rigid and unchanging mechanized system [2]. The
recently established manufacturing sectors are increasingly
incorporating intelligent and advanced technologies,
resulting in a notable enhancement in their operational
efficiency. Reports indicate a substantial 17-20% boost in
productivity, attributed to improved machine utilization and
the optimization of energy consumption facilitated by smart
manufacturing systems [1]. According to McKinsey Global
Institute’s report, the manufacturing sector holds a significant
60% potential for automation. This suggests that the
integration of smart manufacturing technologies can greatly
enhance the capabilities of these industries [1].

The process of digitalization is causing significant
disruptions to conventional business models and is prompting
a reconfiguration of organizational structures. This
transformation fundamentally alters how organizations

engage in collaboration and competition [3]. Manufacturers
can enhance their value chain through digital tools and
innovations at various stages. This digital transformation
encompasses advancements in production equipment like
additive manufacturing, autonomous robots, and adaptive
CNC mills. It also extends to smart end-products such as
connected cars, pervasive computing, the Internet of Things
(10T), data tools, and analytics [4].

The emerging digital infrastructure and platforms are
driving the fourth industrial revolution within the
manufacturing sector, often referred to as “Industry 4.0” [5].
The widely disseminated notion that we are in the early stages
of the “Fourth Industrial Revolution” has garnered significant
interest from both the business world and academia [6].
Industry 4.0, or 14.0, primarily signifies the emergence of a
range of digitally-driven industrial technologies, heralding a
fundamental paradigm shift in industrial production. This
shift aims to enable the manufacturing of individual products
in small batch sizes, all while upholding the economic
efficiencies traditionally associated with mass production [4].

The initial concept primarily emphasized the merging of
the physical and virtual realms, often described as “cyber-
physical systems (CPS)”, which in turn promoted the idea of
a “CPS-based industry”. Along these lines, the term “cyber-
physical production system (CPPS)” also surfaced. Over
time, this notion evolved into a fusion of CPS, the 10T, and
the “Internet of Services (IoS)”, signifying a progression
toward digitalization and digital transformation [6]. 10T and
related solutions or platforms can serve as the integration
layer, fostering collaborative innovation [7]. The initial
viewpoint was further enriched by the concept of “smartness”
or “intelligence,” evident in terms like “smart machines,”
“smart sensors,” “smart factory,” “smart environments,” and
“smart products”, creating what can be described as a “4.0
fever.”. This is evidenced by terms such as “Economy 4.0”,
“Agriculture 4.0”, “Health 4.0”, “Education 4.0”, and so
forth, signifying the extension of the 4.0 principles to a wide
range of sectors [6].

Smart manufacturing represents the evolving trend in
contemporary manufacturing, enabling highly integrated and
cooperative manufacturing systems that can cater to diverse
customer requirements. The extensive use of sensors and the
networking of vast amounts of data present challenges in
terms of acquiring, processing, and analyzing real-time data
in centralized manufacturing systems [8]. Manufacturers are
engaged in a competitive landscape driven by innovation,
rapid response to market changes, cost efficiency, and the
delivery of reliable products to meet consumer demands. This
fierce competition has ultimately steered the direction toward
smart manufacturing, the digitalization of processes, and the
integration of cyber-physical control from manufacturing
plants to business outlets [1]. This results in a vast amount of
data encompassing the entire life cycle of design, production,
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product, and service. Moreover, the advancement of smart
manufacturing is increasingly contingent on a manufacturer's
capacity to gather, handle, and analyze the exponentially
expanding data [8]. Progress in cloud computing, the IoT,
blockchains, additive manufacturing, and other emerging
technologies have led to enhanced productivity, improved
operational efficiency, and increased profits [5].

This study aims to provide a comprehensive exploration of
the smart manufacturing ecosystem, assessing its current
status and forecasting future trends. The remainder of this
paper is structured as follows. Section 2 explains the
background of smart manufacturing and associated
terminologies. While in Section 3, introduces the research
methodology. Section 4 discusses the smart manufacturing
ecosystems. Section 5 highlights the major technologies of
the smart manufacturing ecosystem and in Section 6 how
smart manufacturing is reshaping the world is explained. The
future trends are discussed in Section 7. Finally, in Section 8
conclusion, recommendations, and future directions are
drawn and presented.

I1. BACKGROUND AND TERMINOLOGIES

A. Industry 4.0 (14.0)

As the name implies, 14.0 refers to the digital
transformation that is specifically targeted for the next stage
of the industrial revolution. This term was coined by
Germany in 2011, and it delineates six primary areas of focus,
which include the digital economy and society, sustainable
economy and society, innovative workplaces, health and
well-being, intelligent transportation, and civil security [1].
Its primary objective is to improve, expand, and streamline
production processes both within individual enterprises and
across various enterprises. To enhance the connectivity
among these enterprises, Smart Production Networks are
currently under investigation. Within Smart Production
Networks, interconnected systems can promptly adapt to real-
time shifts in local production systems and external supply
chains [3]. Hence, CPS, IoT, cloud computing, big data, and
advanced analytical techniques serve as the pivotal
technologies underpinning 14.0 [9].

In the academic literature, 14.0 is frequently explored
through the lens of six primary dimensions: (1) vertical
integration and networking, (2) horizontal integration and
networking, (3) through engineering, (4) acceleration of
manufacturing, (5) digitalization of products and services,
and (6) the emergence of new business models and increased
customer engagement [6]. This paradigm illustrates a model
of a completely integrated industry where products and
services are seamlessly interconnected through the Internet or
other network applications, such as blockchain. Digital
connectivity facilitates automated and self-optimized
production of goods and services, even encompassing
delivery without human interventions. Decentralized control
governs the value networks, while individual system
elements make autonomous decisions [10].

B. Smart Manufacturing

Smart manufacturing has emerged as a leading and
contemporary subject of fascination for professionals,
strategists, and scholars in recent years [11]. According to the

U.S. National Institute of Standards and Technology (NSIT
2014), smart manufacturing is defined as “fully integrated,
collaborative manufacturing systems that can adapt in real-
time to address shifting requirements and circumstances
within the factory, across the supply network, and in response
to customer needs” [10]. Smart manufacturing represents a
significant advancement beyond traditional manufacturing
automation, transitioning into a fully interconnected,
intelligent, and adaptable system [11]. The Smart
Manufacturing Leadership Coalition (SMLC) offers an
additional perspective on smart manufacturing, defining it as
“the capacity to address both present and future challenges
through an open infrastructure that enables solutions to be
implemented swiftly in line with business requirements while
generating significant value” [10].

Leveraging advanced information and manufacturing
technologies, a smart manufacturing system can effectively
respond to the ever-changing worldwide market in an
adaptable and intelligent fashion [8]. It's important to
recognize that terms like smart manufacturing, industrial
internet, smart factories, and smart production are often
considered synonymous, as they originate from different
geographical contexts but share the fundamental concept of
14.0. Among these terms, digital manufacturing (sometimes
referred to as additive manufacturing or 3D printing) has been
likened to disruptive innovations [12]. This smart
manufacturing system links product design, analytics,
manufacturing processes, inventory and supply chain
management, product customization, real-time machining
units, product delivery, and end customers via cloud
computing. This integration has streamlined on-demand
manufacturing, product customization, and the overall
efficiency of managing the demand and supply ecosystem [1].

The smart manufacturing system functions in two modes:
semi-autonomous and fully autonomous. In the semi-
autonomous mode, production engineers establish goals and
configure parameters within the production system. In a fully
automatic system, the system autonomously determines the
optimal operational parameters and implements them across
all interconnected production units [1]. As depicted in Fig. 1,
the scope of smart manufacturing transcends organizational
boundaries, encompassing an intelligent supply chain and
connected customers [11].

Fig. 1. The scope of smart manufacturing

C. Digital Transformation and Manufacturing Digitalization

Digital transformation is described as "a process that seeks
to enhance an entity by instigating substantial alterations to
its characteristics through the integration of information,
computing, communication, and connectivity technologies.”
Advanced digital technologies serve as a vital component of
digital transformation. Numerous studies have explored the
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diverse technological components of digital transformation,
including additive manufacturing, Al, manufacturing
analytics, cloud computing, digital twins, Model-Based
Enterprise (MBE) environments, and robotics, among others
[2]. Manufacturing digitalization has been linked to various
concepts, including smart manufacturing, Smart Industry,
Industrial Internet, and Factory of the Future. However,
beyond the terminology, all these concepts share a common
principle: they revolve around how manufacturers can
effectively embrace and leverage modern technologies to
transform and enhance their operations [11].

I11. RESEARCH METHODOLOGY

The research methodology followed in this study aligns with
a qualitative approach, centering on the comprehensive
examination of smart manufacturing ecosystems. Drawing from
the expertise of a research organization specializing in
manufacturing technologies and digital platforms, this approach
seeks to provide a multifaceted understanding of the smart
manufacturing and future landscape. This qualitative research
aims to delve deeply into the intricate dynamics of smart
manufacturing, thereby facilitating a thorough analysis of its
current state and prospective developments, as presented in the
abstract.

IV. SMART MANUFACTURING ECOSYSTEMS

“Business ecosystems”, “innovation ecosystems”, and
“platform ecosystems” are three streams that have distinct
research focuses, but they collectively share the fundamental
concept of ecosystems as a cluster of interdependent yet
loosely connected firms. In a hierarchical sense, the term
“business ecosystem” serves as the foundation, from which
“innovation ecosystems” and “platform ecosystems” branch
out [13].

Business

Production

Fig. 2. NIST’s smart manufacturing ecosystem model.

Fig. 2 illustrates the smart manufacturing ecosystem as
defined by the NIST. This depiction showcases the
interconnected domains of smart manufacturing and their
respective functions. It outlines the interplay between the
product (indicated by the green arrow), the production
process (represented by the blue arrow), and the business
aspect (highlighted by the orange arrow) within the
enterprise, tracing their lifecycles in a schematic format [1].
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The components of the NIST smart manufacturing system, as
presented in Fig. 2, are further detailed in Table 1 [5].

TABLE 1. COMPONENTS RELATED TO NIST’S SMART

MANUFACTURING ECOSYSTEM

Abbr. Components Description

PLM Product Managing the entire lifecycle of
Lifecycle the product from inception
Management through design and manufacture

to the disposal

SCM Supply Chain Management of the flow material,
Management final products, and related

information within suppliers,
resellers and end customers.

DFSCM  Design for Designing products to take
Supply Chain advantage of and strengthen the
Management supply chain.

CPI Continuous An ongoing process involving
Process engineering and management
Improvement system redesign and optimization

occurs.

CCX Continuous An ongoing process of diagnosis,
Commissioning  prognosis, and performance of

production systems.

DFMA  Design for The design for ease of
Manufacturing manufacture of the parts and
and Assembly design for easy assemby of the

product.

FMS/ Flexible/ Flexible machining for

RMS Reconfigurable  reconfigurable production types
Manufacturing without changing the entire
System process.

MP Manufacturing The hierarchical structure of an
Pyramid existing manufacturing system.

FIC Fast Innovation ~ To improve the new product
Cycle introduction cycle by anticipating

trends through gathering data
from product usage and feeding it
back into product ideation.

Abbr. Components Description

PLM Product Managing the entire lifecycle of
Lifecycle the product from inception
Management through design and manufacture

to the disposal

SCM Supply Chain Management of the flow material,
Management final products, and related

information within suppliers,
resellers and end customers.

V. MAJOR TECHNOLOGIES OF SMART MANUFACTURING
ECOSYSTEM

A. Big Data Analytics

In the realm of next-generation smart manufacturing, big
data takes center stage. The term “Big Data” has become a
popular catchphrase, yet it is frequently employed and
interpreted too broadly. In the context of big data in 1oT-
driven manufacturing, the focus extends beyond merely
processing large datasets through parallelized machine
learning algorithms. Instead, it encompasses an entire
ecosystem, characterized by the five critical dimensions of
big data, often referred to as the 5Vs: Volume, Velocity,
Variety, Value, and Veracity. This ecosystem further
involves the flow of data transformation and the
establishment of robust data security infrastructure [9].

The evolution and future advancement of manufacturing
underscore the critical role of data modeling and analysis
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within manufacturing intelligence. Various stages of data
analytics play a pivotal role, encompassing descriptive,
diagnostic, predictive, and prescriptive analytics [14]. In the
era of huge data being generated at a rapid pace, the need for
an effective big data analytics system has become
increasingly imperative. To address this demand,
manufacturing industries worldwide have initiated the
development of a data fabric (See Fig. 3), designed to tackle
pivotal challenges encountered by businesses. This data
fabric is instrumental in collecting and extracting valuable
insights from data originating from various manufacturing
facilities, making use of sensor data sourced from a
substantial number of sensors. The primary aim is to
preemptively mitigate potential equipment failures, thus
enhancing operational efficiency and reliability [9].

Data Fabric Delivers Integrated Data To All Data
Consumers
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Fig. 3. Data fabric.

B. Blockchain

Blockchain technology is a transformative force that is
reshaping data communication, data security, fault tolerance
mechanisms, and data transparency to ensure dependable and
efficient data exchange. It operates on a decentralized or
distributed ledger architecture, leveraging smart contracts to
track, and manage records, automate supply chains, and
facilitate payment transfers and other business transactions.
Beyond these functions, blockchain technology finds
applications in a wide array of domains, fueling innovation
and enhancing data integrity in numerous fields. [15]. The
swift progress of smart manufacturing is creating a fertile
ground for the widespread implementation of blockchain
technology [8]. This is due to the multitude of advantages it
offers, which surpass those provided by current solutions. In
the context of smart manufacturing, certain data generated
during the production process can be harnessed through
blockchain technology to alleviate the burdensome “trust tax”
imposed on global manufacturers during their extensive
interactions  with  customers, suppliers, distributors,
governments, service providers, and other manufacturers who
might not inherently trust each other [8].

C. Cloud Manufacturing

In the manufacturing industry, the concept of cloud
manufacturing involves the utilization of industry-specific
vertical clouds [5]. Cloud manufacturing is an extension of
cloud computing, designed to deliver on-demand
manufacturing services to multiple industrial users, following
a service-oriented paradigm [16]. Manufacturing resources,
capacities, and the entire manufacturing enterprise are
virtualized and hosted on a cloud platform, offering these as

cloud services that can be shared among various
manufacturing stakeholders [5]. Via cloud technology,
individuals can achieve universal access to intelligent
machinery, manufacturing systems, and vast datasets
originating from various channels, including other users,
sensor networks, and advanced computing systems [16].

The cloud manufacturing ecosystem holds great promise in
terms of establishing a business model that is flexible and
geographically distributed, capable of accommodating the
dynamic nature of the manufacturing industry. This
ecosystem ensures that diverse partners can collaborate to
create value and engage in physical production, even when
their business goals, orientations, and geographical locations
may vary. Moreover, cloud manufacturing is also focused on
bridging the gap between customers with unique and
changing needs and manufacturers possessing specific
resources and capacities [5].

D. Cyber Physical Systems (CPS)

As per the National Science Foundation (NSF), cyber-
physical systems (CPS) are described as intricate systems
comprising physical and software components closely
intertwined. These components operate on diverse spatial and
temporal scales, exhibit various behavioral modes, and
interact with each other in diverse ways that are context-
dependent. CPS seamlessly combines physical processes
with computational elements through embedded computers,
feedback loops, and computer networks to control and
optimize specific processes.

Typically, the CPS framework includes a central control
unit (such as a microcontroller) that manages sensors and
actuators responsible for executing tasks and collecting data.
Unlike standalone devices in traditional systems, CPS
components are designed to interact with one another,
featuring input and output layers. As technology in CPS
continues to advance, its applications in the manufacturing
industry have experienced exponential growth [10].

E. Digital Manufacturing

Digital manufacturing represents an integrated production
approach in which computers play a central role in modular
3D design, performance simulation, automated fabrication,
assembly, and quality control. Through digital
manufacturing, designs can be thoroughly examined and
adjusted digitally, annotated, and effortlessly shared in the
cloud with collaborators. This approach leads to improved
design turnaround time, cost efficiency, and overall
performance.

The application of digital manufacturing has yielded
substantial success in enhancing design efficiency and part
performance across various industries. This innovation has
made a significant impact in sectors such as aeronautics,
architecture, automobiles, biomedical implants,
microelectronics, and sportswear, among others. Notably,
digital manufacturing is seamlessly compatible with the
concept of cloud manufacturing. Unlike traditional mass
manufacturing reliant on rigid supply chains, cloud
manufacturing leverages agile small manufacturers, who,
utilizing digital manufacturing, can promptly respond to
shifting inventories and market demands. This dynamic
approach holds promise for more adaptive and efficient
production in the evolving industrial landscape [17].
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F. Digital Twins

Research on digital twins (DT) and their applications in
manufacturing has garnered significant attention and interest
[3]. The concept of the digital twin is an emerging idea that
involves creating a digital replica of any physical object [18].
Indeed, a digital twin (DT) is essentially a digital
representation of a real-world system or entity [3]. Digital
twins have transitioned from emerging to mainstream, with
many organizations now relying on them to oversee, analyze,
and simulate physical assets and processes. In the context of
smart manufacturing, their current applications are primarily
focused on three key areas:

e Status Monitoring: Digital twins are continuously
monitored using loT devices, providing real-time
insights into a machine's condition.

e Simulation: Digital twins simulate real-world scenarios,
allowing virtual design and testing of products and
processes before implementation.

e Visualization: They offer real-time dashboards for
monitoring and troubleshooting operational
environments, aiding decision-making [18].

Cognitive digital twins are an extension of conventional
digital twins, incorporating extra features for communication,
analytics, and intelligence across three layers: access,
analytics, and cognition [18].

G. Industrial Internet Platforms (I11Ps)

General Electric in the USA introduced the concept of the
Industrial Internet Platform (1IP) as a Software-as-a-service
model. This has led to the expansion of internet usage in the
industrial sector, incorporating internet-integrated production
and control mechanisms [1]. 1IPs play a central role in
overseeing the interaction between physical and cyber
components and are essential for the functioning of industrial
systems [3]. The core purpose of the IIP is to manage and
supervise the interplay between the physical elements and the
digital components within an industrial setting. Presently,
IIPs are primarily focused on tasks related to maintaining
intelligent products, as well as detecting and localizing faults
[1].

Extensive work in the field of 1P has been conducted by
various notable companies, including GE Predix, ABB
Ability, Siemens MindSphere, PTC ThingWorx, and others
[3]. Following the introduction of GE's Predix platform in
2013, numerous enterprises spanning manufacturing,
industrial software, communication technology, information
technology, industrial automation, and related sectors have
subsequently introduced their 11Ps [19].

H. Internet of Things (loT)

IoTs involve the use of intelligent digital sensors and
networking technologies. In 10T, all the equipment within
factories and various settings can seamlessly communicate
with one another and collaborate with human operators
through a connected network, adhering to a predefined
protocol. This interconnectedness and communication enable
enhanced efficiency and coordination in industrial and
everyday processes [9].

An loT platform acts as an intermediary connecting loT
devices and gateways with applications. It facilitates the
creation of applications and is alternatively referred to as

Application Enablement Platforms (AEPs). The critical
functions and abilities of an loT platform encompass aspects
like connectivity and network administration, device
oversight, data collection, security measures, event handling,
continuous monitoring, data analysis, data presentation,
system integration, data storage, and the provision of tools for
application development [20].

Evolving market demands and the emergence of loT
technologies are driving the manufacturing landscape
towards the concept of smart factories. This shift signifies a
transformative transition from the computer-controlled and
automated processes of Industry 3.0's digital era to the
advanced realm of loT-based smart manufacturing in 14.0. As
IoT continues to expand, the implementation of loT-based
predictive  maintenance is becoming increasingly
indispensable within the manufacturing sector. This proactive
approach to maintenance is essential for optimizing
production processes and ensuring efficiency in 14.0 [9].

I. Manufacturing as a Service (MaaS)

Manufacturing as a Service (MaaS) can be described as the
collaborative utilization of dispersed production lines and
manufacturing facilities for the creation of components or
products. Maa$ brings about a fundamental transformation in
the existing manufacturing environment, shifting it from
tightly integrated production systems and vulnerable supply
chains to open, adaptable production systems with resilient
supply chains [21]. MaaS represents an extension of cloud
services that build upon the concepts of Infrastructure as a
Service (laaS), Platform as a Service (PaaS), and Software as
a Service (SaaS) [5].

MaaS represents a significant transformation in
contemporary manufacturing, redefining the current
manufacturing landscape by emphasizing the sharing of
networked manufacturing infrastructures for product
creation. This new manufacturing paradigm is anticipated to
pave the way for a transition from traditional product-based
manufacturing to a service-based approach. The overarching
objectives include meeting the growing demand for
customized products, enhancing adaptability to market
fluctuations, and promoting extensive collaboration within
the industry [21]. MaasS platforms that provide services in the
industrial sector are commonly found in domains like CNC
machining and 3D printing. The MaaS market is experiencing
rapid and dynamic developments. New manufacturing
marketplaces are continually emerging, particularly in the
realms of subtractive and additive manufacturing [21].

Furthermore, the concept of Cloud MaaS is being
introduced. CMaaS platforms have successfully integrated
both software and hardware manufacturing resources into a
manufacturing cloud. They operate as continually evolving,
knowledge-based intelligent manufacturing centers [22].

J. Smart Factory

The smart factory subsystem leverages digital technologies
such as cloud computing, big data, and 10Ts to establish
connectivity across various elements of the manufacturing
process. Real-time data exchange within the smart factory
empowers manufacturers to achieve the goal of autonomous
decision-making. This subsystem is comprised of three
essential components: smart device interconnection,
decision-supported by big data, and visualization.
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Smart device interconnection is the fundamental basis of
the smart factory. It utilizes CPS to connect physical assets,
encompassing data control equipment, robots, smart sensors,
RFID technology, 10T devices, and mobile terminals within
the manufacturing environment. The smart factory relies on
big data analytics and visualization tools to perform in-depth
analysis and extract valuable insights from the vast amount of
data generated during these interconnections. This data-
driven approach aids enterprises in making rapid and accurate
decisions. The integration of these elements within the smart
factory framework enhances production processes,
operational efficiency, and decision-making capabilities,
ultimately driving manufacturing excellence [23].

VI. HOw SMART MANUFACTURING 1S RESHAPING THE
WORLD?

The future is undeniably digital! Supported by numerous
research findings and reports from various organizations, it's
evident that smart manufacturing systems present substantial
market potential and are becoming increasingly embraced
within manufacturing systems worldwide [1]. The impact of
this transformation extends beyond the confines of an
organization, influencing the degree of synergy among the
activities and products of different organizations. In addition
to altering the principles of value generation, this can result
in heightened interconnectivity and interdependence among
the array of organizations comprising the ecosystem [24]. As
outlined in a report by McKinsey & Company, the
accommodation and food services industry is inclined to
automate by up to 73%, while the manufacturing,
transportation, and warehousing sectors show a potential for
automation at 60%. Given the significant automation
prospects in these sectors, they have become focal points for
research and the implementation of cutting-edge technologies
to enhance productivity and overall performance. According
to a survey conducted by WBR in 2017, the participants
expressed a strong inclination to swiftly transition to new
manufacturing systems. Among the respondents, 38% were
actively planning to incorporate new technology, 45% were
keen on upgrading their existing machinery with smart
manufacturing systems, and 17% were contemplating a
combination of both approaches [1].

Digital technologies provide fresh avenues for
collaborating with other organizations, forging new inter-
organizational practices for sharing information and
resources and generating collective outcomes that can
introduce novel or improved value propositions to customers
[24]. As organizations within the ecosystem become more
interconnected, digital technologies simultaneously grant
member organizations greater adaptability, independence,
and room for maneuver. They enable organizations to
synchronize their operations without necessitating the
creation of ad hoc hierarchical structures like joint ventures
or alliances. In this context, organizations within the
ecosystem function as a collective entity with flexible,
permeable boundaries. Digital technologies and digitally
enabled inter-organizational practices introduce a novel
governance mechanism to oversee collaborative relationships
among organizations and provide incentives for value
creation [24]. Current manufacturing systems are notably
deficient in many aspects when compared to the capabilities
of smart manufacturing technologies. Key attributes of smart
manufacturing systems, such as decision-making, early

awareness, predictive maintenance, self-configuration, and
self-optimization, are often absent, even in advanced
manufacturing systems like reconfigurable manufacturing
systems. The advent of automation technology has expanded
the potential for information and data sharing across
interconnected systems. This has led to a significant
enhancement in process management and interoperability
among machines, making resource and process management
more flexible and efficient. Furthermore, the fusion of
automated and intelligent systems has ushered in the era of
advanced manufacturing, often known as smart or intelligent
manufacturing. This methodology harnesses data and insights
gathered from end-users via cloud computing, facilitating the
efficient production of tailored products [1].

VII. THE FUTURE TRENDS IN SMART MANUFACTURING
ECOSYSTEMS

Drawing from our observations to date, it is sensible to
anticipate that the future of prosperous manufacturing
enterprises will incorporate the following fundamental
components:

o Digital Twins and Digital Threads: Digital threads are a
communication framework that consolidates data across
all aspects of an asset's life cycle, similar to the "Just in
Time" manufacturing principle but focusing on
delivering the right information to the right place at the
right time.

e Total Supply Chain Transparency and Visibility: System
engineering emphasizes optimizing the entire supply
chain, not just individual locations, and recent
developments like the 10T and digital threads have
brought us closer to achieving full supply chain
transparency and visibility.

e  Hybrid Manufacturing: The future of manufacturing will
be centered on integrated systems that combine hybrid
technologies.

e Innovative Materials: Material innovation will maintain
its significance in science, technology, and economic
policy. The relationship between manufacturing and
materials is interconnected, with materials forming the
basis for manufacturing processes, and manufacturing
adding value to these raw materials.

e Advanced Metrology: In the realm of measurement, a
fundamental principle is that the precision should be at
least ten times greater than what is intended to be
measured. As nano-processing becomes more prevalent
in certain industries, the need for more advanced
metrology will also rise accordingly.

e A Skilled Workforce for Intelligent Manufacturing: A
significant global challenge in the realm of advanced
manufacturing is the shortage of skilled workers, seen
from two angles: a lack of individuals with the needed
skills, and difficulties in scaling up apprenticeship
programs, which are crucial for workforce development.

e New Business Models: This convergence is exemplified
by concepts like Convergent Manufacturing and High-
End Service. A prominent trend in various industries is
the blending of manufacturing and service [25].

VI111. CONCLUSION, RECOMMENDATIONS, AND FUTURE
DIRECTIONS

This paper has provided an in-depth exploration of smart
manufacturing systems, their associated technologies,
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emerging paradigms, technological impacts, future trends,
and the challenges and opportunities they present. Smart
manufacturing systems play a pivotal role in advancing
manufacturing technology in the contemporary industrial era.
These systems enhance operational efficiency, and
productivity, and have a significant impact on the global
economy. Notably, the rise of the 10T and IloT has played a
crucial role in bolstering manufacturing systems integrated
with smart manufacturing technologies.

The manufacturing industry faces a multitude of
influences, prompting manufacturing companies to develop
comprehensive ~ manufacturing  ecosystems.  These
ecosystems offer numerous benefits, including resource
sharing, enhanced connectivity with partners, and location
flexibility.

However, one of the main challenges for smart
manufacturing systems is compatibility issues with existing
machinery and systems when integrating new technology.
Smart devices like 1oT and CPS have emerged as universal
paradigms with transformative capabilities, encompassing
sensing, identification, remote control, and automated
control.

Numerous studies within the manufacturing domain have
explored industries seeking to upgrade their operations with
smart manufacturing systems. Future research endeavors can
play a vital role in aiding lagging manufacturers in
understanding the ways and levels at which smart
manufacturing adoption can be advantageous for their
businesses. Furthermore, future studies may delve into the
influence of national regulations on the adoption of smart
manufacturing, conducting both country-specific and
comparative case studies to gain a deeper understanding of
the impact.
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