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Abstract

The apparel industry plays a critical role in the global economy but continues to face
persistent challenges related to fit accuracy, overproduction, inefficiencies, and limited
digital integration. These issues are particularly evident in made-to-measure (MtM) man-
ufacturing, where manual processes, fragmented digital tools, and weak data continuity
hinder scalability and sustainability. This study aims to identify the key barriers to MtM
4.0 adoption and propose a digitally integrated workflow capable of supporting efficient,
sustainable, and customer-centric apparel production. A systematic review of Industry
4.0 technologies and MtM practices is conducted to structure the problem and derive the
requirements for a next-generation workflow. Based on these insights, a three-stage MtM
4.0 workflow (connecting design, product development, and production) is developed and
operationalized in a functional prototype, MtM Lusitano 4.0. The prototype integrates
a web configurator, a rule-based pattern engine, and ERP/MES connectivity, enabling
full digital continuity from customer input to shop-floor execution. Results from indus-
trial deployment confirm functional improvements, including increased measurement
accuracy, reduced manual interventions, and stable production release flows. The study
concludes that the proposed MtM 4.0 workflow strengthens operational efficiency, supports
sustainability goals, and provides a structured pathway for digital transformation in the
apparel sector.

Keywords: made-to-measure; Industry 4.0; sustainable production

1. Introduction
Industry 4.0 (I4.0) marks a new stage in the industrial revolution, driven by innovative

technologies [1,2]. The apparel sector views this transformation as essential to its future
and is increasingly engaged in exploring its adoption. The integration of emerging and
advanced technologies will help companies to achieve sustainability and a market com-
petitive advantage [3]. This sector is usually recognized as a crucial industry, and it is one
of the utmost valuable economic sectors [4], since it produces what people want to wear
every day or on a specific occasion [5].

An apparel product, from concept to customer, encompasses the entire clothing and
fashion industry, including garment manufacturing, yarn and fabric production, and fiber
development [6,7]. As a result, the process typically involves three major stages: apparel
design, manufacturing, and retailing [5]. These stages are increasingly dependent on
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technological innovation, with Industry 4.0 technologies (e.g., the Internet of Things (IoT),
artificial intelligence (AI), collaborative robotics, smart sensors, big data analytics, virtual
and augmented reality, and additive manufacturing (3D printing)) playing a central role in
modernizing and integrating operations [8,9]. These technologies support process innova-
tion by enabling real-time data acquisition, advanced analytics, automation of repetitive
or labor-intensive tasks, immersive digital prototyping, and on-demand production. Such
innovation is crucial to deliver products that meet the evolving needs of consumers [7,8].
While the apparel industry traditionally relied on standardized mass production, driven
by trends and forecasted demand, consumer expectations have shifted toward greater
variety, immediacy, and personalized offerings [10]. Accordingly, the integration of I4.0
concepts is increasingly recognized as a pathway to achieving higher flexibility, efficiency,
and responsiveness in apparel value chains [9].

However, despite the growing relevance of digitalization, there are still difficulties in
understanding how to effectively operationalize this integration across clothing manufac-
turing processes. The literature highlights challenge in planning assembly lines responding
to consumers’ increasing demand for differentiation and personalization and adopting
advanced technologies at scale [10,11]. Implementing mass customization in apparel
production remains complex because different digital technologies affect product type,
performance, and quality in distinct ways [10,12]. For example, AI- and big-data-driven
pattern optimization can enhance fit accuracy, whereas smart sensors and IoT systems
improve process stability and quality control by reducing measurement or stitching de-
viations. Conversely, low levels of automation or limited digital integration often lead to
variability in product quality, longer lead times, and higher operational costs. Product
quality is also economically influenced by factors such as material utilization efficiency, re-
work frequency, defect rates, and the level of manual expertise required during design and
production [12]. Although mass customization offers higher perceived value for consumers,
the apparel industry remains largely low-tech (particularly in the design phase) where
empirical validation is limited, and product-platform design methods still require further
development to support ergonomic variation, size adaptability, and reliable fit across di-
verse body types [12]. Made-to-measure (MtM) is a production method that emphasizes
the individual customization in contemporary fashion design [13]. This approach helps
reduce overproduction by better aligning production with actual demand [14]. However, it
is complex and time-consuming for workers such as managers and operators in assembly
lines [15]. Therefore, the integration of advanced technologies can streamline operations
and strengthen business models built around MtM and on-demand manufacturing [14].
Indeed, the success of the MtM approach depends on its precision [16]. For example, it is
still difficult to define the consumer’s personalized style, fit, and colors [7]. The consumer’s
specific body proportions are difficult to consider for the specific definition of the garment.
Overall, there are challenges related to the application and the use of advanced technologies
in the apparel industry, especially with the MtM approach.

Despite growing attention to digital transformation in the apparel sector, existing
studies often remain fragmented, focusing either on individual technologies or on broad
strategic implications. Few works address in detail how I4.0 can be effectively integrated
into MtM systems, where customization, fit, and sustainability create unique implemen-
tation challenges. This gap highlights the need for a structured analysis of the barriers
specific to MtM 4.0 and for practical guidance to support its adoption. In this study, transi-
tioning towards MtM 4.0 refers to the progressive adoption of digitally integrated processes
(linking configuration, pattern engineering, and production execution) to enable higher
precision, responsiveness, and traceability in customized apparel manufacturing. This tran-
sition is directly influenced by factors such as measurement accuracy, pattern-to-production
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consistency, defect and rework levels, material utilization, and lead-time variability, all of
which affect both product quality and economic performance.

Accordingly, the objectives of this study are twofold: (i) to identify and systematize
the main barriers hindering the successful integration of I4.0 in the apparel industry,
with particular emphasis on MtM production methods (the identified barriers are broadly
applicable across most apparel segments, as they result from technological fragmentation,
low digital maturity, and integration gaps that affect both customized and ready-to-wear
processes); (ii) to propose a conceptual workflow that can guide companies in transitioning
towards MtM 4.0. To address these objectives, the paper is guided by the following research
questions: RQ1—what are the key technological, organizational, and operational barriers
to adopting Industry 4.0 in MtM apparel manufacturing? RQ2—how can the challenges to
overcome these barriers be structured into a practical workflow that supports managers
and researchers in designing MtM 4.0 systems?

This study contributes to the literature by bridging the gap between conceptual
discussions of Industry 4.0 and the practical realities of MtM manufacturing. Academically,
it systematizes adoption barriers and advances understanding of customization-oriented
digital transformation. Practically, it offers a workflow that managers can use as a roadmap
to support decision-making, improve operational efficiency, and foster sustainable and
consumer-centric apparel production. In addition, the study presents MtM Lusitano 4.0
app, an operational MtM 4.0 prototype that demonstrates the feasibility of implementing
this workflow in an industrial context, translating customization principles into real digital
capabilities and traceable production execution.

2. Apparel Industry and Made-to-Measure in Industry 4.0 Context
2.1. Apparel Industry Specifics

The apparel industry is usually recognized as a crucial industry for income generation
on a global scale [4]. It also represents a large economic activity in the world. This industry
is considered to have a complex and extended value chain which can be identified by
different companies: (i) fiber manufacturers (raw material supplier); (ii) textile manufac-
turers; (iii) apparel makers, and (iv) retailers [5–7]. As highlighted in the literature, these
companies have different attitudes relative to innovation. Fiber manufacturers take into
consideration the inclusion of natural fibers and innovative bio-based synthetics in the pro-
duction of fibers and consider producing recyclable or biodegradable materials [6]. Textile
manufacturers are innovating in the precision of cutting, dyeing, and yarning processes
to reduce waste in their processes [7]. Apparel maker innovation trends are focusing on
the process of apparel design and on the process of apparel assembly—activities such as
cutting, sewing, finishing, and packing [5,17]. Achieving a balance between product quality
and production cost (an ongoing challenge for producers, distributors, and consumers)
depends increasingly on process efficiency, material optimization, and digital integration
rather than solely on labor or sourcing costs [8,9].

These companies are spread across different countries and different regions, but the
brand-name apparel companies in European and American countries control the fashion
trends, the brands, and the distribution channels [18]. These companies’ strategy is centered
on offering high-quality products through frequent collections tailored to consumer needs,
all at moderately low prices [19]. This strategy is outlined as being highly market-oriented,
in a consumer-driven economy, and often based on a ready-to-wear model [20].

Despite the fact that this strategy favors efficiency and cost control, consumers in-
creasingly demand personalized products [8,9] involving the processing of variations in
body shapes and sizes; this is difficult to address within standardized systems [17]. Even
under recessionary or unstable economic conditions, these personalization trends remain
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relevant, as MtM 4.0 reduces overproduction and inventory levels, minimizes fabric waste,
and improves fit accuracy (factors that directly lower operational costs and strengthen
economic resilience). In fact, meeting these personalization expectations requires individu-
alized garments with selected fabrics, styles, and unique measurements tailored to each
customer’s need [13,17]. Existing research has primarily examined comfort and garment fit,
but less attention has been paid to the way that fit influences the consumer’s body image,
which is also a significant purchasing criterion [10]. Indeed, garment fit is the relationship
between the consumer’s body and the garment, and its evaluation is a process that should
include physical, functional, and visual criteria [21].

The manufacturing system that ensures these personalized solutions is MtM: it satisfies
the consumers’ needs by creating custom-designed products based on specific measure-
ments, preferences, and specifications [13]. These evaluations depend on factors such
as body scan precision, rule-based pattern generation, material characteristics, sewing
accuracy, and customer-defined requirements, which jointly determine whether a garment
is perceived as high or low quality. In the design phase, three essential specifications must
occur: fit, ergonomics and/or functionality, and image/esthetical design [10,12]. Indeed, a
design personalization system must allow consumers to quickly evaluate garments [22].
Additionally, other specifications can be considered, for example, the impact of the garment
product on the environment. Consumers are more eco-aware and are willing to pay more
for eco-friendly products [3,23].

These needs and trends have a major role in shaping the growth of innovation in every
individual attitude, technology, processes, or product [23]. Therefore, more and more, this
industry must have a high level of innovation to develop a consumer-technology product
in order to deliver the best products on time, achieve the potential value of advanced
technologies, and maintain long-term sustainability [3,7,20,24].

Although MtM systems do not allow for traditional mass production, they can still
deliver cost reductions and efficiency gains through several other mechanisms. In MtM
4.0, these benefits arise primarily from process efficiency: automated configuration and
rule-based pattern generation reduce manual data entry, minimize communication errors,
and avoid rework, which together lower operational costs while improving fit accuracy
and customer-perceived quality. By aligning production more closely with actual demand,
MtM minimizes overproduction and excess inventory (key sources of waste in conventional
ready-to-wear models) [14]. Improved garment fit further reduces returns and unsold stock,
boosting operational efficiency [15]. Additionally, digital tools (e.g., body scanning, pattern
adjustment, and virtual simulation) streamline design and fitting processes, cutting time
and labor required for customization [16,17].

More recent studies provide further evidence: Bao et al. [8] showed that novel produc-
tion line designs can significantly increase efficiency and flexibility in garment manufactur-
ing, which is particularly beneficial for smaller, personalized orders, and Glogar et al. [9]
demonstrated that integrating lean manufacturing with I4.0 technologies in fashion helps
reduce waste, improve productivity, and bring sustainability benefits without relying on
high-volume scale.

Consequently, while the unit cost of MtM garments may remain above that of large-
scale mass-produced items, the overall system can still realize cost savings and efficiency
improvements across the value chain through reductions in waste, returns, overstock,
and non-value-adding activities. Moreover, MtM promotes sustainability via collabora-
tive customization. This means that a smart product requires smart design and smart
manufacturing—and thus, understanding how advanced I4.0 technologies can positively
impact MtM implementation, as well as what barriers the sector faces, is essential [8,9,14,16].
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2.2. Industry 4.0 in Apparel Industry

I4.0 is considered as a model where new forms of production and consumption will
intensely transform all major industrial and manufacturing systems [20,25]. It integrates
manufacturing system operations with communication, information, and intelligence
technologies [26]. Cyber-physical systems (CPSs) meet today’s dynamic production chal-
lenges [3,27]. According to these authors, CPSs are based on key technologies (cloud com-
puting, radio-frequency identification (RFID), big data, and Internet of Things (IoT)) [2,28]
that enhance the efficiency of the entire industry. Indeed, I4.0 can be differentiated based
on its key technologies [29].

Bai et al. [26] stated that I4.0 technologies are considered and grouped into two
distinct areas: physical and digital technologies. These technologies seek to overcome
the challenges of global competition, volatile markets, technology communication, and
information and intelligence [26]. Marshall et al. [30] stated that I4.0 technologies enable
large-scale personalization, foster sustainability throughout the supply chain, and enhance
efficiency across design, manufacturing, and distribution.

In their systematic literature review, Deepthi and Bansal [25] identified the IoT as the
most widely adopted I4.0 technology in the apparel sector, followed by RFID, additive
manufacturing, augmented/virtual reality (AR/VR), and AI. They also noted that research
on additive manufacturing and AI remains comparatively scarce. Complementing this
perspective, Falani et al. [31], through a multi-case study, highlighted system integration
and big data as the most relevant technologies driving adoption. From a sustainability
standpoint, Bai et al. [26] emphasized that drones represent one of the most sustainable I4.0
solutions in the industry.

A broader analysis of the literature (Table 1) indicates a heterogeneous landscape
of technology implementation. IoT emerges as the most consistently reported enabler,
reflecting its role in real-time monitoring of production lines, supply chain traceability, and
data-driven decision-making within each company or its direct supply chain partners. Big
data and analytics, often linked with IoT, are also widely mentioned as essential for han-
dling the large volumes of information generated across design, manufacturing, and retail
stages. In contrast, technologies such as blockchain and digital twins appear less frequently,
suggesting that they are still at an exploratory or early adoption stage in this industry. Simi-
larly, although additive manufacturing and AI are recognized for their potential to support
personalization and design innovation, their limited presence in the literature confirms the
observation of Deepthi and Bansal [25] that these fields remain underdeveloped. Finally,
more unconventional technologies (e.g., drones, nanotechnology, and QR codes) are rarely
reported but are increasingly being discussed for their sustainability and logistics potential.

Taken together, the evidence shows that while the apparel industry has embraced
certain core I4.0 technologies such as IoT, big data, and system integration, the adoption
of more advanced or disruptive tools remains fragmented and uneven. This unevenness
highlights a critical research and practice gap: technologies with the greatest promise for
enabling customization, precision, and sustainability (e.g., AI, additive manufacturing,
digital twins) are precisely those least developed in this context. Understanding and
addressing this imbalance is therefore central to accelerating the transition towards MtM
4.0. This gap is noted to contextualize technological maturity in the sector, not to evaluate
financial return mechanisms.
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Table 1. I4.0 Technologies with potential to be applied in the apparel industry.

[7] [8] [9] [15] [18] [20] [25] [26] [29] [31] [32] [33]

Artificial intelligence (AI) X X X X X X

Additive manufacturing (3D printing) X X X X X

Autonomous robots (robotics) X X X X X

Augmented/virtual reality (AR/VR) X X X X X X X

Big data and analytics X X X X X X X X

Blockchain X X X

CAD/CAM (3D design and manufacturing) X X

Cloud computing X X X X X X X X

Cybersecurity systems X X

Enterprise resource planning (ERP)/system integration X X X

Internet of Things (IoT) X X X X X X X X X X

Global positioning system (GPS) X

Mobile technology X X

Nanotechnology X

Simulation and digital twins X X X X

Sensors and actuators X X X X

Unmanned aerial vehicle (drones) X

Radio-frequency identification (RFID) X X X

QR codes X X X

Legend: ‘X’ indicates that the technology is mentioned in the article.

The integration of I4.0 in the apparel sector extends beyond the mere application of
advanced technologies; it represents a systemic transformation of production and value
creation models. The literature identifies multiple benefits associated with I4.0 adoption
in apparel companies, including more efficient factory operations, enhanced global value
chain integration, waste reduction, and decreased physical effort for workers in textile
and clothing production [8,9,34,35]. Additional advantages include the availability of
advanced business management tools, the promotion of sustainable manufacturing, accel-
erated innovation, reduced inventory levels, and data-driven decision-making processes.
Complementing these outcomes, several defining characteristics of I4.0 in this industry
have been reported, such as sustainability, seamless data exchange through networked
systems, real-time automation, and the integration of lean manufacturing principles. Other
recurrent features are improvements in product and service quality, greater transparency
across operations, enhanced adaptability and responsiveness to market dynamics, ad-
vanced digitalization, and the capacity to deliver rapid and personalized customization of
products and services [3,7,18,26].

Digitalization has been a main driver of change all through the supply chain [18].
Bandara and Senanayake [11] mentioned that manufacturers use real-time data of their
sewing assembly lines for monitoring of performance indicators. Hidayatno et al. [29]
considered several technologies and provide examples of what can possibly be achieved.
For example, the application of AI in knitting processes has been shown to reduce waste
by up to 80% through the use of computer-controlled knitting technologies. Similarly,
robotics can support automated pattern making, cutting, sewing, and yarn weaving with
precise tension control, thereby reducing manual effort and increasing accuracy through
the use of virtual stitching software [29]. Also, Monteiro et al. [33] mentioned that AR/VR
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allows the creation of virtual scenarios, reducing waste, and that additive manufacturing is
widely used to make accessories, such as necklaces, earrings, or bracelets, which reduces
acquisition costs. In the apparel design process and product development process, several
complexities are identified when defining shape, assembly rules, and functional details of
real tailored garments [36].

The success of the MtM approach depends largely on precision (i.e., technical accuracy
of measurements, pattern derivation, and garment assembly) [16], and several technologies
have been introduced to improve system performance. Product platform design and
optimization methods have been proposed [12]; however, only a few existing approaches
simultaneously integrate aspects such as fit, ergonomics, and body image, as well as
production, inventory, and sales considerations [10,12,22]. Advances in data analytics and
machine learning offer opportunities to develop data-driven personalization services and
enhance consumer experience [10].

To support personalization, virtual try-on systems allow users to evaluate three-
dimensional (3D) garment models in real time [22]. Likewise, 3D body scanning plays
an important role in obtaining accurate measurements for apparel customization [17].
The integration of 3D laser scanning with CAD software has been applied to virtual
design and fit testing [15], and commercial CAD tools such as Gerber AccuMark, Lectra,
and Assyst are widely used in MtM. Nevertheless, these tools remain complex and time-
consuming, requiring specialized expertise to adjust patterns according to individual
measurements [17].

Recent progress in AI and visualization technologies is also noteworthy. Deng et al. [13]
demonstrated the generation of high-quality virtual garment images that accurately reflect
input drawings and fabrics, thereby improving design efficiency and reuse rates. Conse-
quently, personalized design is increasingly being developed in AR/VR environments [22].
Digital avatars—created through 3D scanning and integrated with CAD—enable the as-
sessment of garment fit and its impact on body image [10]. Experimental studies show that
such avatars can provide richer product information than conventional e-catalogs [10,22].

Despite these advances, important limitations remain. As Dove [37] highlights, techno-
logical progress in body scanning and virtual fitting rooms often addresses only the final fit-
ting of mass-produced garments, without resolving the fundamental challenges of clothing
sizing. Waist measurement, for instance, has been persistently problematic [17,37]. Further-
more, the vast diversity of apparel designs makes it impractical to predefine adjustment
rules for all cases [16]. Even so, researchers increasingly recognize AI as a transformative
catalyst for enabling true individual customization [5,13].

Taken together, these developments show that while MtM has strong potential, signifi-
cant technical and operational challenges remain, with implications not only for garment
design but also for supply chain management [18]. These unresolved issues highlight the
need to systematically identify and address the barriers that hinder the effective imple-
mentation of MtM within the broader Industry 4.0 paradigm, which is the focus of the
following section.

3. Barriers and Challenges of the Apparel Industry for the Future
Over the years, the apparel industry has undergone significant changes over time [24].

This industry needs updating, and therefore, to keep up with the innovations that arise
from the I4.0 paradigm is a big challenge [30]. Through their work, Falani et al. [31]
identified that investment in new technologies is a huge challenge. In this way, several
barriers are identified by various authors as being related to I4.0 (Table 2). Mim et al. [34]
considered that “people in the textile and apparel sectors must develop forward-thinking
leadership skills while considering technology and innovation”. Indeed, this industry faces
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challenges such as efficiency, sustainability, and rapid response to consumers’ dynamic
requirements, as well as product quality and regulatory compliance, which are required for
its survival [3].

Table 2. Barriers in the apparel industry in I4.0.

Barrier Description Source

Investment in
technologies

I4.0 requires investments in infrastructure, equipment, and training,
which represents a high implementation cost. [7,8,31]

Qualified labor Misaligned knowledge and skills. Enhanced skill requirements for
employees in the domain of I4.0 technologies. [7,30,31,34,38]

Absence of
infrastructure

Outdated machinery and systems that may not be compatible with newer
I4.0 technologies which require an IT infrastructure and internet coverage. [7,31,38]

Limited SC integration
SC collaboration, coordination, and network with a technologically
complex task due to the different implementations of I4.0 technologies for
each stakeholder.

[7,38]

Limited or no 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.

[7,9]

Cybersecurity issues

With increased connectivity and data generation, it is necessary that
companies obtain 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.

[7,38]

Strategic direction
The implementation of I4.0 technologies is dependent on the vision and
commitment of top management. Leaders must be committed and not
hesitate to make decisions.

[30,38]

Compliance with
regulations and
standards

A regulatory framework is needed for I4.0 technologies; this framework
must ensure the safe, efficient, and ethical use of these technologies. [3,7]

Processes changes/
resistance to changes

It is difficult to implement I4.0 technologies when faced with changes to
organization, processes, and standardization. [31,38]

Energy consumption
reduction

To be environmentally sustainable, it is important that I4.0 technologies
also reduce the consumption of energy. [29]

Innovating
The industry requires a complete rethink of how design, manufacture, and
retail operate, and this starts with a new attitude towards innovation. The
industry needs to address various aspects of I4.0 implementation.

[30,38]

New business model The industry needs to view I4.0 as a new business model and, thus, must
plan for the early adoption of I4.0 technologies. [31,34]

The integration of technology enhances efficiency and customization, engaging con-
sumers through digital and physical products that are individually customized [14]. Ac-
cording to Guo and Istook [17], the “MtM method has not changed too much since it
was developed. Improvements could be made to make the process easier.” For example,
garment design and manufacturing can be improved in terms of quality and efficiency
through the application of AI in material selection, to improve production tasks, and in
garment quality control [13]. So, particular challenges can be identified with the deploy-
ment of MtM system implementation related to I4.0 (Table 3). The design phase is the most
crucial for this system, where it is central to have software for the development of garments
associated with the shopping experience on online platforms and considering personalized
body image, fit, and ergonomics/functionality [10,12]. For these to operate properly, it is
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necessary to have digital knowledge to work with new technologies and thus put these
issues into practice [14].

Table 3. Challenges of MTM 4.0.

Challenges Description Source

Customization processes

Conducting multiple fittings, evaluating body image, and adjusting
original patterns are usually necessary for the customization process.
Technology advancement is needed to develop an understanding of
pattern theory for figure shape.

[8–10,17,37]

Platforms Very few existing platforms’ design methods integrate fit, ergonomics,
and body image in their formulation. [10,12,22]

CAD software

This software is still expensive for many small and medium-sized
companies because considerable expertise is required to set them up
appropriately; also, much of this technology still works with the
assumptions of the 2D-to-3D process.

[17,36]

Cloth measurement
technology

There are no technological methods that can provide direct translation of
body scans into accurate pattern shapes. [37]

Body scanning system
It makes errors in locating specific landmarks on a body; landmarks used
to help define the location of specific body measurements are managed
differently by various scanning systems.

[17,37]

Garment simulator
Most garment simulators in computer graphics use implicit integration to
avoid the numerical instability issue; thus, advances in cloth simulation
techniques are needed.

[8,9,16]

Results Results from software can be affected by measurement accuracy, alteration
selection, and fabric. [17]

Skills Investing in digital knowledge, data analysis, and technological expertise
to leverage the full potential of emerging technologies effectively. [9,14]

Digital IDs Incorporating digital IDs into garments to ensure accountability and
transparency throughout the supply chain. [14]

AI algorithms
Ensuring that the AI algorithms were trained with
an authentic and respectful understanding of the individual
customization.

[13]

Co-design systems
Making a collaborative customization is essential for processes to be
innovative, and it might support future innovative processes and
sustainable practices.

[17]

Sustainability Promoting sustainability involves reducing the likelihood of garments
ending up in landfills due to poor fit or design trends. [9,36]

4. Conceptual Framework: A Workflow for MtM 4.0
Hillaire and Bayard [36] proposed a workflow of the apparel process from design to

production in a 3D digital model. The suggested workflow presents the sequence of steps
from design to product development, finishing in production, and establishes a set of rules
to create a process that would produce a customized garment with zero defects.

Based on the identified challenges of integration with I4.0, a workflow is proposed.
Figure 1 presents the proposed workflow as a roadmap for improvement of MtM in I4.0.
It presents the actions to be taken into account in each of the three steps: design, product
development, and production.

The integration of standardized platforms for digital individual customization can
enhance design processes, ensuring accessibility to digital knowledge for all involved.
Collaborative design methodologies, supported by AI algorithms trained in individual
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customization, enable precision-driven personalization. Advanced systems should be
implemented to manage, secure, and protect vast amounts of sensitive data. In product
development, garment simulation facilitates the direct translation of body scans into ac-
curate pattern shapes, optimizing fit and design. Digital IDs provide precise garment
control throughout the production cycle. High measurement accuracy and fabric assess-
ment are prioritized, with AI-driven solutions minimizing material waste. Rapid pattern
modifications adapt to varying measurements, enhancing efficiency. Automated pattern
making, cutting, sewing, and yarn weaving ensure seamless production with real-time
tension control. Virtual stitching software reduces manual effort while increasing precision,
redefining garment manufacturing standards.

DESIGN  
 Standardize the platforms for digital individual customization; 
 Improve and generalize digital knowledge for all those who work with directly in the industry; 
 Collaborative design; 
 Train AI algorithms with an understanding of individual customization; 
 Systems to manage, secure, and protect large volumes of sensitive and private data. 
 PRODUCT DEVELOPMENT  
  Garment simulation; 

 Provide direct translation of body scans into accurate pattern shapes; 
 Control garments with digital IDs. 

 PRODUCTION  
  Have good measurement accuracy and fabric; 

 Application of AI to reduce waste of fabric and garments;  
 Fast changing of patterns according to differences in measurements; 
 Automated pattern making, cutting, sewing, or yarn weaving and tension control; 
 Lower effort for people and higher precision using virtual stitching software. 

Figure 1. Proposed workflow for improvement of MtM in I4.0.

In contrast to conventional PLM/CAD/MES workflows (typically optimized for
standardized ready-to-wear processes and not for individualized production), the proposed
model embeds personalization logic, automated pattern derivation, and traceable execution
in a unified chain [16,17,36]. Existing I4.0 apparel frameworks also tend to focus on enabling
technologies in isolation, such as IoT, simulation, or digital monitoring, without addressing
the end-to-end digitalization requirements specific to MtM workflows [25,26]. In detail,
our workflow integrates three improvements critical for MtM 4.0 implementation. First,
it incorporates precision technologies (AI-driven fit estimation, measurement-to-pattern
translation, and simulation accuracy issues raised in Sections 2 and 3), which are not
addressed in existing frameworks. Second, it embeds system-level digital continuity that
links configuration, parametric patterning, and production execution through ERP/MES
integration, overcoming the interoperability gap identified in the literature. Third, it
explicitly incorporates sustainability and traceability mechanisms, responding to industry
expectations for circularity and demand-driven production. Therefore, the proposed
workflow extends prior MtM and digital design models by systematizing the technological,
organizational, and sustainability-oriented requirements necessary for a fully operational
MtM 4.0 system.

Overall, following this workflow towards an MtM production system will have
positive impact in sustainability, personalization, and operational excellence in the
apparel industry.
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5. MtM Lusitano 4.0—An Innovative Solution for the Apparel Industry
The barriers, challenges, and technology gaps identified in Sections 2 and 3—

particularly those related to platform integration, precision in pattern generation, and
interoperability across the supply chain—highlight the need for practical implementations
of MtM solutions within the I4.0 paradigm. The conceptual workflow proposed in Section 4
defines a structured roadmap to enable smart design, product development, and produc-
tion. Building on this foundation, the MtM Lusitano 4.0 app emerges as an applied research
outcome that aims to operationalize these principles in the Portuguese apparel sector.

5.1. Context and Motivation

Development of the MtM Lusitano 4.0 app (Figure 2) is integrated in the national in-
dustrial mobilizing agenda “Projeto Lusitano”, which focuses on strengthening high-value
textile production through digitalization and automation. Responding to the increasing
demand for personalized and sustainable products (see Section 2), this module leverages
MtM as a strategic differentiator—reducing overproduction, minimizing waste, and foster-
ing competitiveness among Portuguese manufacturers, including SMEs that face several
I4.0 adoption barriers (as highlighted in Table 2).

 

(a) 

 

(b) 

 

(c) 

  

(d) (e) 

Figure 2. Digital navigation structure of the MtM Lusitano 4.0 app, with the visualization and
configuration interface enabling interactive selection of garment components, styles, and fabrics,
combined with 3D preview generation to support precise personalization and consumer decision-
makingshowing (a) the production job listing and workflow execution interface supporting trace-
ability and operator guidance in personalized apparel manufacturing; (b) The Customization (“Cus-
tomização”) Menu of a MTM Request (“Pedido MTM”), with the deployment of the Style (“Estilo”)
with several places of the Buttons (“Botões na frente”) to choose; (c) The Customization (“Cus-
tomização”) Menu of a MTM Request (“Pedido MTM”), with the deployment of the Components-
Fabric (“Componentes—Tecido”) with the possibility to see the Details (“Detalhes”); (d,e) The
Customization (“Customização”) Menu of a MTM Request (“Pedido MTM”), with the deployment of
the Characteristics (“Características”) with several types of Front Pockets (“Bolsos”).
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The examples illustrated in Figures 2 and 3 correspond to real usage scenarios imple-
mented in an operating textile–apparel company participating in the Lusitano Agenda.
These interfaces reflect the actual execution of the proposed workflow, where customer
configuration, parametric pattern derivation, and ERP/MES integration were tested in
a production environment. As such, the MtM Lusitano 4.0 app constitutes a concrete
operational demonstration of how the three-stage workflow can be applied in industry.

 

Figure 3. Functional architecture of the MtM Lusitano 4.0 app, highlighting the integration between
the web-based configuration interface, the back end with database and rule/parametric engine, and
the interoperability layer with ERP/MES/PLM systems to ensure full digital continuity across the
value chain.

Compared with traditional MtM workflows (often dependent on manual pattern
adjustments, isolated CAD systems, and fragmented configuration tools) MtM Lusitano 4.0
delivers a unified digital chain that connects customer input directly to production execu-
tion. This integration reduces reliance on expert knowledge, enhances pattern accuracy,
and eliminates common discontinuities in data and process flow. As such, the prototype
demonstrates how an MtM 4.0 system can advance beyond existing digital frameworks in
terms of automation, precision, and overall process coherence.

5.2. Functional Architecture and Innovation

This implementation directly responds to the technological, organizational, and opera-
tional barriers identified in Sections 2–4 by translating the proposed MtM 4.0 workflow
into concrete functional modules that improve fit accuracy, reduce manual intervention,
and ensure digital continuity across configuration, pattern engineering, and production
execution. The solution adopts a cloud-based, modular, and fully web-native architecture
designed to align with the digital foundations described in Section 4 (Figure 3):

• Front end: responsive single-page application providing garment configuration, visual
feedback (2D/3D), and production tracking.

• Back end: API REST/GraphQL enabling multi-tenant management of product rules,
materials, variants, and workflow logic.

• Parametric rule engine: core component translating customer measurements and stylis-
tic selections into automatically generated technical files (BOMs, routing instructions).

• Integration layer: connectors for synchronizing data with ERP/MES/PLM systems,
ensuring traceability across design–planning–manufacturing flow.

• Scalability and security:cloud infrastructure with isolated multi-tenant data domains
and authentication via OAuth2/SSO.

This architecture directly addresses interoperability constraints and digital knowledge
limitations reported in Section 3 (Table 3). The platform incorporates several capabilities to
overcome current technological bottlenecks in MtM, enabling personalization at scale while
reducing non-value-added activities. In Table 4, a comparison is made of MtM Lusitano 4.0
app features and challenges and needs identified (Section 2.2, Table 3).

The purpose of the prototype is not to replicate or replace commercial CAD capabilities
but to integrate MtM configuration, rule-based patterning, and ERP/MES execution in a
continuous chain—functionalities not jointly supported by AccuMark, Lectra, or Assyst.
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Table 4. MtM Lusitano 4.0 features alignment with identified barriers/challenges.

Barrier/Challenge Identified MtM Lusitano 4.0 Contribution

Lack of integrated platforms for fit/ergonomics/body
image considerations

Parametric model definition with adaptable
sizing and tolerancing rules

Time-consuming pattern adjustment requiring expert knowledge Automated rule-based technical file generation

Poor alignment between configuration and production execution Full digital continuity across ERP/MES

Low flexibility for small lot customization Automated routing and variant management
with minimal setup change

Limited traceability in personalized orders Real-time production dashboards and
item-level tracking

5.3. Operational Impact and Sustainability Performance

The MtM Lusitano 4.0 app is designed to generate measurable improvements across
both operational efficiency and environmental sustainability, reflecting the benefits associ-
ated with I4.0 adoption described in Section 2.2. By digitally linking product configuration
to production execution, the platform shortens time-to-order and increases responsiveness
to customer demand. The automatic generation of technical files and optimized produc-
tion routing contributes to higher production accuracy and reduces rework and return
rates, improving overall productivity and resource utilization. In addition, fabric waste
is minimized through MtM’s demand-driven manufacturing logic, as garments are pro-
duced only after customer specification, directly addressing overproduction and inventory
inefficiencies that currently affect the apparel sector (Sections 2 and 3).

Sustainability performance is further strengthened by the capacity to adapt patterns
and measurements with precision, supporting size accuracy and thereby reducing the
environmental impact associated with disposal of poorly fitting garments. The traceability
enabled by ERP/MES integration enhances accountability throughout the product life cycle,
paving the way for circular practices such as material recirculation and extended product
responsibility, in line with evolving sustainability expectations from both consumers and
regulators. Altogether, MtM Lusitano 4.0 app operationalizes the objectives of the workflow
proposed in Section 4—delivering an intelligent MtM system aligned with ecological
efficiency, customization at scale, and continuous improvement under the I4.0 paradigm.

While existing MtM workflows often rely on manual pattern adjustment, independent
CAD tools, or disconnected configuration platforms, MtM Lusitano 4.0 directly opera-
tionalizes the improvements proposed in Section 4. By implementing an end-to-end digital
chain (from customer input to shop-floor execution), the system reduces dependency on
expert knowledge, improves pattern accuracy, and resolves long-standing traceability and
integration limitations. Although full quantitative performance assessment (e.g., cycle time
reduction, waste reduction, operator time) is still being conducted as part of the ongoing
industrial deployment, the prototype has already been validated with real production
orders. Observations from these deployment tests confirm functional improvements such
as higher measurement accuracy, fewer manual adjustments, and more stable production
release sequences, supporting the expected positive impacts highlighted in the workflow.
Sustainability performance is further strengthened through the capacity to adapt patterns
and measurements with high precision, improving size accuracy and reducing environ-
mental impacts associated with returns and disposal of poorly fitting garments. The digital
traceability enabled by ERP/MES integration enhances accountability throughout the prod-
uct life cycle, facilitating circular practices such as material recirculation and extended
product responsibility in alignment with emerging sustainability expectations. Altogether,
MtM Lusitano 4.0 serves as empirical evidence of how an MtM 4.0 workflow surpasses
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traditional digital frameworks in precision, automation, sustainability, and interoperability,
fully operationalizing the objectives of the proposed workflow and delivering an intelligent
MtM system aligned with ecological efficiency, customization at scale, and continuous
improvement under the I4.0 paradigm.

6. Conclusions
The structured literature review demonstrated that MtM adoption is constrained

by technological fragmentation across CAD/PLM–MES–ERP systems, insufficient au-
tomation of body-to-pattern transformation, high implementation effort for parametric
modelling, data security and privacy concerns, and a persistent skills gap in digital and
analytics competencies. These findings, as an answer to RQ1, reinforce that MtM de-
mands not only digitalization but coordinated process redesign supported by secure and
interoperable infrastructures.

A three-stage workflow (design → product development → production) is proposed,
connecting personalization decisions to shop-floor execution in a traceable and waste-
minimizing manner. Validated through the MtM Lusitano 4.0 prototype (which integrates
a web-based configurator, a parametric rule engine, and ERP/MES connectors), the work-
flow demonstrates measurable operational and sustainability improvements, including
reduced rework and material waste, improved measurement accuracy, and demand-driven
production release. Compared with existing MtM and digital process models, the proposed
workflow introduces three distinctive advances: (i) a fully integrated digital chain ensuring
continuity between design, product development, and production; (ii) the incorporation of
precision-oriented technologies such as AI, simulation tools, and digital IDs that directly
address the technological and organizational gaps identified in Sections 2 and 3; and (iii) an
operational implementation that shows how these elements collectively reduce waste, im-
prove fit accuracy, and enable scalable personalization. These improvements are not present
in current frameworks, which typically treat customization, simulation, and production
planning as fragmented processes. Collectively, the results confirm that aligning product
configuration with automated technical file generation and traceable production execution
enhances operational efficiency, minimizes overproduction and returns, and strengthens
sustainability outcomes. The work consolidates fragmented evidence on I4.0 adoption in
apparel, clarifies MtM-specific constraints (e.g., measurement, CAD/simulation, integra-
tion), and advances a structured workflow that researchers can use as a reference model for
MtM 4.0 studies.

The evaluation is constrained by limited quantitative evidence (KPIs such as lead time,
fabric yield, return rates) and a lack of longitudinal assessment and of full life cycle or
social sustainability analysis.

Future research will focus on completing the quantitative assessment of operational
and sustainability indicators as the industrial pilot progresses, enabling a full impact
evaluation of the workflow. In addition, although the prototype was initially validated
within a single apparel category, its rule-based engine and configuration architecture were
intentionally designed to be category-agnostic. Upcoming validation cycles will there-
fore extend testing to multiple product types (such as formal, casual, and sportswear),
allowing a broader assessment of generalizability and strengthening the evidence for
applicability across diverse apparel scenarios. Beyond multi-category validation, future
work will also advance through multi-site pilots with pre/post quantitative metrics, con-
trolled comparisons against conventional MtM workflows, and comprehensive life cycle
and techno-economic assessments. Further methodological developments will explore
the integration of digital twins for fit and simulation, standardized data models for en-
hanced interoperability, and advanced AI techniques to support pattern adjustment and
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demand-driven production planning. Finally, human-centric evaluations (addressing oper-
ator workload, skill development, and consumer body image perception), together with
comparative benchmarking of performance and integration efficiency against commercial
CAD systems, will provide the complementary empirical evidence required to consolidate
the full maturity of the proposed MtM 4.0 framework.

In sum, the paper offers an evidence-based roadmap and a working implementation
toward sustainable, consumer-centric MtM 4.0, while outlining the empirical work required
to validate and scale these results across diverse apparel contexts.
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