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Abstract: The limitations imposed by resource scarcity and the imperative to mitigate adverse
environmental and societal impacts have intensified the urgency of developing more sustainable
manufacturing systems. Simultaneously, the rapid development and implementation of new tech-
nologies is exacerbating the digital divide among vulnerable workers. Concomitantly, the enabling
technologies stemming from Industry 4.0 offer significant potential to enhance the competitiveness of
manufacturing systems. However, the impact of these enabling technologies on achieving sustainable
manufacturing remains uncertain. This paper embarks on a comprehensive exploration to address
this knowledge gap. Initially, it assesses the suitability of each enabling technology within Industry
4.0 across the economic, social, and environmental dimensions of sustainability. Subsequently, the
needs of the production process are studied to characterize its sustainable performance. For this,
the ASTM E3012-22 standard is introduced. Building upon this foundation, the incorporation of
Industry 5.0 is introduced to guide the selection of enabling technologies for sustainability based
on its core values, encompassing sustainability, human-centricity, and resilience. The integration of
new technologies guided by these values can help bridge the technological divide among vulnerable
workers. Finally, a theoretical framework is proposed to enable the design of sustainable manufac-
turing systems guided by Industry 5.0 values. This framework enables the seamless integration of
enabling technologies, machinery, and human expertise throughout the system life cycle.

Keywords: Industry 4.0 technology; Industry 5.0; digital transformation; sustainable manufacturing;
smart manufacturing systems

1. Introduction

Industry 4.0 represents a significant evolution in the industrial landscape due to the
incorporation of information and communication technologies (ICTs) [1]. Big Data and
Artificial Intelligence enable operational improvement, elevating business performance
to new levels [2,3]. However, the capacity of these technologies to foster a deeper context
of sustainability is often underestimated [4]. At a time when many sustainability tipping
points are considered surpassed [5], organizations have the responsibility and opportunity
to lead the way toward a more equitable and sustainable future. Studies must shift their
focus to analyze these technologies not only as drivers of innovation and competitiveness
but as instruments for positive global change [6].

Sustainability can be analyzed in three dimensions: the social, environmental, and
economic dimensions. The aim of ensuring a framework that balances a company in these
three perspectives is called the “triple bottom line” (3BL) [7]. Sustainability has gained
increasing consideration in the industrial sector in recent years, emerging among the key
strategic objectives of an expanding number of manufacturing companies [8]. This has led
researchers like Awan to develop approaches that transform the industrial sector towards a
more sustainable purpose [9]. For instance, Circular Economy (CE) is considered a viable
approach to improve environmental impact while maintaining economic profitability [10].
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CE pays special attention to material optimization and waste minimization, thus developing
a more sustainable production process [11].

The practice of evaluating or comparing the sustainability of a production process is
sometimes inconsistent. Uniform methods representing processes and equipment, where
manufacturers gather necessary data and characterize their systems, are still lacking [12].
To address this situation, ASTM International develops standards to aid in characterizing
manufacturing processes [13]. The characterization of systems is carried out through the
graphical representation of processes involving multiple unit manufacturing processes
(UMPs). ASTM defines, through its guidelines, a generic structure for representing infor-
mation and linking multiple UMPs. This structure allows the simulation and evaluation of
the product (micro), production line (meso), and industrial organization (macro) levels.

Industry 5.0 emerges with a focus on values of social responsibility, environmental
consciousness, and resilience [14]. This industrial revolution allows a shift in the current
paradigm, centering manufacturing principles on achieving an industrial system respectful
of humanity, mindful of the environment, and committed to its continuity over time. Indus-
try 5.0 leverages enabling technologies developed during the fourth industrial revolution
while continuing technological development. However, in both scenarios, it prioritizes
the respect for the values that characterize it [15]. This consideration sets the path toward
mitigating the gap between sustainability and technological development [16].

The incorporation of innovative technologies in industrial activities has emerged as a
key element to improve the internal management of companies [17]. These technologies
significantly transform production processes, boosting efficiency and competitiveness [18].
However, the move towards Industry 5.0, a paradigm still in its early stages, presents new
challenges and opportunities. The literature review developed reflects that there is a gap
regarding how Industry 4.0 enabling technologies can be effectively assessed and applied
under the core values of Industry 5.0, especially in terms of sustainability. The study
developed here makes a significant contribution to the field of industrial sustainability in
two main ways. Firstly, it provides a detailed exploration of how emerging technologies
from Industry 4.0 can be assessed under the core values of Industry 5.0, with a particular
focus on the three dimensions of sustainability. Secondly, it introduces an innovative
framework designed to guide the effective incorporation of technologies and values into
sustainable manufacturing systems. The study combines a literature review with original
research. The literature review gathers the main enabling technologies from Industry 4.0
and establishes the needs and opportunities in the context of sustainability. This theoretical
background is essential for developing the proposed methodological framework.

The study has the following aims: (a) providing knowledge that helps bridge the
existing gap between the implementation of Industry 4.0 enabling technologies and the
values that characterize the Industry 5.0; (b) evaluating the suitability of emerging technolo-
gies in relation to the economic, social, and environmental dimensions of sustainability;
(c) offering a preliminary theoretical framework for industries and academics on how to
select and apply these technologies in a way that aligns with the core values of Industry 5.0.

The manuscript is organized as follows: (1) Introduction. It presents the research
problem and contextualizes the study. (2) Background. This section presents the main
frameworks that allow the incorporation of technologies into a production process. Addi-
tionally, it identifies and characterizes the main enabling technologies and their relationship
with sustainability. (3) Production process. Defines the characterization for a production
process according to the ASTM E3012-22 standard [19]. (4) Industry 5.0. Defines and
identifies the values of the new industrial paradigm. (5) Design framework. Develops the
theoretical design framework. (6) Conclusions. Presents the conclusions, implications, and
recommendations for future research and industrial applications.
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2. Background
2.1. Frameworks for Incorporating Technology into the Production Process

The implementation of technology in manufacturing processes has always been a
challenge [20]. However, the development of increasingly complex technologies has ex-
acerbated this situation in the industrial environments of Industry 4.0 [21]. This has been
of interest to researchers, and the existing literature already includes several frameworks
proposed to facilitate integration [22]. Butt proposes a conceptual framework that supports
digital transformation in manufacturing through a business process management (BPM)
approach. However, this framework is solely based on factors that minimize the risk of
failure [23]. Other authors like Yadav developed a framework more oriented towards
the characteristics of this manuscript. This author presents a framework for achieving
sustainability in the industrial organization using Industry 4.0 enabling technologies [24].
The study identifies the facilitators and uses the robust best–worst method (RBWM) to
identify the influence of each indicator [25]. Although it is interesting how it presents a
case of application of the proposed framework, it does not consider the social aspect of
sustainability, obtaining only economic and environmental results.

The framework proposed in this manuscript aims to address the limitations of the
identified frameworks and provide a characterization of sustainability in its three perspec-
tives. Furthermore, the proposal not only focuses on the technical integration of advanced
technologies in line with sustainability but also considers their interaction in accordance
with the values of Industry 5.0. The aim is to present a more holistic and balanced ap-
proach. It seeks to continue improving efficiency and productivity but, above all, to also
ensure sustainable and responsible practices in manufacturing that align with human and
environmental values.

2.2. Enabling Technologies of Industry 4.0

Industry 4.0 promotes the development of a wide variety of ICTs. These enable the
advancement of production systems, making them more digital and automated [1]. This
leads to improvements in product quality and reduces cycle time, ultimately reflecting
better overall company performance [4]. Furthermore, Industry 4.0 ICTs promote the
creation of synergistic work environments between the physical and the real world. Real-
time availability of information through Cyber-Physical Systems (CPS) allows higher
levels of automation and achieves better performance [26]. Industry 4.0 technologies
can take various forms, such as the internet of things, cloud computing, augmented
reality, big data analytics, or additive manufacturing. Table 1 presents the main enabling
technologies of Industry 4.0 with a brief description of each, derived from the literature
analysis. The technologies are classified into two major groups: physical and non-physical
technologies [27].

Table 1. Classification of the main enabling technologies of Industry 4.0.

Physical Technologies

Internet of Things (IoT) Connection and communication between devices and
systems in real-time. [28]

Robotics and
Automation Use of robots and automated systems for production tasks. [29]

Augmented Reality and Virtual Reality Immersive experiences and overlay of digital information. [30]
3D Printing or

Additive Manufacturing Creation of three-dimensional objects from a digital design. [31]

Smart Sensors
Devices that collect and process information from the

environment and automatically adjust operations
in response.

[32]

Autonomous Transport Systems Vehicles and drones that move without direct
human intervention. [33]

Nanotechnology Manipulation of matter at an atomic or molecular scale. [34]
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Table 1. Cont.

Non-Physical Technologies

Big Data and
Data Analysis Collection, storage, and analysis of large amounts of data. [35]

Cloud Computing Storage and access to data and programs over the internet. [36]
Simulation Virtual models to simulate physical systems. [37]

Cybersecurity Protection of systems, networks, and programs against
digital attacks. [38]

System Integration Connection and collaboration between different systems
and technologies. [39]

Artificial Intelligence Virtual system capable of performing tasks that require
human intelligence. [40]

Machine Learning Discipline that, using algorithms, allows computers to
identify patterns. [41]

Blockchain Distributed ledger technology that facilitates secure
transactions on a network. [42]

The implementation of the IoT provides companies with a quick response to customer
needs, optimizing deliveries [43]. Cloud manufacturing and big data enable a reduction in
operational costs by proactively identifying issues in machines [44]. This is made possible
by combining these technologies with the use of smart sensors. Additive manufacturing
provides competitive advantages in post-sales processes, creating new revenue streams [45].
Additionally, technologies such as virtual reality or augmented reality offer training and
information to employees, resulting in faster and more accurate task execution [46]. Digital
twin technology also accelerates the learning capability of the worker and allows cost
savings by testing initial products in a virtual environment [47].

The development and implementation of these technologies bring forth different con-
flicts to be addressed by leading researchers in the field. For example, machine connectivity
poses reliability issues. There is a study on how these can be resolved by enhancing effi-
ciency standards [48]. Security issues of ICTs are also urgently addressed to ensure more
reliable product lines for customers [49]. However, the gap addressed by this study is
a discussion of the benefits of these technologies concerning sustainable manufacturing.
Industry 4.0 has enormous potential to achieve a sustainable production process that en-
hances procedures, reduces delivery times, and improves corporate efficiency. However,
this industrial paradigm, due to its focus on technological development, continues to face
various obstacles and threats regarding sustainability [50]. This justifies the interest in the
study conducted in the present manuscript.

2.3. The Sustainable Nature of Enabling Technologies in Industry 4.0

Sustainable manufacturing is understood as an inclusive initiative necessary to pro-
mote the economic, social, and environmental dimensions of sustainability [51]. This is a
dynamic concept, as its scope and implications evolve over time [52]. Industry 4.0 promotes
some aspects of environmental sustainability, especially at a factory level [53]. ICTs, for
example, can contribute to reducing energy consumption or emissions, thanks to the use
of technologies such as the IoT or additive manufacturing [54]. However, the develop-
ment of other technologies such as Artificial Intelligence or robotics has been detrimental
to various socio-environmental aspects, particularly at a macroscopic level (industrial
organization) [55].

Sustainability has gained increasing consideration from manufacturing companies.
Having a sustainable organization for the environment, society, and the economy is cur-
rently considered attractive [56]. However, most companies still grapple with the negative
effects they generate on society and the environment. The problem lies in the balance of
costs and benefits [57]. Companies tend to opt for economically driven production, rather
than producing more expensive products with a less negative impact on sustainability.
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Despite this, Industry 4.0 brings a positive increase in the sustainability of organizations
due to the development of ICTs [58].

Social sustainability addresses the impact of industrial activity on people directly
or indirectly involved with it. It involves ensuring safe and fair working conditions [59].
This approach aims to make industrial practices and their associated technology ethically
responsible, generating a positive impact on society [60]. Social sustainability promotes
equity, diversity, and respect for human rights to achieve an environment of growth and
innovation [7]. Environmental sustainability addresses the impact of industrial activity on
the environment. It involves policies such as efficient resource management, waste reduc-
tion, minimization of the carbon footprint, and pollution prevention [61]. Additionally, it
considers aspects such as atmospheric emissions and the efficient use of water [62]. The
aim of this approach is to preserve, or if possible, restore and enhance the planet. Economic
sustainability addresses the ability to obtain economic benefits derived from industrial
activity over time without compromising social or environmental sustainability [63]. This
approach considers operational efficiency and adaptability to market changes for value
creation [64]. The indicator of economic performance is essential for a company to operate
with a long-term perspective [65].

The characterization of the main enabling technologies of Industry 4.0 considered in
this study, according to the three dimensions of sustainability, is presented in Table 2. This
table, gathered from the analyzed literature, shows how the main technologies of Indus-
try 4.0 contribute to sustainability in the social (blue), environmental (green), and economic
(red) dimensions [18,66–68]. The characterization is applied to the technologies listed in
Table 1 and maintains their classification into physical and non-physical technologies.

Table 2. Characterization of Industry 4.0 technologies in terms of sustainability.

Physical Technologies

Internet of Things (IoT)
(So) Improves workplace safety by monitoring conditions in real time.

(Ev) Enables real-time monitoring of resource usage, aiding in efficient management.
(Ec) Optimizes production and reduces costs by providing accurate data for

decision making.

Robotics and
Automation

(So) Can replace hazardous works but also poses challenges in terms of employment.
(Ev) Improves process efficiency, reducing waste and consuming fewer resources.

(Ec) Increases productivity and reduces operating costs.

Augmented Reality and
Virtual Reality

(So) Empowers workers through virtual training and assistance.
(Ev) Reduces the need for physical prototypes and travel, saving resources.
(Ec) Accelerates product design and development, reducing time to market.

3D Printing or
Additive Manufacturing

(So) Enables product customization and adaptability to specific needs.
(Ev) Minimizes waste by using only the necessary material.

(Ec) Reduces costs associated with mass production and enables on-demand manufacturing.

Smart Sensors
(So) Enhance safety by detecting abnormal conditions in the work environment.

(Ev) Monitor resource consumption and emissions, facilitating environmental management.
(Ec) Optimize operation by providing precise information for maintenance and production.

Autonomous Transport
Systems

(So) Reduce accidents by automating transportation tasks.
(Ev) Potential to optimize routes and reduce emissions if combined with clean energy.

(Ec) Improves logistical efficiency and reduces costs associated with human errors.

Nanotechnology
(So) Enables developments in medicine and materials to improve the quality of life.

(Ev) Allows the creation of more efficient and sustainable materials.
(Ec) Enables the opening of new markets and applications for innovative products.
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Table 2. Cont.

Non-Physical Technologies

Big Data and
Data Analysis

(So) Enables data-driven decision making to enhance the quality of life and services.
(Ev) Assists in monitoring and managing environmental impacts.

(Ec) Optimizes operations and business strategies, increasing profitability.

Cloud Computing
(So) Enables collaboration and access to information from anywhere.

(Ev) Reduces the need for physical infrastructure and optimizes the use of resources.
(Ec) Lowers costs associated with hardware and IT maintenance.

Simulation
(So) Enables training and education in secure environments.

(Ev) Reduces the need for physical prototypes and tests that consume resources.
(Ec) Accelerates design and development, reducing costs associated with testing and errors.

Cybersecurity
(So) Protects the privacy and data of individuals.

(Ev) Ensures the integrity of systems monitoring and managing environmental impacts.
(Ec) Safeguards business assets and prevents financial losses from attacks.

System Integration

(So) Enables interaction between different teams and departments, improving
job satisfaction.

(Ev) Allows more efficient use of resources by enhancing coordination between processes.
(Ec) The effective integration of systems can lead to higher productivity.

Artificial Intelligence
(So) Enhances the ability to make decisions that impact social aspects.

(Ev) Ensures smarter resource allocation through advanced data analysis.
(Ec) Optimizes business models through supply chain optimization.

Machine Learning
(So) Provides human-centric services.

(Ev) Reduces waste through predictive analytics.
(Ec) Improves efficiency through better pattern prediction.

Blockchain
(So) Increases transparency and reliability in transactions and agreements.

(Ev) Enables tracking and verification of sustainable products.
(Ec) Reduces costs associated with intermediaries and fraud.

(So) Social Sustainability; (Ev) Environmental Sustainability; (Ec) Economic Sustainability.

It is justified in Table 2 how emerging technologies from Industry 4.0 possess character-
istics that enable them to promote industrial sustainability in the social, environmental, and
economic dimensions. The Internet of Things (IoT) offers monitoring of working conditions
that significantly improves workplace safety [69]. Robotics, although posing challenges in
terms of employment, reduce operational costs and resource waste [70]. Similarly, additive
manufacturing allows for more personalized production with less material waste. This
provides clear environmental and economic benefits [71]. Furthermore, technologies such
as virtual reality save financial resources and reduce the carbon footprint by avoiding
in-person visits and travel [72]. The technologies described not only strengthen the capacity
of companies to be competitive but also align them with the growing demands for respon-
sibility and sustainability. This sets the stage for the transition to the values and practices
of Industry 5.0 [73].

3. Production Process

The production process is generally defined as an industrial activity that uses energy
to transform raw materials into a product [74]. In each industrial activity, there can be
multiple ways of operation, various sources of energy, types of materials, and a required
final quality of the resulting product. Therefore, the definition of a common information
model facilitates the evaluation of each alternative across different domains [75]. The
procedure of describing and categorizing the performance of a manufacturing process is
called process characterization [76]. It identifies key aspects such as the inputs and outputs
of the process, product information, and the transformation of resources [77].
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Characterization of the Production Process

The data obtained from a characterization can be used in different types of evaluations.
However, the scope of this study focuses the obtained information on a sustainability
assessment [78]. Sustainability should be understood as a multicriteria decision-making
problem [79]. For a manufacturing process to be integrated into a multicriteria evaluation,
a prior virtual evaluation of different manufacturing options is necessary [80]. To facilitate
this type of evaluation, a series of “plugs” must be provided. These are understood as
the most basic components from which to create virtual representations of manufacturing
systems. Connecting these plugs represents the flow of materials, information, and energy
within the systems [12]. The ASTM E3012-22 standard defines the characteristics that these
plugs must have and proposes virtual representations of UMPs.

Figure 1 presents the virtual representation of a generic manufacturing process and
the diagram of a generic UMP. This unit is used to describe the transformation of energy,
material, or information from inputs to outputs. Material transformations encompass
changes in mass, structure, or phase, for example. Energy transformations can be thermal,
chemical, or mechanical, among others. Information transformations consider production
metrics such as yield. Any of these three transformations uses the information contained in
the elements of Product and Process Information and Resources.
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The ASTM standard guides the characterization of the production process to deter-
mine the sustainable performance of each of its stages. This is crucial for controlling and
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mitigating the social, environmental, and economic impact throughout its entire lifecy-
cle [81]. However, breaking down a process into its different stages enables addressing
other topics of interest, as is the case in this study with the use of technology. Some studies
already present the classification of ICTs in the different stages of a production process
within the context of Industry 4.0 [82]. The aim is to determine how each technology can
support or limit each stage of the production process.

4. Industry 5.0

Researchers rely on the aforementioned controversies triggered by the Industry 4.0
model to define the upcoming industrial paradigm. The European Commission has ex-
pressed that while Industry 4.0 has not yet reached its peak maturity, this framework is no
longer suitable for an industrial network where sustainability is an indispensable aim [83].
The scientific community is already offering preliminary ideas about the new industrial
paradigm and its sustainable approach. Dwivedi highlights synergies between Industry
5.0 and the circular supply chain [84]. Other authors, such as Ivanov, emphasize potential
values of sustainability in Industry 5.0 [14]. This demonstrates the considerable efforts to
expand the concept of Industry 5.0 and gain a deeper understanding of it.

The study of sustainability in the context of Industry 4.0 is relatively well consoli-
dated [85]. However, it is not advisable to extend these previous findings to the context of
Industry 5.0 to address this knowledge gap. This is because the focus of both industrial
contexts is entirely different. Industry 4.0 is an industrial paradigm based on technological
drive and productivity [86]. In contrast, Industry 5.0 is grounded in values centered on
humanity, the environment, and process continuity [87]. Figure 2 illustrates how these
three approaches of Industry 5.0 are closely related to the three perspectives of sustain-
ability. The human-centered approach strengthens the social perspective of sustainability.
It aims to ensure the well-being of all human beings involved in the industrial context.
In it, values such as autonomy, privacy, or security are considered [88]. The sustainable
approach focuses on the continuity of the system. It encompasses the three perspectives of
sustainability by itself. It considers values such as diversity or equity [89]. The resilient
approach allows the system to become robust. It focuses on the industrial system positively
adapting to changes and facing adversities. It considers values such as adaptability or
leadership [90].
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The current literature on the subject compiles 12 functions through which Industry 5.0
can contribute to sustainable manufacturing [91]. These functions allow personifying the
abstract concepts that are the values to assess their compliance. Manufacturing circularity
(MCR) enables reducing environmental impact by optimizing systems [92]. Manufacturing
strategic adaptability (MAP) empowers manufacturers to adjust their operations to changes
in their environment efficiently [93]. Manufacturing productivity (MPD) addresses the
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complexity of supply networks and production models to decrease risks that harm produc-
tivity [94]. Renewable integration (RIT) involves the use of renewable energy sources in
manufacturing processes to achieve cleaner production [95]. Sustainable skill development
(SKD) prioritizes the human approach by engaging stakeholders, driving system improve-
ment [96]. Manufacturing resilience (MNR) enables a quick response to disruptions and
effective adaptation to changing circumstances [97].

Manufacturing responsiveness (MRS) enables total visibility into the entire product
lifecycle, minimizing production costs [98]. Sustainable technology governance (STG)
considers sustainability values in the design, implementation, and operation of new tech-
nology [99]. Sustainable business model innovation (SBI) promotes collaboration among
all stakeholders in sustainable innovation, with a focus on manufacturers and technology
providers [100]. Work environment smartification (WES) involves adapting technologies
to the needs of workers without compromising their autonomy and psychology [101].
Sustainable employment (SEP) encompasses strategies to help individuals secure stable
and satisfying employment [102]. Value network integration (VNI) establishes the premise
that information technologies and the operations of all stakeholders should be able to
seamlessly exchange information when necessary without issues [53]

5. Design Framework

The proposed framework for the integration of Industry 4.0 technologies and their
environmental aspects into the stages of a production process based on the values of
Industry 5.0 is presented in Figure 3. The relationship between technologies, stages, and
sustainability is represented in the form of a three-dimensional matrix. At the top, the
relationships between enabling technologies and the stages that make up the production
process are reflected to determine in which stages they can be employed a priori. On the left
side of the matrix, technologies are related to sustainability in its three perspectives. To do
this, technologies must first be identified and characterized and sustainable characteristics
selected. This can be performed using tools such as SWOT analysis or benchmarking.
On the right side of the matrix, the stages of the production process are related to the
sustainable requirements they need to meet. To do this, a production process must first be
defined, with its different stages analyzed, and then characterized in terms of sustainability.
For this, the ASTM E3012-22 standard is used.

All relationships between technology, stages, and sustainability reflect gradual re-
sults within a range from 0 to 1. These values define the degree of satisfaction for each
relationship. When it is determined that several technologies can be used in a stage and
have a set of sustainable characteristics that match the requirements of that stage, it is
time to integrate them from the perspective of Industry 5.0 values. To do this, the first
step is to select which technology best satisfies the values. Tools that enable this analysis
include the QFD matrix, AHP, or the BSC. Once the technology is selected, the functions
identified in the study are used for its integration. Finally, this process must be continuously
evaluated and feedbacked to ensure that if new values emerge they are considered and that
no conflicting values are encountered.
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5.1. Identification of Stages and Technologies

The first step in applying the proposed model is to break down the industrial process
(P). The process to be evaluated must be analyzed by dividing it into clearly defined
stages (S). Among the most common stages of any production process, one can include the
acquisition of raw materials, assembly, manufacturing, or quality control, for example [103].

[P] = [S1, S2, . . . , Sm, . . . , Sn] (1)

where:

• P: Presents the entire process.
• S: Stage of the process (S1, S2, . . ., Sm, . . ., Sn), with m being a natural number ranging

from [1, n].

Each of the identified stages can make use of one or several technologies. These
technologies, depending on their characteristics, can either benefit or limit that stage of the
process [20]. The selection of technologies considers the various enabling technologies of
Industry 4.0. The selection of technologies can be carried out through a SWOT analysis,
expert consultation, or benchmarking, among other methods [104].
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5.2. Evaluation of Sustainability Characteristics

Technologies possess various characteristics that make them unique compared to
others. These characteristics define their nature in technical, social, environmental, legal,
or operational aspects, among others [105]. However, the evaluation and selection of each
technology in this study focus on its sustainability characteristics. Table 3 represents the
classification of technologies by stages and their contribution, based on their characteristics,
to the three sustainability perspectives. Among the sustainability-related technology
characteristics, one can observe the development of skills in the workforce, the ability to
use renewable energy sources, or the capacity to adapt to changes in the process [106].

Table 3. Matrix of relationship between Industry 4.0 technologies and sustainability, classified by
stages [own study].

S T SCSo SCEv SCEc

S1
T1 αSo,1,1 αEv,1,1 αEc,1,1
Tm αSo,1,m αEv,1,m αEc,1,m

S2 T2 αSo,2,2 αEv,2,2 αEc,2,2

S3
T2 αSo,3,2 αEv,3,2 αEc,3,2
T3 αSo,3,3 αEv,3,3 αEc,3,3

· · · · · · · · · · · · · · ·

Sn

T1 αSo,n,1 αEv,n,1 αEc,n,1
T2 αSo,n,2 αEv,n,2 αEc,n,2
To αSo,n,o αEv,n,o αEc,n,o

where:

• S: Stage of the process (S1, S2, . . ., Sm, . . ., Sn), with m being a natural number ranging from [1, n].
• T: Technology used in that stage (T1, T2, ..., Tm, ..., To), with m being a natural number ranging from [1, o].
• SCSo: Social sustainability characteristics.
• SCEv: Environmental sustainability characteristics.
• SCEc: Economic sustainability characteristics.
• αSo,n,o: Contribution of technology Tm in stage Sm in terms of social sustainability. This is a real number in

the range of [0, 1].
• αEv,n,o: Contribution of technology Tm in stage Sm in terms of environmental sustainability. This is a real

number in the range of [0, 1].
• αEc,n,o: Contribution of technology Tm in stage Sm in terms of economical sustainability. This is a real

number in the range of [0, 1].

The results obtained outline a series of technologies that: (1) due to their general
characteristics can be used in a specific stage of a production process, and (2) within that
stage, they either contribute or do not contribute to certain characteristics that can favor
sustainability in the process. However, it is necessary to define the sustainability needs of
the production process. This characterization is carried out following the ASTM E3012-
22 standard. The guidelines of this standard allow for the collection of relevant data to
identify the process according to the sustainability criteria established by the standard. The
analysis is carried out following criteria such as resource efficiency, waste management,
and emission reduction, among others [107]. The sustainability requirements of each stage
of the process are reflected in matrix form in Table 4.
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Table 4. Matrix of relationship between stages of the production process and sustainable manufactur-
ing requirements [own study].

SRSo SREv SREc

S1 βSo,1 βEv,1 βEc,1

S2 βSo,2 βEv,2 βEc,3

S3 βSo,3 βEv,3 βEc,3

· · · · · · · · · · · ·
Sn βSo,n βEv,n βEc,n

where

• S: Stage of the process (S1, S2, . . ., Sm, . . ., Sn), with m being a natural number ranging from [1, n].
• SRSo: Social sustainability requirements.
• SREv: Environmental sustainability requirements.
• SREc: Economic sustainability requirements.
• βSo,n: Indicates if the stage has specific social sustainability requirements. This is a real number in the range

of [0, 1].
• βEv,n: Indicates if the stage has specific environmental sustainability requirements. This is a real number in

the range of [0, 1].
• βEc,n: Indicates if the stage has specific economic sustainability requirements. This is a real number in the

range of [0, 1].

5.3. Sustainability-Based Selection

The sustainability characteristics possessed by the technologies to be used in each
stage of the process (Table 3) are the ones that will satisfy the sustainability requirements
of each stage (Table 4). For the mathematical representation of the relationship between
the process stages, the technologies, and how the sustainability characteristics of these
technologies satisfy the sustainable requirements of the process, the function of Equation (2)
is defined.

C
(
Si, Tj

)
=
(
cSo
(
Si, Tj

)
, cEv

(
Si, Tj

)
, cEc

(
Si, Tj

))
(2)

where

• Si: Stage of the process (S1, S2, . . ., Sm, . . ., Sn), with m being a natural number ranging
from [1, n].

• Tj: Represents a technology of Industry 4.0 with j being a natural number ranging
from [1, o].

• C(Si,Tj): Represents the degree of compliance with the sustainability requirements of
stage Si by technology Tj in terms of social, environmental, and economic sustainability.

• cSo(Si,Tj), cEv(Si,Tj), cEc(Si,Tj): Indicate the degree of compliance in each of the sus-
tainability aspects. Each of these can be defined following what is represented in
Equations (3)–(5).

cSo(Si, Tj) = min

(
1,

αSo,i,j

βSo,i,j

)
(3)

cEv(Si, Tj) = min

(
1,

αEv,i,j

βEv,i,j

)
(4)

cEc(Si, Tj) = min

(
1,

αEc,i,j

βEc,i,j

)
(5)

The min function ensures that the value does not exceed 1. The defined mathematical
representation provides the degree to which the characteristics of technologies meet the
requirements of a stage in the process. In the case of indicating the value 1, the technology
fully complies with or exceeds the sustainability requirement of a stage. However, a value
less than 1 indicates a proportional degree of compliance.
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5.4. Integration with the Values of Industry 5.0

The final selection of technologies is guided by the values of Industry 5.0. These values
should be the foundation for decision making regarding which technology to use when
multiple options are available. The first step is to identify values, which can either be
inherent to the technology to be used or can derive from the strategic management of the
company [108]. Values are categorized into three main approaches: human-centric values,
sustainability values, and resilience values. Additionally, values hold strategic importance
for the organization, so they should be weighted to align with the mission and vision of
the company [109]. Decision making can be facilitated using tools such as the Quality
Function Deployment (QFD) matrix, Analytic Hierarchy Process (AHP), or the Balanced
Scorecard (BSC).

The values represent abstract theoretical concepts. These need to be personified
through contextual designations that serve as a transition point to work with them [110].
Therefore, in the proposed model, the 12 functions compiled from the literature analysis are
used. These functions allow for the analysis of the degree of compliance of the sustainable
aspect of technologies in accordance with the values of Industry 5.0. The theoretical
representation of this process can be expressed through the D function.

D
(
Si, Tj

)
=
(
dHv

(
Si, Tj

)
, dSv

(
Si, Tj

)
, dRv

(
Si, Tj

))
(6)

where

• Si: Stage of the process (S1, S2, . . ., Sm, . . ., Sn), with m being a natural number ranging
from [1, n].

• Tj: Represents a technology of Industry 4.0 with j being a natural number ranging
from [1, o].

• dHv(Si,Tj), dSv(Si,Tj), dRv(Si,Tj): Functions that evaluate technology against the human,
sustainable, and resilient values of Industry 5.0.

The definition of the functions dHv(Si,Tj), dSv(Si,Tj), dRv(Si,Tj) in the D function re-
quires associating each focus with the 12 functions identified in the literature. The evalu-
ation based on human values (dHv(Si,Tj)) can consider, for example, the functions SKD,
WES, and SEP. Sustainability evaluation (dSv(Si,Tj)), may include MCR, RIT, and STG. Re-
silience evaluation (dRv(Si,Tj)), can include MAP, MNR, and MRS. Each of these functions
contributes with an assigned score. This score can be based on empirical data, subject
matter experts, or case studies. The D function combines these evaluations to provide a
comprehensive alignment of technology with the values of Industry 5.0.

5.5. Implementation and Monitoring

The last step of the proposed framework involves monitoring the technology that has
been ultimately selected after its implementation in the production process. It is necessary
to establish metrics and KPIs to monitor the performance of the selected technologies in
terms of the values of Industry 5.0. This control allows for adjustments to be made as
needed. It is important to establish indicators that continuously evaluate the degree of
compliance of the technologies to meet any new values that may arise and to detect if
there are any conflicting ones. For this purpose, there are design frameworks such as
Value-Sensitive Design (VSD). Through its empirical assessments, VSD ensures that various
stakeholders are involved in the process [111].

6. Conclusions

The current study effectively meets the proposed objectives: (a) Knowledge has been
provided that contributes to bridging the gap between the implementation of Industry 4.0
technologies and the values of Industry 5.0. The literature shows that enabling technologies,
in addition to driving innovation and competitiveness in organizations, have a sustain-
able character that aligns with the aims of Industry 5.0. (b) Enabling technologies have
been evaluated with respect to the social, economic, and environmental dimensions of
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sustainability. The analysis suggests an effective alignment of the technologies with a
comprehensive sustainability approach. The characterization of the sustainability of the
technologies allows for their selection and application in a socially responsible, environ-
mentally viable, and economically beneficial manner. (c) A preliminary framework has
been presented for the selection and application of enabling technologies, aligned with
the values of Industry 5.0. In developing this framework, the lack of uniform methods
for evaluating the sustainability of manufacturing processes has been noted. However, it
introduces the ASTM E3012-22 standard as a guide for the sustainable characterization
of industrial processes. This standard, along with the identification of the sustainable
characteristics of technology and the consideration of the values of Industry 5.0, allows for
the definition of a theoretical framework for designing sustainable manufacturing processes
in the new industrial context. The proposed framework provides an initial roadmap for the
design processes of the industry of the future.

The developed manuscript addresses the current gap between technological advance-
ments and sustainable manufacturing practices. It also paves the way for further research
in pursuit of a more responsible, secure, and resilient industrial future. Despite the progress
that this study may represent, its main limitation is due to the nascent state of Industry
5.0. The analysis developed is based on the data and literature available to date. However,
the rapid advancement of emerging technologies and the consolidation of the Industry
5.0 concept could require adjustments or updates to the study in the future. In terms of
future directions for research, it is recommended to conduct empirical studies to validate
and refine the proposed theoretical framework. This could involve case studies in real
industrial contexts. Additionally, future research can explore the use of simulation software
to model processes that help predict the impact of technologies on the studied approaches.
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47. Rodič, B. Industry 4.0 and the New Simulation Modelling Paradigm. Organizacija 2017, 50, 193–207. [CrossRef]
48. Castro-Martin, A.P.; Ahuett-Garza, H.; Guamán-Lozada, D.; Márquez-Alderete, M.F.; Coronado, P.D.U.; Castañon, P.A.O.; Kurfess,

T.R.; de Castilla, E.G. Connectivity as a Design Feature for Industry 4.0 Production Equipment: Application for the Development
of an In-Line Metrology System. Appl. Sci. 2021, 11, 1312. [CrossRef]

49. Pereira, T.; Barreto, L.; Amaral, A. Network and information security challenges within Industry 4.0 paradigm. Procedia Manuf.
2017, 13, 1253–1260. [CrossRef]

50. Villar, L.M.-D.; Oliva-Lopez, E.; Luis-Pineda, O.; Benešová, A.; Tupa, J.; Garza-Reyes, J. Fostering economic growth, social
inclusion & sustainability in Industry 4.0: A systemic approach. Procedia Manuf. 2020, 51, 1755–1762. [CrossRef]

51. Malek, J.; Desai, T.N. A systematic literature review to map literature focus of sustainable manufacturing. J. Clean. Prod. 2020, 256,
120345. [CrossRef]

52. Machado, C.G.; Winroth, M.P.; Ribeiro Da Silva, E.H.D. Sustainable manufacturing in Industry 4.0: An emerging research agenda.
Int. J. Prod. Res. 2020, 58, 1462–1484. [CrossRef]

53. Ching, N.T.; Ghobakhloo, M.; Iranmanesh, M.; Maroufkhani, P.; Asadi, S. Industry 4.0 applications for sustainable manufacturing:
A systematic literature review and a roadmap to sustainable development. J. Clean. Prod. 2022, 334, 130133. [CrossRef]

54. Qi, Q.; Xu, Z.; Rani, P. Big data analytics challenges to implementing the intelligent Industrial Internet of Things (IIoT) systems in
sustainable manufacturing operations. Technol. Forecast. Soc. Chang. 2023, 190, 122401. [CrossRef]

55. Ghobakhloo, M.; Iranmanesh, M.; Morales, M.E.; Nilashi, M.; Amran, A. Actions and approaches for enabling Industry 5.0-driven
sustainable industrial transformation: A strategy roadmap. Corp. Soc. Responsib. Environ. Manag. 2023, 30, 1473–1494. [CrossRef]

56. Epstein, M.J.; Elkington, J.; Leonard, H.B. Making Sustainability Work: Best Practices in Managing and Measuring Corporate
Social, Environmental and Economic Impacts. In Making Sustainability Work; Taylor & Francis Ltd.: London, UK, 2018.

57. Panwar, R.; Rinne, T.; Hansen, E.; Juslin, H. Corporate responsibility: Balancing economic, environmental, and social issues in the
forest products industry. For Prod. J. 2006, 56, 4–13.

58. Oláh, J.; Aburumman, N.; Popp, J.; Khan, M.A.; Haddad, H.; Kitukutha, N. Impact of Industry 4.0 on Environmental Sustainability.
Sustainability 2020, 12, 4674. [CrossRef]

59. Aggerholm, H.K.; Andersen, S.E.; Thomsen, C. Conceptualising employer branding in sustainable organisations. Corp. Commun.
Int. J. 2011, 16, 105–123. [CrossRef]

60. Herrmann, C.; Schmidt, C.; Kurle, D.; Blume, S.; Thiede, S. Sustainability in manufacturing and factories of the future. Int. J.
Precis. Eng. Manuf.-Green Technol. 2014, 1, 283–292. [CrossRef]

61. Foo, D.C.; Tan, R.R. A review on process integration techniques for carbon emissions and environmental footprint problems.
Process. Saf. Environ. Prot. 2016, 103, 291–307. [CrossRef]

62. Bithas, K. The sustainable residential water use: Sustainability, efficiency and social equity. The European experience. Ecol. Econ.
2008, 68, 221–229. [CrossRef]

63. Kurapatskie, B.; Darnall, N. Which Corporate Sustainability Activities are Associated with Greater Financial Payoffs? Bus. Strat.
Environ. 2013, 22, 49–61. [CrossRef]

64. Chatterjee, S.; Chaudhuri, R.; Vrontis, D.; Dana, L.-P.; Kabbara, D. Developing resilience of MNEs: From global value chain (GVC)
capability and performance perspectives. J. Bus. Res. 2024, 172, 114447. [CrossRef]

65. Yong, J.Y.; Yusliza, M.Y.; Ramayah, T.; Chiappetta Jabbour, C.J.; Sehnem, S.; Mani, V. Pathways towards sustainability in
manufacturing organizations: Empirical evidence on the role of green human resource management. Bus. Strategy Environ. 2020,
29, 212–228. [CrossRef]

https://doi.org/10.1016/j.jmsy.2021.03.001
https://doi.org/10.1016/j.eswa.2022.119456
https://doi.org/10.1016/j.compind.2020.103298
https://doi.org/10.1016/j.bcra.2021.100027
https://doi.org/10.1108/JMTM-05-2017-0094
https://doi.org/10.1007/s13198-017-0585-9
https://doi.org/10.1016/j.ifacol.2017.08.1807
https://doi.org/10.1515/orga-2017-0017
https://doi.org/10.3390/app11031312
https://doi.org/10.1016/j.promfg.2017.09.047
https://doi.org/10.1016/j.promfg.2020.10.244
https://doi.org/10.1016/j.jclepro.2020.120345
https://doi.org/10.1080/00207543.2019.1652777
https://doi.org/10.1016/j.jclepro.2021.130133
https://doi.org/10.1016/j.techfore.2023.122401
https://doi.org/10.1002/csr.2431
https://doi.org/10.3390/su12114674
https://doi.org/10.1108/13563281111141642
https://doi.org/10.1007/s40684-014-0034-z
https://doi.org/10.1016/j.psep.2015.11.007
https://doi.org/10.1016/j.ecolecon.2008.02.021
https://doi.org/10.1002/bse.1735
https://doi.org/10.1016/j.jbusres.2023.114447
https://doi.org/10.1002/bse.2359


Sustainability 2024, 16, 1364 17 of 18
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