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Abstract: The textile and apparel industry is a major contributor to Latin American economies.
However, in these economies the industry is characterized by limited technological infrastructure,
which has led to inefficient performance and the significant generation of water, material, and
product waste through its supply chain (SC). Currently, Industry 4.0 has led to important benefits in
manufacturing industries, but its application in the textile field has been limited to few case studies.
The present work expands on this aspect with a critical review of Industry 4.0 concepts and principles,
and our main contribution consists of an implementation guideline model. The model was based on
Six Sigma and the Rothwell and Zegveld model for continuous improvement and innovation projects
in manufacturing and business enterprises. In each step, key aspects such as the specific skills of
the interdisciplinary team, assessment tools, and implementation/prototyping tools are highlighted.
A discussion of a case study is presented to support the applicability of the model for Industry 4.0
pilot projects.
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1. Introduction

Industry 4.0 (I4.0) involves the digital transformation and the integration of advanced
technologies such as the Internet of Things (IoT), artificial intelligence (AI), big data (BD) an-
alytics, augmented/virtual reality (A/VR), smart sensors, simulation, cybersecurity, cloud
computing, and robotics to improve productivity, efficiency, flexibility, and connectivity
in manufacturing and industrial processes [1]. The specific outcomes of this integration
are efficient real-time data exchange and predictive maintenance, decentralized decision
making, the fast customization of products and services, cyber-physical systems (CPSs),
additive and cloud manufacturing, “digital twins”, smart factories, and industrial IoT [2,3].
Thus, I4.0 can be defined as the “digitalization of the manufacturing sector, with embedded
sensors in virtually all product components and manufacturing equipment, ubiquitous
CPSs, and analysis of relevant data” [4]. Note that “digitalization” refers to the use of digital
technologies to improve business operations and create new value for customers, while
“digitization” refers to the process of converting physical information into digital formats.

While I4.0 has been mainly studied and applied within the manufacturing sector
(i.e., Manufacturing 4.0), the following sectors are also studying and developing I4.0
technologies [5,6]:

• Automotive: for the enhancement of smart production lines, connected vehicles, au-
tonomous driving, predictive maintenance, and customized production.

• Energy and utilities: for the optimization of energy management and grid efficiency,
renewable energy integration, and smart metering implementation.

• Healthcare: for the improvement and implementation of telemedicine, electronic health
records, AI-powered diagnostics, remote patient monitoring, and smart medical devices.
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• Logistics and supply chain (SC): for the improvement of inventory management, ware-
house automation, real-time tracking, predictive analytics, and autonomous vehicles.

• Agriculture: for the implementation of sensor-based monitoring, drones, robotics,
AI-powered analytics, and yield prediction.

Within the manufacturing sector, the textile industry is a major contributor to en-
vironmental pollution worldwide [7]. Regarding waste generation, the textile industry
requires huge amounts of water and chemicals throughout all production stages (i.e., raw
material extraction, spinning, knitting, and dyeing). Although in Europe 2–10% of the
environmental impact is associated with the clothes industry [8], the impact is more signifi-
cant in developing countries, where most textile companies are located [9]. In this regard,
I4.0 can support sustainable efforts to reduce the environmental impact in these countries
and also improve their industry performance [10]. Recently, the term “Apparel 4.0” has
been coined to address I4.0 within the fashion industry, which is directly associated with
the textile industry, identifying benefits such as better agility; transparency; increased
quality, productivity, and customer satisfaction; and reduced operational costs and delivery
time [11,12].

In this case, I4.0 technologies can support valuable processes to improve the sustain-
able aspects of the textile SC. However, as the textile industry involves the continuous
flow of capital, materials, chemicals, processing machinery, and finished products, it faces
different challenges for I4.0 implementation. Among these, the following can be men-
tioned [13,14]:

• Significant investment costs: I4.0 technologies require investments in infrastructure,
equipment, and training. Particularly, small and medium-sized enterprises (SMEs)
may face financial constraints when adopting these technologies.

• Lack of trained staff: I4.0 technologies demand a skilled workforce proficient in data
analytics, IoT, automation, and digital systems.

• Outdated or limited technology: In emerging economies and SMEs, the textile industry
often relies on outdated machinery and systems that may not be compatible with
newer I4.0 technologies.

• Limited SC integration: I4.0 promotes end-to-end connectivity and collaboration
within the SC. However, this is a technologically complex task due to varying techno-
logical capabilities and interoperability between the different SC stakeholders such as
suppliers, manufacturers, and retailers.

• Limited or no scalability and flexibility: Although I4.0 enables agility and flexibility in
manufacturing processes, scaling these solutions across different production lines and
factories can be a logistical and operational challenge.

• Lack of data management and security systems: With increased connectivity and data
generation, few SMEs realize and procure effective systems to manage and secure large
volumes of data. Cybersecurity threats and data privacy concerns must be addressed
to ensure the protection of sensitive information.

• Compliance with regulations and standards: Current textile regulations and standards
must ensure the safe, efficient, and ethical use of emerging I4.0 technologies.

Mexico is an emerging economy, and the textile industry is a major contributor to its
gross domestic product (GDP). Globally, Mexican exports of textile products have continu-
ously declined since the year 2000, which has severely affected its competitiveness. In this
regard, the improvement of productivity, quality, and innovation have been identified as
factors that are directly and positively correlated with the competitiveness of companies in
the textile and clothing industry [15].

However, in practice, most SMEs claim that I4.0 implementations have drawbacks,
such as the absence of a clear roadmap or guidelines, financial uncertainties, a lack of
knowledge about new concepts, and a lack of skilled employees [12]. Hence, in this work
a conceptual model regarding I4.0 for Mexican SMEs is presented to provide reference
guidelines regarding the critical stages for I4.0 projects. A key aspect of this model is the
integration of a sustainable approach to improve competitiveness within the textile sector.
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The advances of the present work start in Section 2 with a review of key aspects of
I4.0, such as definitions of IIoT/IoT, CPSs, smart factories/products, vertical/horizontal
integration, and the importance of maturity models (MMs) and design principles (DPs).
Because the textile industry is a major contributor to environmental pollution worldwide,
Section 3 presents an analysis regarding the pertinence of I4.0 for sustainability and waste
reduction purposes. Then, the proposed implementation plan, which was based on Six-
Sigma (an established continuous improvement methodology for manufacturing processes)
and the MR&Z model (for innovation) is described in Section 4. The description of this
plan includes recommendations regarding IIoT/cloud computing/prototyping software
tools that are crucial for I4.0 pilot projects. The description of the implementation plan is
complemented by a discussion regarding its applicability with a case study in Section 5.
Finally, the conclusions and future work are presented in Section 6.

2. Understanding Key Aspects of I4.0

To propose a guideline I4.0 model, it is important to understand the differences when
considering current production systems. The first industrial revolution (I1.0) refers to the
technological transition period between the years 1760 and 1900, when the steam engine
(hydropower) and coal-powered machines were invented. During the second industrial
revolution (I2.0), which took place between the years 1900 and 1960, the invention of the in-
ternal combustion engine and electricity led to rapid industrialization and mass production
(assembly lines) [16]. Between the years 1960 and 2000, the third industrial revolution (I3.0)
further accelerated automation using electronics and information technology [17]. The
fourth industrial revolution (I4.0), which started in 2000, has expanded upon I3.0 with the
development of CPSs and smart factories, integrating all smart technologies, such as addi-
tive manufacturing (3D printing), IoT, cooperative robots, BD, AI, and A/VR. Digitalization
is a key feature for the implementation of I4.0.

This is the reason why manufacturing systems that have extensive automated pro-
cesses and sensors are not considered as I4.0 systems, even though they are clear examples
of I3.0 systems. I4.0 “envisages an environment whereby smart machines can communi-
cate with one another, not only to enable the automation of production lines but also to
analyze and understand a certain level of production issues and, with minimal human
involvement, to solve them” [1]. I4.0 requires that human-to-human, human-to-machine,
machine-to-machine, and/or service-to-service interconnections are enabled to achieve
complete horizontal, vertical, and end-to-end integration [17]. Within the I4.0 context, these
integration schemes establish how the different elements (systems, processes, technologies,
and products) within the manufacturing or industrial environment must be interconnected
and collaborate with each other.

Knowing these specific differences in concepts is important to define reference guide-
lines for evolving I3.0 systems to I4.0 systems [17]. Table 1 presents a comparative review
and description of the most common terms used in the I4.0 literature, while Table 2 de-
scribes the managerial aspects of the horizontal, vertical, and end-to-end integration of I4.0
technologies. Table 3 presents a review of the design principles (DPs) of I4.0, which are
guiding concepts that drive its implementation. As such, these principles aim to:

• Reduce the knowledge gap for implementing I4.0 technologies and propose means to
systematize them [18,19];

• Accomplish real-time connection between the physical and virtual worlds (virtualiza-
tion) [20];

• Allow I4.0 system and application professionals to develop and implement successful
and sustainable I4.0 systems [21].

Thus, they involve key ideas and features that must be considered while designing,
implementing, and developing I4.0 projects. They also serve as the basis for skill and
continuous training planning.
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Table 1. Differences between common terms and features in the I4.0 literature.

Term Description

Smart factory

Also known as a “digital factory” or “factory of the future”, this term refers to a highly automated and interconnected
manufacturing facility that leverages advanced technologies and data-driven systems to optimize operations, improve
productivity, and enhance flexibility. As such, it is a concept within the framework of I4.0 and encompasses the entire
manufacturing facility, including equipment, processes, and systems [22,23].

CPS

This refers to a system that combines physical components with computational and communication capabilities, enabling
interaction and integration between the physical and digital worlds. Hence, a CPS integrates physical processes (i.e.,
sensors, actuators, and control systems) with computer systems, networks, and software [17]. While in practice a smart
factory is frequently considered as equivalent to a CPS, the smart factory is a specific implementation or realization of a
CPS within the manufacturing domain [23]. In contrast, a CPS can be applied to various domains, including
transportation, healthcare, and energy systems [17]. Both have the following key features: high interconnection and
flexibility, dynamic reconfiguration through self-organization, self-learning and self-adaptation, and deep integration [23].

Smart products
These are physical products that have embedded technology, connectivity, and data-processing capabilities, enabling them
to gather and exchange data, interact with users or other devices, and provide enhanced functionality and user
experiences [24]. IoT is the main technology to achieve connectivity and intelligence for these products.

Internet of Things
(IoT)

This is the fundamental element of I4.0, and it consists of sets of interconnected static and/or mobile devices equipped
with communication, sensors, and actuator modules connected through the Internet [25].

Industrial IoT (IIoT) This is the application of IoT to a CPS to produce intelligent manufacturing goods and establish smart factories [25,26].

Smart/intelligent
production

This system is characterized by its cognitive ability to perform efficient interaction and collaboration between humans and
artificial entities (i.e., software, machines, and products) throughout complex processes across the entire value-creation
chain [27]. While the smart factory is a tangible implementation of advanced manufacturing concepts, intelligent
production refers to the smart capabilities and strategies applied within the production process of the smart factory.
Intelligent production is focused on optimizing production planning, scheduling, quality control, and decision making
throughout the production life cycle.

Digital twin

This represents a virtual replica or representation of a physical object, system, or process. It is created by integrating
real-time data from the physical counterpart with digital models, simulations, and analytics. Its purpose is to enable the
monitoring, analysis, and optimization of the physical system by providing a digital representation that can simulate and
predict its behavior [28]. While both digital twins and CPSs involve the integration of physical and digital components,
digital twins focus on creating virtual replicas to monitor and optimize the behavior of physical systems. In contrast, CPSs
are systems wherein physical processes and digital capabilities are tightly integrated to enable real-time interactions
and control.

Table 2. Description of the integration aspects of I4.0 technologies.

Type Description

Horizontal
integration (HI)

This is the integration and connection of different processes and functions at the same hierarchical level within a company,
or across complementary or similar companies in a SC [29]. Examples of HI are cross-departmental integration
(communication and data sharing between different departments within a company, such as R&D, production, marketing,
and sales); supplier–customer integration (lateral collaboration with suppliers and customers to exchange data, forecasts,
and production plans); and the interoperability of systems (efficient communication between software and devices across all
different processes). The integration requires careful planning, effective communication, cultural alignment, regulatory
compliance, and the management of organizational change [30]. As benefits of HI, the following can be mentioned:
enhanced collaboration and synergies, improved operational efficiency and innovation capabilities, access to new markets
or customer segments, and the ability to provide end-to-end solutions.

Vertical integration
(VI)

This is the integration and connection of systems and processes between different stages or hierarchical levels within a
company [29]. This involves expanding control or ownership over multiple stages of the value chain, from raw material
acquisition to the delivery of the final product to the end customer, and the digitalization and standardization of internal
processes and data flows [30]. Examples of VI are shop floor integration (the connection of machines, sensors, and control
systems on the shop floor to gather real-time data about production processes and resource performance); operational
integration (manufacturing execution systems (MESs) and enterprise resource planning (ERP) systems are integrated to
perform efficient production schedules based on real-time data); SC and customer integration (suppliers and logistics
partners are integrated to monitor and manage the flow of raw materials and finished products throughout the SC, and
customers are managed through customer relationship management (CRM) systems to better understand customer
demand changes).
It also requires careful planning, investment in technology and infrastructure, and the effective management of complex
inter-dependencies between the value chain stages. As benefits of VI, the following can be mentioned: increased operational
efficiency, reduced lead times, improved product quality, enhanced customer experience, and better control over the
value chain.
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Table 2. Cont.

Type Description

End-to-end
integration (EEI)

This involves the integration and connectivity of all stages and entities of the value chain, from product design to final
product delivery, from suppliers to customers, using advanced digital technologies and data-driven systems. This
integration of processes, systems, and data across the entire life cycle of a product or service enables real-time information
exchange, improved visibility, and enhanced collaboration with different companies and customers [29]. Examples of EEI
systems are digital threads (the creation of a digital representation of a product and its production process, which can be
accessed and updated throughout the product’s life cycle); digital twins (providing virtual models of physical assets and
products to perform real-time monitoring, predictive maintenance, and the assessment of different scenarios); and
collaborative design (the creation of cross-functional teams for product design considering current and future
manufacturing and SC constraints).
EEI requires careful planning, investment in advanced technologies, standardization, and data security measures. As
benefits of EEI, the following can be mentioned: increased operational efficiency, reduced costs, enhanced product quality,
increased agility, better customer satisfaction, and faster responses to market changes.

Table 3. Design principles of I4.0.

Design Principle Description

Interoperability
(DP1)

This is aimed at ensuring effective and systematic communication, information flow, and data sharing between all levels and
entities in a system (i.e., devices, equipment, people, departments, and products) [31]. Cybersecurity, communication, and
networking technologies such as IoT/IIoT, Internet of People (IoP), and Internet of Everything (IoE) are enablers for this
principle [18–20,32].

Virtualization (DP2)

This involves the ability of a system to represent, in real time, data from the physical world as virtual-world data. This can
improve the decision maker’s performance by enabling the simulation of “what-if” scenarios to identify problems and to test
solutions [18,20,32–34]. While sensors, scanners, AV/R, and simulation platforms are recommended technologies [19,35],
virtualization strongly depends on the company size and industry field [36].

Decentralization
(DP3)

This is the ability of a system to perform actions and take decisions autonomously. This would lead to more agile and flexible
systems that can react and adapt faster to changes in the market in terms of their production processes. Examples
of technologies that support decentralization are CPSs, embedded systems, communication and networking, AI, IoT, smart
actuators, and sensors [18–20,36,37].

Real-time capability
(DP4)

This is the ability to track and analyze all data within a system in real time. This is aimed at improving the decision-making
process by speeding up the response to failure, identifying anomalies in demand patterns or operation performance in
advance, and performing corrective actions. Within an integrated SC, this capability can facilitate just-in-time supply
between manufacturers and retailers, or suppliers and manufacturers [38]. Among the technologies that can support this
capability, the following can be mentioned: cloud computing, AI, data analytics, BD tools, IoT/IIoT, smart sensors, and radio
frequency identification (RFID)/real-time locating system (RTLS) devices [18,20,39].

Service orientation
(DP5)

This is aimed at providing customer-centered services as a new business strategy to increase value creation and
profitability [20,21]. This ensures customer inclusion as products and services are offered to users [21]. In this context, the
Internet of Service (IoS) can enable connection between CPSs and customers, with smart tools to provide them with a new
service that integrates all parties within the value chain with updated information [18,19,40].

Modularity (DP6)

This is aimed at improving the adaptation of businesses to changing requirements in the environment (i.e., fluctuating
market demand and new product features). The smart factory can achieve flexible adaptation by enabling the plug and play
principle to add, connect, or separate configurable modules as needed [21,41]. This capability can be supported by industrial
robotics, additive manufacturing, BD, IoP/IoS/IoT/IIoT, simulation tools, and A/VR [42,43].

Smart products
(DP7)

Under I4.0, a smart product is an embedded device that can collect, store, update, and transfer data between the end-user
and the entities involved in its production [32]. This can reduce the boundaries between the physical and digital
worlds [18,19,44] and support the transformation of the product for recycling purposes, favoring the achievement of
ecological and sustainable development goals [45].

Corporate social
responsibility (CSR)
(DP8)

This ensures that businesses activities follow the “3P” principle (People-Planet-Profit), which involves a responsible balance
between economic, environmental, and social compromises. Thus, activities in all companies must be performed considering
ethical values, sustainability, environmental and social care, safety, and wealth [18,19,32,46]. Hence, CSR enables the design
and implementation of sustainability practices to reduce resource usage, improve energy-efficient use, and reduce
emissions [47].

3. Sustainability Aspects of I4.0 for Textile SMEs

Figure 1 presents an overview of a standard textile/apparel/garment SC [48,49]. Note
that material flow starts at the “Fiber Manufacturer” level, where the amount of waste varies
depending on several factors, such as the type of fiber being produced, the raw material
cleaning and formation processes, and the efficiency of waste management practices. In
2015 alone, the textile industry consumed 53 million tons of textile fibers, of which 73%
was landfilled or incinerated, and less than 1% was recycled for new clothing [49]. Then,
at the “Textile Manufacturer” level, waste consists of damaged or scrap yarn, unfinished
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cones, unfinished fabric, and rejected colored fabric. Finally, at the “Apparel Maker” and
“Retailer” levels, waste consists of overstock of development samples and apparel. It is
important to highlight that, within the production levels, wet processing is performed,
which leads to a major water footprint [49].

Retailer

Apparel Maker

Textile Manufacturer

Fibre Manufacturer

(Raw Material Supplier)

Material Flow

Demand Flow

Production of Fibres: 
- cotton

- wool

- silk

- polyester

- nylon

- acrylic

- etc.

Production of Yarns:
- melt/dry/wet spinning 

mechanisms*

Production of Fabrics: 
- knitted and woven

manufacturing

Wet Processing: 
dyeing/printing/washing

Manufacturing - Assembling:
- cutting

- pattern making

- sewing

- finishing

Figure 1. Processes within a textile SC (* note: some spinning mechanisms are not possible for certain
types of fibres).

Given the role of the fashion industry in the generation of pollutants, sustainability
must be considered within I4.0 implementation. Recently, the term circular economy (CE)
has been coined to promote the responsible use of resources for sustainable, resilient, and
innovative business models [50,51].

The main barrier that has been identified for implementing CE is the lack of proper
information flow [52,53]. In this context, I4.0 technologies and digitalization can contribute
to reducing this barrier and improving the economic, environmental, and social dimen-
sions of sustainability in manufacturing processes [51]. The following were identified as
environmentally friendly and socially responsible textile industry ventures under I4.0:

• Resource efficiency: Real-time monitoring systems, smart sensors, and data analytics
can optimize the utilization of energy, water, and raw material resources throughout
textile manufacturing processes [51,54–56].

• Predictive maintenance: IoT/IIoT and data analytics can support the identification
and correction of operational problems before they lead to costly breakdowns. By
proactively maintaining machinery, energy consumption can be optimized, reducing
downtime and the need for emergency repairs.

• SC transparency and traceability: Through the use of blockchain, IoT/IIoT devices, and
data analytics, stakeholders can track and verify the origin, production processes, and
sustainability credentials of raw materials, ensuring ethical sourcing and responsible
manufacturing practices [54,55,57–59].

• Waste reduction and recycling: By facilitating efficient data collection and advanced
analysis, textile manufacturers can identify areas of waste generation and implement
strategies to minimize it. Automation and robotics can reduce material waste by
improving the precision of cutting, dyeing, and yarning operations. Also, the imple-
mentation of closed-loop systems enables the recycling and reuse (R&R) of textile
waste [51,55–59].

• Reduction in the water footprint (WF): The WF is an indicator of the amount of fresh
water utilized in the production or supply of the goods and services consumed by a
particular person or group [60]. As presented in Figure 1, water is wasted throughout
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most of the textile SC. Specifically, the following are I4.0 technologies and strategies
that can be considered to reduce the textile WF:

– Real-time monitoring and analytics: the analysis of real-time water-usage data
from sensors and waste-water discharge patterns can improve the accurate
and prompt identification of water-usage inefficiencies, leaks, and excessive
water consumption.

– Smart water management systems: Through IoT/IIoT, these systems can monitor
water quality, temperature, turbidity, salinity, and flow rates to perform adjust-
ments and control the water usage within the different stages of the production
life cycle [61].

– Recycling and reuse: Waste-water treatment and purification systems equipped
with advanced sensors and automation can recover and treat water from various
stages of textile production. Treated water can then be reused for non-potable
purposes such as cleaning, dyeing, or irrigation, reducing the need for fresh
water intake.

– Simulation and digital twins: The simulation of diverse scenarios and parameters
can be used to reduce water consumption, optimize dyeing/yarning processes,
and improve overall efficiency. Digital twin technology enables real-time moni-
toring and optimization to perform adjustments in the manufacturing processes
and minimize water usage while maintaining product quality [28].

– Precision dyeing and chemical management: Automation, robotics, and smart
systems can optimize the control of the chemical parameters of the dyeing process
(i.e., temperature, time, and chemical dosage) to minimize waste water associated
with excessive rinsing and repeated dyeing cycles [56,62].

– SC collaboration: By engaging suppliers, manufacturers, and other stakehold-
ers in water stewardship initiatives, water-efficient practices can be promoted
throughout the SC. Sharing best practices, implementing water-saving tech-
nologies, and collectively addressing water-related challenges can support the
reduction in the overall WF.

• Product customization and personalization: On-demand production and products
tailored to individual customer preferences can be achieved with minimum overpro-
duction and waste generation. This can reduce the environmental impact associated
with unsold goods.

• Sustainable product development: Data analytics and simulation tools can optimize
the design and development of sustainable textile products. Virtual prototyping
and digital simulations enable textile manufacturers to test various materials and
manufacturing processes, reducing the need for physical samples and iterations.

• Worker safety and well-being: The automation of hazardous tasks, such as repetitive
and strenuous activities, can reduce the risk of work-related injuries. Furthermore, real-
time monitoring systems can help identify potential health and safety risks, enabling
prompt intervention and preventive measures.

• Circular economy (CE) initiatives: Through digital platforms and networks, textile
manufacturers can collaborate with other stakeholders to enable product take-back
programs, recycling initiatives, and the sharing of resources, promoting a more sustain-
able and circular textile ecosystem [51,55,57,58].Textiles are some of the least recycled
products, and the CE concept has the potential to create significant value for textile
companies, consumers, and the environment. Many companies are integrating re-
verse logistics within textile SCs to enable recycling, repairing, and remanufacturing
processes [59].

4. Defining an Implementation Plan

I4.0 ventures must be driven by the market, customer, product, and/or enterprise
innovation needs. If they are fully justified, then an implementation plan can be envisioned.
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Figure 2 presents an integrative overview of three models that have been proposed for
innovation-driven I4.0 implementations [63]:

• Linear Technology Push (LTP): This model consists of the sequential execution of
several steps, where the innovation is driven by the creation of disruptive technologies
and/or products that are expected to fulfill a market demand. Note that the devel-
opment of disruptive technologies and/or products is supported by fundamental or
basic research, and marketing is crucial to support the introduction of these into the
market and create (or increase) its demand.

• Linear Model of Market Pull (LMP): Although this model is very similar to LTP
regarding the main steps, the innovation is driven by actual (not expected) market
needs. Hence, innovations are mainly reactive to the market needs and supported by
applied research.

• Mixed Model of Rothwell and Zegveld (MR&Z): this model enables non-sequential
steps and continuous feedback between all implementation stages and SC entities.
Note that the MR&Z is more flexible as it is supported by basic and applied research,
and considers expected and actual market needs.

Basic / Fundamental 

Research

Applied Research

Design and 

Engineering
Marketing Sales

FULFIL ACTUAL 

MARKET NEED

FULFIL EXPECTED 

MARKET NEED

TECHNOLOGY-PUSH

MARKET-PULL

Basic / Fundamental 

Research
Applied Research

Design and 

Engineering
Marketing Sales MARKET

MARKET NEEDS

STATE OF THE ART IN TECHNOLOGY

NEW NEEDS

IDEAS

NEW TECHNOLOGY

MIXED MODEL OF ROTHWELL & ZEGVELD

(a)

(b)

(c)

Figure 2. Innovation-driven models for I4.0 ventures: (a) Technology Push, (b) Market Pull, and
(c) Rothwell and Zegveld.

Note that the first step of the innovation process consists in performing research
to understand the current state of the market and technological needs. Although not
explicitly explained, this research must consider the current enterprise’s resources and
vision regarding innovation. Hence, more detailed guidelines or implementation models
are required for I4.0 ventures in SMEs.

In this work, the guideline model was structured as an integration of the MR&Z
innovation model within the Six-Sigma continuous improvement model. Within the context
of manufacturing systems, the DMAIC (define, measure, analyze, improve, and control)
methodology was used as reference for Six-Sigma projects [64–66]. Figure 3 presents an
overview of the implementation steps according to the DMAIC methodology. The following
sections describe the integrated DMAIC steps with the MR&Z innovation model.
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Figure 3. Work plan for a I4.0 Six-Sigma project.

4.1. Define

In this step, the project’s scope is clarified, the problem is identified, and the targets
to be achieved are defined [65]. As presented in Figure 4, basic and applied research is
performed by the skilled team. This must be driven by the market and technology trends,
and frequent feedback must be performed with production, marketing, and sales. Also,
as reviewed in Section 3, sustainability principles and technologies have to be considered
while performing basic and applied research. Hence, an interdisciplinary team must be
gathered to perform this step.

Because SMEs are characterized by limited resources, it is recommended to focus
on the “Market Pull” to reduce the uncertainty in the outcomes of the I4.0 implementa-
tion. Note that collaboration with production, marketing, and sales improves the design
thinking process [67]. Although at this step this collaboration does not involve the “actual
production” of the innovation, it contributes with its a priori assessment.

The proposed sets of elements for the “Define” step are presented in Figure 4. Note
that additional strategic tools such as SCRAMPER and SWOT can be used to support the
following key aspects:

• Interdisciplinary team: A cross-functional team should be established comprising
members from different departments, including operations, IT, engineering, human
resources, and management. This team will be responsible for overseeing the im-
plementation process, coordinating efforts, and ensuring collaboration across the
organization. Note that this team must be fully dedicated to the project, with the
freedom to think outside existing company boundaries and guide the project to enable
the company to understand the new strategic directions regarding technology, ways of
working, and ecosystems [30]. It is recommended to study complementary concepts
such as design thinking [67] and open innovation [68] for the execution of the team’s
tasks and look for support with universities working in I4.0 projects.

• Innovation culture: A culture of innovation and digital transformation should be
fostered throughout the organization. Employees should be encouraged to contribute
ideas, experiment with new technologies, and embrace change. The benefits of I4.0,
such as improved efficiency, productivity, sustainability, and customer satisfaction,
should be emphasized.

• I4.0 Skills and training: A set of skills and training is defined for the implementation
team. This involves training in data analytics, IoT/IIoT, automation, programming,
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and digital systems. Currently, universities working in I4.0 strategies can support this
set of skills [69,70].

• Required investment: The economic feasibility of the project must be studied, con-
sidering its competitive and financial outcomes. The return on investment (ROI) can
be calculated for this case, considering the costs associated with training; hardware
(sensors, connectivity devices, data storage); software; and processing times for the
required tasks.
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Figure 4. Proposed elements for the I4.0 Define step.

4.2. Measure

This step consists in establishing reliable/applicable metrics to monitor key processes’
performance and understand their progress towards the objectives established in the
“Define” step [66]. The current state of the textile manufacturing operations, including
infrastructure, processes, and workforce capabilities, can be evaluated through a specific
I4.0 test known as the “readiness assessment”. As presented in Figure 5, this can provide
important feedback for the “identify needs, opportunities, and possible solutions” tasks
within the previous “Define” step and provide insight to identify associated metrics.

In practice, readiness assessment is performed through the evaluation of maturity
models (MMs), which consider the I4.0 design principles (DPs) [19]. MMs are commonly
presented in the form of surveys that assess the company from several perspectives, result-
ing in suitability scores that help companies to understand their position in regard to I4.0,
revealing their weak and strong sides, and set future targets and strategies [19]. Figure 5
presents an overview of selected MMs that have been reported in the I4.0 literature and
how these provide feedback for activities in the “Define” step. Then, Figure 6 presents an
overview of these MMs’ features and maturity levels.
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4.3. Analyze

In this step, different ways to reduce the gap between the current and desired per-
formance are identified based on the previous “Define” and “Measure” steps [66]. Thus,
this step is focused on the analysis, interpretation, and proposal of strategies for the elim-
ination/minimization of the identified problems or execution plans for the identified
opportunities. Note that the actual execution of the innovation is to be started in this step.
Figure 7 presents an overview of the main tasks to be performed:

• Development of a digital transformation strategy: The identification of the specific
technologies and solutions that align with the business needs.Factors such as automa-
tion, data analytics, IoT/IIoT, AI, and cloud computing are considered. Figure 7 lists
some examples of software platforms that enable the simulation of IIoT devices and
protocols, 3D printing, and cybersecurity assessment.

• Collaboration with partners: This involves engagement with technology providers,
consultants, research institutions, and industry peers to gain insights, share best
practices, and collaborate on I4.0 initiatives. External expertise and partnerships are
leveraged to accelerate the digital transformation journey. Here, HI is very important
for collaborating with external organizations and working with R&D institutes such as
universities or industry organizations to speed up the “open” digital innovation [17].
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4.4. Improve/Design

In this stage, the actual innovation is developed to achieve the desired performance
(the “as-it-should-be” state), as established in the “Define”, “Measure”, and “Analyze”
steps [66,74]. Figure 8 presents an overview of the main tasks to be performed in this step.
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Figure 8. Proposed elements for the I4.0 Improve/Design step.

• Pilot projects and proof of concepts: The implementation of small pilot projects is
recommended to test and validate the effectiveness of selected I4.0 technologies. These
projects can serve as proof of concepts and allow for fine-tuning before scaling up to
larger implementations. The continuous monitoring and evaluation of performance
metrics (see the “Measure” and “Analyze” steps) are important to evaluate the results’
impact and benefits [30].

Although it is important to mention that the economic benefits of the innovation are
not always easy to calculate during the initial tests, and not every project will succeed in
the first attempt, the learning outcome can provide valuable data and experience to reduce
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failure risk in the following iteration of the DMAIC process. In contrast, evidence from early
successes can gain buy-in from the organization and secure funding for a larger project.

Hence, a crucial step in the pilot project development is to pick the right project.
Figure 9 presents the I4.0 pilot project opportunities identified by PricewaterhouseCoopers
(PwC) [30]. For the purposes of the present work, those more suitable within textile SMEs
were marked.
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Figure 9. Selected 4.0 pilot opportunities along the full vertical and horizontal operational value
chains in textile SMEs (edited from [30]).

Entities that can contribute to HI and open innovation are laboratories and universi-
ties [69,70]. As an example of a pilot project that has been supported by universities, the
Textile Learning Factory 4.0 at the Institut für Textiltechnik der RWTH Aachen University in
Aachen, Germany, proposed a framework to differentiate current factory environments and
explain the migration process to a future I4.0 environment [69]. Two levels were defined,
with some recommendations regarding the technologies to apply for a migration plan:

− Level 1—Current-state operation (lean): This serves as a realistic, good-practice in-
dustry environment in which the main lean tools and methods such as SMED, value
stream mapping, Five-S, Kanban (pull systems), and poka-yoke (error-proofing) have
been implemented. This level is used to train and teach participants the required meth-
ods and tools to conduct a digital transformation in a realistic factory environment.

− Level 2—Future-state operation (I4.0): This is used to showcase the potential of
state-of-the-art I4.0 applications directly after the hands-on training in Level 1. The
following I4.0 applications are considered: condition monitoring, digital assistant
systems, and digital performance management for the first implementation; then, auto-
mated material supply, advanced analytics for yield, energy and throughput, real-time
line balancing, advanced analytics for breakdown prevention, self-adjusting worksta-
tions, in-line quality control with machine feedback, human–robot collaboration, and
tailored production components (3D printing) are addressed.
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The development of I4.0 toolboxes and smart manufacturing toolkits has been pro-
posed to inform and guide SMEs within their digitalization processes [75]. Toolkits have
been developed for fabrication/manufacturing, maturity levels, design and simulation,
robotics and automation, sensors and connectivity, cloud/storage, data analytics, and
business management. The technically oriented toolboxes have been complemented by
selected business management tools. The reason for this last toolbox is to successfully
deploy the SM toolkit and change the SMEs’ mindset to improve the organizational culture
and other management aspects [75].

• Data management and connectivity: A robust data management system is established
to collect, analyze, and interpret data from various sources within the manufacturing
processes. Secure connectivity between devices, machines, and systems is ensured to
enable real-time data exchange and communication (IoT/IIoT).

Note that, in contrast to the “Analyze” step, the recommended tools are to be used
mainly for prototyping, as proof of concepts and pilot projects are needed. Also, as
the “Market Pull” focus is suggested to reduce the uncertainty regarding the impact of
the innovation, applied research based on sustainability principles and technologies and
marketing/sales feedback are encouraged (as established by the MR&Z model). Finally,
IoT/IIoT and cloud computing can be focused on enabling precision dyeing and smart
water management to reduce the environmental impact of the textile industry.

4.5. Control/Verify

This step is focused on (a) setting the mechanisms for ongoing monitoring and insti-
tutionalizing the achieved innovation, and (b) ensuring that all employees perform the
improved processes in a uniform manner [66]. Hence, a continuous improvement and
adaptation program (CI&AP) must be established to continuously monitor, analyze, im-
prove, and protect the implemented innovation and verify its compliance with the evolving
technologies and market dynamics. Finally, as presented in Figure 10, once the technologi-
cal aspects of the established innovation are verified, the CI&AP must be matched with the
SME’s economic, sustainable, and social visions to support the innovation culture for I4.0.
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Figure 10. Proposed elements for the I4.0 Control/Verify step.
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5. Discussion on the Applicability of the Model

As the present work is focused on supporting SMEs for I4.0 ventures, the Six-Sigma
DMAIC methodology was considered. This is because Six Sigma is well-established in SME
lean manufacturing projects for continuous improvement. This also enables the application
of the methodology for other SMEs. Then, by integrating the MR&Z model, the appropriate
relationships between the SME departments and activities are identified to encourage and
support innovation, which is a key feature of I4.0 ventures.

Figures 3–10 present the steps of the adapted DMAIC model, highlighting key aspects
such as: the specific skills of the interdisciplinary team; assessment tools (ROI, SCAMPER,
SWOT, COMMA 4.0, IMPULS, eMARISMA, etc.); and implementation/prototyping tools
(Hadoop, Spark, eMARISMA, UltiMaker, MQTT, IoTIFY, etc.). These are provided in
accordance with the objectives of the DPs, which consist of reducing the knowledge gap
regarding I4.0 concepts, benefits, and implementation steps [18,19].

As a brief example following the proposed method, Figure 11 presents an overview of
the implementation steps for a sock manufacturing SME:

• Define: The family SME is aimed at providing the best-quality socks within the local
market; however, the current manufacturing technology is outdated, and production
is limited to 50 product units per day. Also, because there are many competitors in
the market, demand for the main product has been decreasing in the last few years.
Thus, the SME wants to improve its product or create a new product with higher
market demand.

As shown in Figure 11a, the manufacturing process (excluding raw material produc-
tion) sequentially consists of knitting, sewing, dyeing (optional), ironing, packaging, and
shipping. Specifically, the first three processes are performed by human-assisted machines,
which are not scalable for automation or IoT technologies (null flexibility). This is further
supported by a SWOT analysis.

Based on Figure 9, and considering the current infrastructure and SME resources, it
is determined that there are I4.0 pilot project opportunities in “machine automation” and
“manufacturing execution systems” (VI), as well as “integrated digital engineering” (smart
maintenance and services). Note that these opportunities are associated with product
development; hence, they are directly related to the SME’s objective of improving or
creating a product with a higher market demand.

A market trend analysis is performed to determine that socks for people with diabetes
is an emerging local market, specially with esthetic and colorful designs. Basic research
is performed to determine the specific knitting and raw material requirements, lending
support to the non-viability of the current knitting machines. Then, applied research is
performed to identify more recent machines and how these can be adapted to manufac-
ture the new product. Note that these research activities are performed with sustainable
development principles to consider reduction in product waste, the low consumption of
oils/energy, and minimum cleaning requirements. The same SWOT analysis supports the
strengths and opportunities of the SME, which comprises few decision levels to execute the
I4.0 venture.

• Measure: A more comprehensive overview of the current capability of the SME for
I4.0 (maturity level) is provided by the IMPULS test, indicating Level 0 “outsider”
(see Figure 11b). This is a lower level than “beginner”, which is the first significant
level listed in Figure 6. These results are consistent with the current absence of
automation, interconnectivity, and IoT technologies in the manufacturing SME.

Feedback is provided with the results obtained in the “Define” step to refine the
applied research regarding the new equipment (knitting, sewing, and dyeing machines).
Also, the connectivity protocols and additional devices (such as sensors) to enable their
on-line tracking and monitoring are studied. A first ROI estimate is calculated to evaluate
the economic viability of the I4.0 technology implemented in any of the main manufac-
turing processes (see Figure 11a). Note that at this point an estimate of the amount of the
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manufactured product and waste generated in these processes should be performed for the
future assessment of the improvement.

• Analyze: Here, it is determined that knitting is the critical process to be improved.
Also, as it is the initial process, it is the ideal starting point for the consistent digital-
ization of the entire manufacturing system in the future. Automated machines that
can produce different knitting patterns (such as those needed for the intended new
product) with sewing are identified on the market with IIoT capabilities. Due to the
improved production rates, a single machine of this type can replace the current SME’s
fleet of four machines.

• Improve: HI is crucial for this step, as investment without testing the new technology
can compromise the SME’s resources and stability. Contact with manufacturers and
suppliers facilitates demonstrations, customization, and complementary connectivity
systems for the SME before the acquisition of the technology.

After these tests, feedback and acquisition are performed, and the SME should im-
plement sensors for the remote monitoring of failures and the amount of manufactured
products per type. As knitting is the first production process, it can be linked with an
updated order receiving system.
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Figure 11. Discussed I4.0 pilot project for a sock manufacturing SME: (a) defining the main manufac-
turing processes and current technology (machines), (b) activities associated with the initial “Define”
and “Measure” steps, (c) activities associated with the final “Control” step.

The linked order–knitting system can provide data for product forecasting, which can
improve the raw material supply (optimal lot size), failure rate, and consumer behavior.
Cloud computing services, such as Adafruit IO, IoTIFY, and MQTT, can be used to store
and track variables associated with these data.
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• Control: By establishing and tracking the performance metrics defined in the previous
steps, the benefits of the implementation system can be measured. The refinement of
the steps followed to operate the new system for each product is performed to create a
set of standard steps documented in an operation manual. As presented in Figure 11c,
once this process is improved, the other processes in the SME’s SC can follow:

– RFID/QR devices/codes/sensors can be set at the packaging station to record
the status of the final products and enable tracking for shipping;

– This feedback can enhance the measurement of variables such as cycle time,
number of failures, and service level for customer behavior analytics and demand
forecasting for smarter raw material procurement;

– By upgrading the dyeing machine, precision dyeing can reduce the waste gener-
ated by damaged products and waste water due to excessive chemical release.
The cloud computing services Adafruit IO, IoTIFY, MQTT, etc., can be used to
store and track variables associated with these data and enable a more extensive
automated analysis for the improvement of the whole SC.

It is important to mention that I4.0 is not limited to the discussed case study. For
example, in [76], the design of smart socks for IoT analysis was presented. While some
IoT and data tools are proposed in the present work, there are many other technologies.
Recent extensive reviews regarding IoT and data tools within the context of I4.0 can be
found in [77,78].

6. Conclusions

I4.0 technologies offer benefits to companies in the field of manufacturing. In particular,
for textile companies, they can have economic but also social and environmental benefits.
Aspects such as water pollution and the water footprint can be reduced with the digitization
of the textile SC. However, an implementation or migration process to an I4.0 system is
a difficult challenge, because there are various aspects to consider; therefore, there is no
comprehensive guide for these processes.

This work was initially focused on reviewing and clarifying terms and concepts in
order to understand what I4.0 is, as well as to understand the information presented in the
specialized literature and identify when a project is focused on a CPS or on a smart factory.
Then, an analysis was conducted on how I4.0 can contribute to improving textile SMEs,
specifically, to reduce their impact on the environment.

With this review and analysis, the work focused on defining a guide for the develop-
ment of an I4.0 project. To facilitate understanding, this was established as a Six-Sigma
project, and the application of maturity models (MMs) and design principles (DPs) was
a fundamental part of its planning. The skills required by the interdisciplinary team are
identified, and the economic requirements for the project are also identified at this stage.

The implementation of the proposed Six-Sigma project, through the DMAIC method-
ology, was reinforced with the introduction of the MR&Z model to encourage innovation,
which is a key feature of I4.0 ventures. While this work focused on textile SMEs, the method-
ology can be adapted to other SMEs, as it was based on DMAIC, which is an established
methodology for continuous improvement projects. In each step, key recommendations
and tools were highlighted for analysis and prototyping. Finally, a discussion regarding
the applicability of the model was performed with a case study.

Note that HI is important for the development of any pilot project, as consultancy
and research institutes such as universities can provide valuable feedback for appropriate
implementation with more accessible funding alternatives. As a consequence, failure risk
can be reduced, which also improves the practical learning outcomes.

A limitation of the present work was the absence of a portfolio of detailed imple-
mentation case studies in SMEs in Mexico. While this was associated with the restrictions
described in Section 1, we acknowledged the need for this resource. Nevertheless, it is
expected that the present work can provide reference guidelines for the development and
future generation of such case studies.
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Another limitation, due to the vast range of implementation opportunities in SMEs,
was that detailed guidelines for the specific use of some tools, such as MQTT for textile
IoT, were not provided. Hence, a future work focused on providing such tutorial material
is recommended.
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