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Abstract: Pilot lines have become a key element in modern industry. The demands for
resilience, human-centricity, and sustainability in Industry 5.0, combined with technological
innovations, highlight the critical role of these lines in the new industrial paradigm. Pilot
lines facilitate the validation of processes and the reduction in uncertainties, making them
essential tools for future industries. This article examines the current state of pilot lines and
evaluates their alignment with Industry 5.0 principles. As part of this analysis, the GAMHE
5.0 pilot line is presented as a line designed with a focus on automation and robotics,
meeting the requirements of the industries of the future. This article also details a series
of case studies conducted on the pilot line, demonstrating its flexibility and adaptability.
Finally, the advantages and disadvantages of small-scale lines are analyzed within the
context of Industry 5.0, emphasizing their importance in balancing technology, human
factors, and sustainability.
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1. Introduction
In its 2025 manufacturing industry sector outlook report (https://www.deloitte.com/

us/en/insights/industry/manufacturing/manufacturing-industry-outlook.html (accessed
on 27 December 2024)), Deloitte points out that despite financial uncertainty, rising costs
and the complex economic and business landscape, the industry continues investing in
digital solutions.

Nevertheless, this transition towards digitalization introduces new challenges. On the
one hand, there are challenges associated with the rapid pace of technological evolution
and the need for a skilled workforce [1]. On the other hand, the complexity of these new
technologies, along with issues of interoperability and integration with the industry’s
existing processes [2], pose significant difficulties.

In recent years, discussions about Industry 4.0, and more recently Industry 5.0, have
gained relevance as paradigms to address these and other issues [3]. Specifically, Industry
4.0 aimed to reduce production times and enhance quality, flexibility, and interoperabil-
ity [4]. Meanwhile, the new Industry 5.0 extends these concepts by focusing on greater
collaboration between human operators and machines, while also emphasizing waste
reduction and sustainability [5].

The concept of Industry 5.0 is linked to the idea of Society 5.0: a society that extends
beyond industrial- or information-based societies to find a balance between technology,
economic development, social progress, and environmental sustainability [6]. Likewise,
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if Industry 4.0 was primarily focused on digitalization and productivity, the Industry
5.0 paradigm builds on these aspects while adding a social and responsible dimension.
Human-centricity, along with resilience and sustainability, are the core pillars of Industry 5.0.
Specifically, the human-centric aspect places humans at the center of the production process,
guiding them, easing their workload, and supporting decision-making. The resilience
aspect refers to a more adaptable and flexible production system that also enhances quality.
Lastly, the sustainability aspect focuses on optimizing resources, reducing environmental
impact, and minimizing waste.

When discussing sustainability and, in particular, waste reduction, it is often useful to
start from simpler and more production-related concepts, for example, “Right First Time”
and “Zero Defect Manufacturing”. Right First Time (RFT), often referred to as First Time
Right, is a production strategy based on quality improvement movements from the 1960s
and the Japanese philosophy of continuous quality processes known as Kaizen [7]. The
strategy emphasizes the concept that there should be no defects throughout the entire
production process, thus avoiding unnecessary rework and waste. In the 1980s, it was used
as a slogan in mass-production factories to encourage workers to stop the line and solve
problems as soon as they were detected [8].

Zero Defect Manufacturing (ZDM) is another concept related to the quality of processes
and products. Although it originated in the 1960s, ZDM remains a trend in Industry 4.0.
Typically, ZDM combines both a product-oriented and a process-oriented approach. The
product-oriented approach focuses on studying defects in parts and pieces, and finding
solutions, while the process-oriented approach focuses on equipment and processes to
identify issues in how products are manufactured [9].

Both approaches need to be validated, preferably in non-productive environments
before being implemented. This is especially critical in an ecosystem where the offering
of solutions and technologies, which are sometimes immature, is broad and constantly
evolving. These changes, in hardware, and particularly in software, are becoming even
faster and more impactful due to the rapid evolution of AI and robotics [10]. Therefore, it
is necessary to have methods, strategies, and tools that help reduce uncertainty on such
innovations and serve as a bridge between research and market needs.

Often, Technology Readiness Levels (TRLs) are presented as a measure of maturity and
as a scale to evaluate the degree of development of a technology. These levels, which origi-
nated from NASA [11], range from identifying basic principles to operating the technology
in real-world environments. Between these two extremes, there are several intermedi-
ate steps that include scientific risk reduction, proof of concepts, laboratory tests, and
validation and demonstration in relevant settings such as pilot lines or pilot plants.

Pilot lines are a relevant element in this advance along the TRL scale, particularly when
developing solutions that facilitate quality improvement and waste reduction. A pilot line
is a small-scale version of a production system used to test, evaluate, adapt, or even refine
products, processes, or technologies. It serves as an intermediate step between research
and full-scale production, facilitating the research and development (R&D) and serving as
a test-before-invest environment [12], all without disrupting ongoing production processes.

Pilot lines play a crucial role in validating the technical viability and reducing risks.
They are also a valuable tool for experimentation during the early stages of product design
and for rapid prototyping [13]. Furthermore, pilot lines facilitate the production of proof-
of-concept batches, enabling their use in refining the designs. Additionally, they serve as
tools for technology adaptation and optimization, and represent a valuable complement in
the human–technology–sustainability aspects of Industry 5.0.

In this context, this article aims to understand the usefulness of pilot lines as an
intermediate step between research and production, while analyzing the status of pilot lines
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in Industries 4.0 and 5.0. It also seeks to detail how the “Group of advanced Automation
of Machines, Highly complex processes and Environments” (GAMHE) 5.0 pilot line has
been designed and implemented. Additionally, it presents, from an applied perspective,
a collection of case studies where this pilot line has been used in the industrial field. To
achieve these objectives, the following points are addressed:

• Analysis of the state of the art related to pilot lines in different industries;
• Critical comparison of pilot lines for automation and robotics;
• Design and implementation of the GAMHE 5.0 pilot line;
• Demonstration of the use of the pilot line in several industrial cases studies;
• Discussion on the benefits and possible negative impacts of pilot lines.

These points are detailed in the following sections. Section 2 details the state of the art
and provides an extensive review of automation and robotics pilot lines. Section 3 presents
the GAMHE 5.0 line and details how it addresses the needs of Industry 5.0. Section 4
provides the information of case studies developed and validated on the pilot line. Finally,
Sections 5 and 6 provide the discussion, the conclusions, and future work.

2. Pilot Lines in the Literature
The significant demand for variability and adaptability has led to a shift from mass

production to the production of smaller batch sizes tailored to individual customer
needs [14,15]. This has led to significant efforts in various sectors to design and implement
pilot lines with the goal of staying aligned with technological advancements and meeting
customer needs.

As stated previously, pilot lines are scaled-down versions or replicas of installations
used in productive processes. These pilot lines may be larger in scale and then referred to
as pilot plants. Regardless of their size, the objective of both pilot lines and pilot plants is to
reduce unpredictability and risks, and serve as tools for development, testing, adaptation,
or improvement of a production environment [16].

The concept of pilot lines originated during the rise of mass production as a method
for testing alternatives and optimizing processes without impacting ongoing production.
Today, these pilot lines are crucial elements in industry due to the need to adapt to new
technologies, meet market requirements for continuous quality and process improvement,
and serve as training tools.

This section is aimed to provide an overview of the literature related to pilot lines,
starting with general approaches and moving on to those in Industry 4.0 contexts, and
finally focusing on those most relevant to automation and robotics. Additionally, the
objective is to examine the key features of the analyzed pilot lines and their contributions.

2.1. Methodology

The methodology applied for selecting the relevant literature involved searching for
the term “Pilot line” across various academic indexers and search engines. Specifically, the
following databases were used: ScienceDirect, Scopus, OpenAlex, and Google Scholar.

In ScienceDirect, the search was conducted using the phrase “pilot line”, in quotation
marks, to ensure that both singular and plural forms were included. This search yielded
1559 results as of 9 December 2024. In Scopus, an “Article title, abstract, keyword” search
was performed for the term “pilot line”. Since this search does not differentiate between
singular and plural forms, it also included searches for “pilot lines”. The result in Scopus
was a total of 912 publications.

The bibliographic catalogue of open scientific articles, OpenAlex, was also used in
the state-of-the-art analysis. For OpenAlex, the used search terms were “pilot line | pilot
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lines” to include both singular and plural forms using the “|” (OR) operator. In this case,
OpenAlex returned 6444 publications.

Lastly, Google Scholar was used due to its extensive coverage. The search term
employed was “pilot line | lines” to ensure that both singular and plural forms were
included. The search returned a result that Google Scholar estimates to be approximately
15,900 publications.

As shown in Figure 1, the interest in pilot lines has remained relatively stable over
recent years on both Scopus and ScienceDirect, with slight increases in the number of
publications. In OpenAlex, there was a peak in 2019, which declined in 2020 but then
steadily increased again, surpassing the level of 2019 in 2023. For 2024, the number of
publications is lower due to it being the current year and probably incomplete indexing.
On Google Scholar, the level of publications remained relatively similar between 2019 and
2021, with a growth in 2022. Since 2022, the numbers have been slightly increasing.

Figure 1. Articles including the term “Pilot Line”.

Once the list of articles was retrieved, and given the large number of articles mention-
ing pilot lines in different ways, the search was refined using terms related to the scope
of this article. Specifically, terms such as “industry”, “robotics”, “automation”, “manufac-
turing” or “artificial intelligence”. During the selection of articles, priority was given both
to maintaining variety across different areas where pilot lines are used and to selecting
publications highly related to Industry 4.0/5.0 concepts.

To identify ongoing projects and pilot line initiatives, the primary sources were the
findings from the analysis of state-of-the-art articles and the additional information obtained
through general search engine queries.

2.2. Industrial Pilot Lines

Regarding the academic literature, one relevant paper is [17]. In their research on in-
dustrial cyber–physical systems, particularly those involving milling processes, the authors
identified several challenges such as the difficulty in configuring parameters to guarantee
the required surface roughness and the absence of procedures for predicting surface rough-
ness at both micro and macro scales. For this reason, Villalonga et al. developed a machine
learning-based system to analyze and configure these parameters, testing and validating
it on an Industry 4.0 pilot line. The authors report achieving positive results regarding
response times and facilitating optimal settings.

Aligned with pilot line initiatives for Industry 4.0, the authors in [16] present a multi-
technology sensorized Digital Twin of a line used to assemble medical devices. Their pilot
line includes a linear motion platform and a sensor system, performing assembly steps
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while verifying results. The case study addresses the need for accuracy in an assembly
process that has a critical point where two components must engage precisely. The pilot line
also enabled the experimentation with data augmentation and fault injection, generating
large volumes of information from each assembly step, and facilitating the modeling
of the Digital Twin. Additionally, it enabled testing processes at speeds valid for high-
volume production.

In [18], the authors present a pilot line for computing chip manufacturing, specifically,
an Extreme Ultraviolet Lithography (EUV) mask pilot line used at Intel Corporation. This
pilot line is characterized by its reliance on a standard toolset, with a particular emphasis
on high-definition and high-speed inspection tools. The use of the pilot line is justified
through the conduct of studies and validation of approaches to address defect detection
and process simplification challenges. In [19], another case study is presented for a line
designed to detect and analyze defects on EUV masks, which is a crucial process in small-
chip manufacturing. This pilot line is based on electron microscopes or other tools utilizing
extreme ultraviolet light and it supports various types of inspection activities. The authors
also present the pilot line as useful for benchmarking activities and have designed it in
such a way that beta pilot line tools can be replaced with production tools when they
become available.

Without leaving the field of electronic components and systems, ref. [20] presents
an initiative associated with an innovation project that introduces a multi-stakeholder
pilot line including producers of 8-inch silicon carbide (SiC) substrates and equipment
developers, as well as SiC process technologists, Research and Technology Organizations
(RTOs), and end-users. This consortium introduced the world’s first 200 mm silicon carbide
pilot line for power technology, targeting applications in the automotive power electronics
sector. The research and development activities conducted in this pilot line focused on
enhancing competitiveness, energy savings, and reducing CO2 (carbon dioxide) emissions.

The field of electronics offers many other examples of activities utilizing pilot lines.
For instance, in their analysis of trends in microelectronic technologies within the context
of Industry 4.0 [21], the authors mention the European Union’s “Two-Dimensional Experi-
mental Pilot Line” project as one of the enablers for new research and call for a more mature
Industry 4.0 that addresses changing market needs, increased control requirements, and
automation advancements.

Likewise, ref. [22] focuses on operational optimization and upscaling pilot lines in the
semiconductor industry. The authors integrated logistics simulation with discrete event
simulation for production planning and control, demonstrating their solution through
a pilot line. The article highlights complexity, investments for machine acquisition and
operation, product variety, and short product life cycles as some of the challenges faced
by the sector, and where pilot lines can be particularly useful. Their publication also
conveys an interesting message that emphasizes the importance of pilot lines: “Due to the
capital-intensive equipment required for semiconductor production, companies often use
low-volume manufacturing to validate market demand, optimize production processes,
and mitigate risks before scaling up to full production”. These small-scale activities where
technology validation, process optimization, and uncertainty reduction can occur are
precisely where pilot lines prove valuable.

The idea of using small-scale and pilot lines for “what-if” analyses while avoiding
disruptions on main production lines is discussed in [16]. These “what-if” scenarios also
use pilot lines as a tool for generating information to support decision-making and serve as
a data source for Digital Twins and dashboards.

Another pilot line, which focuses more on evaluating workstation setups rather than
technologies, is presented in [23]. This pilot line facilitates tests aimed at reducing dead
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times, unnecessary inventories, and bottlenecks in production processes within the clothing
industry. In their work, the authors analyzed variations in efficiency when switching
from a conventional production system to one that is modular and aligned with lean
manufacturing principles. They suggest using mobile workstations in a modular system,
allowing operators to perform multiple tasks, and present positive indicators related to
improved production efficiency.

The intersection of lean manufacturing and pilot lines is also explored in the works
presented in [24]. The authors adopted an automation and robotics approach in a pilot line
for battery module production, specifically focusing on modules that use cylindrical cells.
This pilot line incorporates the use of a cell testing system along with a pick-and-place robot,
referred to as a “cell loading system” and a pulse-arc welding robot. These elements are
used to validate a Six Sigma-based sustainable manufacturing approach. The sustainability
in production is associated with the concept of the 6Rs: Rationalize, Reduce, Redesign,
Reuse, Repair, and Recycle.

A relevant pilot line in this context is one of those used within the same research
project to calculate station processes, supporting the transition from pilot line to production
and reducing time-to-market [25]. The authors aimed to address the lack of a well-defined
methodology for scaling up pilot lines and present an eight-workstation pilot line designed
to demonstrate a virtual modeling tool integrated with an ontology model for calculating
station process times.

Following the topic of battery production, an article that covers this subject along with
pilot lines and sustainability is presented by von Drachenfels et al. [26]. The article is based
on the idea that it is complex to scale environmental impact data measured in pilot lines
to full-scale production environments. Specifically, they suggest that while pilot lines are
common for increasing understanding of environmental impacts when producing battery
cells, scaling these data to large-scale production systems is challenging. This situation
becomes even more complicated with emerging technologies, due to which the data at the
pilot line level needed for a life cycle assessment (LCA) are scarce. The authors highlight
pilot lines as a key element in improving awareness of the environmental impact of various
technologies. They conclude by suggesting that, to some extent, pilot lines can be used to
estimate production environmental impacts but emphasize the importance of recognizing
that certain variables will require specific methodologies.

The environmental impact, along with challenges in profitability and motivating new
young employees is addressed in [27]. From an Industry 4.0 perspective and supported
by pilot lines, the authors present a flexible, interoperable end-of-line solution specifically
designed for the ceramic tile sector. The pilot line contributes to the development of new
optimization tools, creation of new machinery, and integration of technical modules into
existing solutions. In their article, they also present tests of new waterproofing treatments
and an improved process control, detailing outcomes such as a 25% reduction in devel-
opment time, a 25% decrease in development costs, and a 20% increase in efficiency and
production capacity.

In the photovoltaic panel production industry, pilot lines have been used as devel-
opment platforms and as tools for monitoring single processes [28]. Specifically, pilot
production of hundreds of units of high-efficiency solar cells has provided relevant data
and insights for future production scaling analysis. Another example is a multi-process,
multi-manufacturing-tool pilot line approach for the rapid technological development of
flexible and lightweight displays [29], which enabled a rapid and cost-effective method for
process development and the fabrication of limited-size Thin-Film Transistor (TFT) arrays.
This approach helped break down technological barriers to commercialization, as in many
cases detailed previously.
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The need to make manufacturing more autonomous by providing capabilities in
perception, prediction, optimization, and control has also facilitated the creation of a pilot
line and its associated Digital Twin in the field of polymer processing [30]. The pilot
line includes an injection molding machine, robotic arms, conveyor belts, and inspection
cameras. The Digital Twin is utilized for real-time monitoring, movement optimization (for
both the robotic arm and the conveyor belt), and predictive maintenance.

Even in the aerospace sector, there are examples of pilot lines. The European Space
Agency (ESA), under the PIOTS project, developed photonic packaging technologies meet-
ing space requirements, as well as the packaging line process controls, and deployed a
pilot line for the packaging of photonic integrated circuits [31]. Shifting from aerospace to
aviation, this field has also examined the potential benefits of Industry 4.0 and how pilot
lines can help mitigate investment risks and uncertainties. Specifically, in [32], the authors
note that “no matter how good a technology is, if the companies do not feel that they can
get the benefits from their huge investment, they will be reluctant to invest”.

Adapting facilities to varying production volumes is also one of the challenges in the
automotive sector. For this reason, in [33], the authors built customized low-cost robots for
different scenarios. These robots consist of plug-and-produce robotic modules that can be
composed in a design platform. In their case studies, they demonstrated the scenario of
physical cooperation and task sharing between humans and robots on a car assembly pilot
line, underlining improved usability and sensing capabilities.

Lastly, there are several articles in which the pilot line is not centered on a specific sector
but rather serves to validate approaches and technologies across various fields. One such
article discusses designing reconfigurable modular production systems to improve human–
system integration [34]. The pilot line presented spans across diverse industries, including
automotive, wood products, bicycles, bearings, and metal manufacturing. Specifically, the
article showcases pilot lines equipped with agents supporting artificial intelligence (AI),
the semantic web, machine learning, and flexible planning as part of a framework for agile
and smart manufacturing.

In [35], the researchers present a study that will be validated across several multi-
sectoral pilot lines. The study focuses on the concept of Zero Defect Manufacturing and
quality control. The authors begin by acknowledging that legacy IT systems and a low level
of digitization make technology integration challenging, and that some new technologies
require investment when their benefits are uncertain. To address this challenge, they
designed a multilayer Data Quality Management (DQM) architecture to deploy cyber–
physical production systems for digitally enhanced quality management, ready to be tested
in various pilot lines ranging from automation to healthcare. Similarly, ref. [36] presents a
study on AI technologies and applications for production, and highlights the need for test
beds, pilot lines, and factory lines as research and demonstration facilities.

Focusing on the generation of AI solutions and models, such as those related to
human–AI collaboration, the authors in [37] address challenges associated with changing
customer needs, which require agile and flexible strategies within the industry, to present
solutions applicable across various sectors—such as food, plastic automotive components,
and gear-box machinery. The authors aimed to demonstrate and validate these solutions
on reduced-scale production lines.
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The ODIN Project has published articles focusing on Open, Digital, Industrial, and
Networking pilot lines as a means to research and validate modular and reconfigurable
production systems based on robots. Specifically, ref. [38] aims at efficient and sustainable
robotics for immediate implementation on the shop floor, detailing challenges related to
manufacturing high volumes and diverse parts, operational complexity, and the necessity
of flexible monitoring. The article demonstrates safe human–robot collaboration, perception
capabilities, decision-making, and planning across various sectors, including automotive,
white goods, and aeronautics. Regarding the white goods sector, this is further elaborated
in [39], where challenges associated with interoperability with legacy systems, flexibility,
and efficiency are extended. The authors present a use case for semi-automated quality
control of washing machine control panels, achieving improved results in error detection,
logging, and human–robot collaboration.

2.3. Pilot Lines for Workforce Skilling

Pilot lines are not only being deployed as tools for technology development and
validation, or for mitigating technical and investment uncertainties. The idea of using
pilot lines as a formative element and facilitator for capacity building is discussed in
multiple articles.

A relevant perspective is provided by the authors of [40], who emphasize that new
technologies are emerging faster than workers’ ability to adopt them and use pilot lines for
validating one of these technologies. They specifically focus on an educational teleoperation
platform as a learning environment for heavy industrial robotics. The challenges identified
during the pilot line validation include data transfer issues between the robot and user
interface as well as ensuring the safety of laboratory staff while remotely teleoperating
the equipment. Additionally, they highlight a challenge applicable to other teleoperated
lines used for training: the need for mechanisms to recover from common errors that occur
when learning.

A similar case related to education and training is presented in [41]. The authors rely
on a human–robot collaboration pilot line designed for diesel engines to present a test case
for Virtual Reality-based safety training. The article confirms the usefulness of the pilot
line for evaluating the case study and suggests the value of Virtual Reality, at least at the
pilot line level, for training operators on safety.

When discussing the digitalization of manufacturing Small and Medium Enterprises
(SMEs), cost-related obstacles, as well as challenges associated with hardware and software
investments, technological and implementation difficulties, and skills and knowledge gaps
are often cited [42]. In their work, the authors summarize the industrial R&D needs for
testing before investment and the lifelong learning, evaluating how pilot lines can be
helpful. Their research focuses on three different pilot lines: Robolab Tampere, human–
robot collaboration (HRC) pilot line, and the Tampere University of Applied Sciences
(TAMK) fieldlab. In their analysis, they concluded that skills and technologies related
to human–machine collaboration, robotics, cybersecurity, machine learning (ML), and
artificial intelligence are the most relevant.

Expanding on the subject of pilot lines for training, ref. [43] emphasizes the role of
learning factories in supporting digitalization and the adoption of artificial intelligence. The
high demand for automation and new technologies also implies a need for new workforce
skills, and pilot lines and learning factories facilitate AI training through practical tasks and
applications. Specifically, the article focuses on additive manufacturing, human–robot col-
laboration, and Digital Twins. The perspective on pilot lines as a training tool is also linked
to the concepts of “test-before-investment” and pre-production validation, ensuring that the
workforce is adequately trained when investments in technologies for production are made.
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Additionally, the article details specific objectives for learning pilot lines and factories, such
as (i) strengthening technological and business competencies; (ii) developing AI-based
Industry 4.0 applications; (iii) demonstrating and validating Industry 4.0 technologies; and
(iv) facilitating the rapid implementation and application of results.

A somewhat different approach to workforce capacity building is presented in [12].
This article addresses the definition of requirements for Reconfigurable Pilot Lines (RPLs),
which can be used for skill development and adapted to future training needs. The authors
present various surveys conducted with industrial stakeholders and detail cybersecurity,
robotics, human–machine collaboration, flexible manufacturing, and digital design and
optimization as essential competencies in future industries. On this matter, they mention
that, in addition to Learning Factories (LFs) and Teaching Factories (TFs) traditionally used
to develop skills, RPLs enable a rapid and efficient way to introduce the workforce to new
technologies and acquire knowledge.

2.4. Innovative Activities and Digital Factories

The trends towards supporting the research and development of pilot lines by the
European Commission (EC) have facilitated the launch of several projects emphasizing
the idea of using pilot lines as elements to bridge the gap between research and indus-
trial production. For example, H2020 Pillar 2: Industrial Leadership defined six Key
Enabling Technologies (KETs) in manufacturing (nanotechnology, micro- and nanoelectron-
ics, photonics, advanced materials, industrial biotechnology, and advanced manufacturing
systems) and promoted the idea of multi-KET pilot lines [44]. Within the Digital Europe
Program, which aims to bring digital technologies and infrastructure to citizens, public
administrations, and industry, the EC has specific calls in which pilot lines are fundamental
components. The Chips Joint Undertaking, an initiative seeking to strengthen the European
semiconductor industry, organized a call for the setup of pilot lines on advanced photonic
integrated circuits and another call for proposals on operational activities of these pilot
lines during 2024. In this way, they are stimulating innovation through pilot lines and
experimental facilities in the field of semiconductors.

Some of the projects detailed in the state-of-the-art review are framed within these
calls and similar initiatives. For instance, FAMES (https://fames-pilot-line.eu/ (accessed
on 27 December 2024)) is a project and a pilot line aimed at developing more efficient and
sustainable semiconductor technologies, or NanoIC (https://www.nanoic-project.eu/ (ac-
cessed on 27 December 2024)). The project led by the center for nanoelectronics and digital
technology research, IMEC, together with a consortium of companies, tackles the efficiency,
affordability, and sustainability in chip manufacturing. Another example is PhotonHub
(https://www.photonhub.eu/pilot-lines/ (accessed on 27 December 2024)), which serves
as an innovation hub for photonics and covers the concepts of “test-before-invest” and
upskilling opportunities discussed throughout this work. PhotonHub presents seven differ-
ent pilot lines where technologies such as chemical sensors or medical applications can be
validated. Also, the AMPLiFII2 (https://gtr.ukri.org/projects?ref=104175 (accessed on 27
December 2024)) project, funded by the UK Research and Innovation program, leverages
the concept of pilot lines to validate some of its developments and begin producing battery
modules at small scales, but ready for high-scale production.

When analyzing public and private initiatives related to pilot lines, it is possible to
find a wide variety with objectives and characteristics adapted to different specific needs.
Some examples launched in recent years are the pilot line production services offered by
RISE (Research Institutes of Sweden), covering a full addition manufacturing development
cycle (https://www.ri.se/en/am-center/our-offer/pilot-line-production (accessed on 27
December 2024)), or the pilot line for manufacturing coatings, including different equipment

https://fames-pilot-line.eu/
https://www.nanoic-project.eu/
https://www.photonhub.eu/pilot-lines/
https://gtr.ukri.org/projects?ref=104175
https://www.ri.se/en/am-center/our-offer/pilot-line-production
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and which is adaptable to the specific needs of industrial applications, presented by the SPRI
Development Agency and the Tekniker research center (https://bdih.spri.eus/en/pvd-pilot-
line-coating-facilities-for-industrial-components/ (accessed on 27 December 2024)).

Regarding the lines most related to automation and robotics, it is worth referencing
the pilot line of the Booster Manufacturing Lab at CTAG (Automotive Technology Center of
Galicia), which was used in works such as [45]. This line is part of an Industry 5.0-oriented
laboratory and consists of two vehicle stations equipped with collaborative robots, mobile
robots, and machine vision systems.

In [46], the pilot line from the Bi-Rex Competence Center (Big Data Innovation and
Research Excellence) was used. The article presents a reconfigurable mobile robotic ma-
nipulator that relies on the hardware and workspaces of the Bi-Rex pilot line. Bi-Rex
is presented as a pilot line integrating innovative technologies and traditional solutions
within an interconnected ecosystem. The line focuses on the implementation of advanced
collaborative robotics, leveraging IoT, Big Data, and AI technologies to support tasks in
smart and additive manufacturing. Another infrastructure similar to Bi-Rex is MADE,
a competence center focused on Industry 4.0. In [47], MADE integrates training, tech-
nology, serious games and Lean 4.0 principles to facilitate the digital transformation of
manufacturing companies.

In [48], the Competence Industry Manufacturing 4.0 (CIM4.0) digital factory pilot
line is involved in cybersecurity-related research, including testing Secure Quantum Key
Distribution over fiber optic networks and using elements of the pilot line as endpoint for
secure data communication when connecting with edge nodes. The CIM4.0 digital factory
is designed for organizations to test innovative technologies that can improve business
competitiveness, with advanced robotics being one of those included in this group of
novel technologies.

Improving quality in Industry 4.0 and Zero Defect Manufacturing are concepts being
addressed in innovation projects like Qu4lity (https://qu4lity-project.eu/ (accessed on 27
December 2024)). In Qu4lity, multinational companies like Philips present their OneBlade
pilot line (https://digitalfactoryalliance.eu/progress-on-the-philips-oneblade-pilot-line/
(accessed on 27 December 2024)) as a tool for enhancing production efficiency and product
quality. For achieving these objectives, they use, for example, AI applications for visual
quality control and machine learning applied to the movements of robots on the pilot line.
The extracted data are exported to dashboards for decision-making and improvement of
production processes.

Lastly, it is worth mentioning the human–robot collaboration pilot line at Tampere
University, an active line that has been utilized in some of the articles referenced in the
state-of-the-art section [40,49]. This line incorporates robots, AR/VR, Digital Twins, and
computer vision systems, and serves both as a reconfigurable system for research purposes
and as a showroom environment.

2.5. Key Features and Comparison

The most obvious feature of pilot lines is their scale. They are all scaled-down repre-
sentations of production lines or complete factories. This scale also implies a cost control
aspect, as it provides a controlled, cost-efficient, environment to identify improvements
and detect issues. When referring to scale, production capacity is also considered. Part of
the lines analyzed produce small batches or limited quantities to understand how they will
behave in the market or to validate them before larger-scale production.

https://bdih.spri.eus/en/pvd-pilot-line-coating-facilities-for-industrial-components/
https://bdih.spri.eus/en/pvd-pilot-line-coating-facilities-for-industrial-components/
https://qu4lity-project.eu/
https://digitalfactoryalliance.eu/progress-on-the-philips-oneblade-pilot-line/
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Not only is the scale common, but the scalability is also a key characteristic. The
analyzed lines are, in general, modular, adaptable, or designed to be reconfigurable. This
allows for flexibility both in the processes applied and target outcomes, on one hand, and
on adaptation to production needs by scaling up and replicating the pilot line, on the other.

Regarding the flexibility, it is worth noting how several of these pilot lines serve
general purposes or support various applications. General-purpose lines allow for testing
technologies and processes across sectors, for example, human–machine collaboration, data
augmentation mechanisms, safety methods, and fault injection approaches. Lines with
various applications are designed to address multiple uses cases, usually also covering a
few different sectors.

Another common characteristic is their use for risk mitigation and for reducing uncer-
tainty. The concept of “test-before-invest” mentioned multiple times in the state of the art is
closely related to this point. A smaller scale implies lower costs and allows for replicating
parts of a production process where technologies and approaches can be tested without
impacting factory production.

In some cases, generating data is costly; in others, data generation directly produces
waste, such as when creating reference datasets for training quality control models. In
other instances, the small-scale model enables anticipating how a larger system will behave
and, thus, make decisions related to sustainability. The generation of these datasets, the
preliminary development of scalable models, and the understanding of critical aspects and
monitoring needs are additional capabilities provided by many pilot lines.

Regarding automation and robotics, as well as Industry 4.0 and Industry 5.0 concepts
discussed in this article, it is important to note that a significant number of the works
analyzed are based on Industry 4.0 or at least linked to manufacturing innovations. In
terms of Industry 5.0, there is more diversity. If Industry 5.0 is understood as the integration
of technologies, human-centric approaches and collaboration with skilled workforces, and
sustainable practices aimed at reducing waste, the coverage varies widely.

Regarding technology, several analyzed lines either have robotic components or in-
clude AI agents and models. It is also worth noting that other technologies, like Digital
Twins and Big Data, are mentioned across many analyzed works. At the human-centric
level, human–machine collaboration and human-in-the-loop approaches are the most com-
mon. Within this human element of Industry 5.0, it is important to highlight the use of
lines as training and capacity building tools. In terms of sustainability, concepts such as
zero defects, quality control, reducing waste, and improving efficiency in time and resource
usage are commonly found across the articles reviewed.

Table 1 presents a comparative analysis of the articles reviewed. This comparison
shows the primary area of each article. In certain cases, the differences may not be sig-
nificant, for example, in the semiconductor or electronics sectors. On the other hand,
some articles mention generic pilot lines that are not sector-specific. These are marked as
“general” to differentiate them from those mentioning multiple sectors, which are labeled
with the term “various”. The table also highlights the relationship with Industry 4.0 and
the key concepts of Industry 5.0, including the connection to automation and robotics
(A&R), the integration of AI technologies, and the focus on human-centric approaches
and sustainability.
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Table 1. State-of-the-art comparison.

Industry 5.0
Article Area I4.0 A&R AI Human Sustain.

[12] General X X X X X
[16] General X X X
[17] General X X X X X
[18] Semicond. X
[19] Semicond. X
[20] Electronics X X
[21] Microelec. X X
[22] Semicond. X
[23] Clothing X
[24] General X X X
[25] Batteries X
[26] Batteries X X
[27] Ceramics X X X X X
[28] Solar X
[29] Electronics X
[30] Polymers X X
[31] Space X
[32] Aviation X X
[33] Automotive X X X
[34] Various X X X X
[35] Healthcare X X X
[36] General X X X
[37] Various X X X
[38] Various X X X X X
[39] White g. X X X
[40] General X X X X X
[41] Training X X X
[42] General X X X X
[43] Training X X X X X
[48] Security X
[50] General X X X X

3. GAMHE Pilot Line
The GAMHE 5.0 pilot line (Figures 2 and 3) was established thanks to the research

and development in artificial cognitive control systems and reference architectures within
the framework of Industry 5.0. The system focuses on integrating computer numerical
controls (CNCs) for machine tools, including a Deckel Maho DMC 75 V Linear high-speed
machining center equipped with a Siemens 840D CNC, and a Kern-Evo ultraprecision
micro-machining center featuring a Nano NT laser control and Heidenhain CNC.

To simulate a manufacturing production line, additional components were incremen-
tally incorporated. These include two conveyor belts, a Universal Robots UR5e collaborative
robotic arm, and a Han’s Robot Elfin 10L-PRO collaborative robotic arm, both used for part
handling alongside the machining centers. For inspection and quality control, an Allied
Vision Mako G-192 camera was connected to a Raspberry Pi 4 Model B with 8 GB of RAM,
enabling the development and testing of artificial vision routines. The system’s most recent
integration involved an AMR ROSbot XL HUSARION, equipped with a RPLIDAR A2
LiDAR sensor and an Intel RealSense stereoscopic camera, facilitating the transportation of
manufactured components across different workstations.

Each element of the pilot line is equipped with an Internet of Things (IoT) node capable
of communicating with its respective machine through various industrial protocols. The
CNC Deckel Maho uses Open Platform Communications Data Access (OPC DA); the CNC
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Kern Evo employs Language for Service and Visualization version 2 (LSV-2); both UR5e
robotic arm and the Allied Vision Mako G-192 camera use TCP-IP; finally, EtherCAT is
utilized for the Elfin 10L-PRO robotic arm. All these IoT nodes communicate with one
another through a central server functioning as an MQTT broker. This configuration
enables each machine to interact with other IoT nodes within the pilot line, transmit sensor
data, report operational states and alarms, and receive operation commands. The IoT nodes
run on two Raspberry Pi 3B+, two Raspberry Pi 4B with Raspbian/Linux, and two MSI
Core i3 mini-computers with Windows operating systems.

Figure 2. GAMHE 5.0 pilot line I.

Figure 3. GAMHE 5.0 pilot line II.

The GAMHE 5.0 pilot line is distinguished by integrating systems operating under
different protocols and from various technological eras, combining early 2000s machining
centers with state-of-the-art collaborative robots. Thus, this configuration serves as a case
study on implementing digital transformation in established manufacturing plants. The
system enables bidirectional communication among all elements of the pilot line, facili-
tating performance optimization through precise coordination of its various components.
Additionally, the versatility of the CNC machines allows for the execution of diverse man-
ufacturing operations, making it possible to adapt the line for producing a wide range
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of products. Within this interconnected environment, the pilot line is both flexible and
scalable, with the capability to integrate new systems and adapt to different purposes or
use cases.

Another notable feature of the pilot line is the integration of artificial vision systems
for both inspection and quality control, as well as for enabling robotic arms to interact
with workpieces. The UR5e robotic arm is equipped with a conventional camera mounted
on its wrist for object detection. Additionally, an Intel RealSense stereoscopic camera
was incorporated to the Elfin 10L-PRO robotic arm. For this robot, custom software was
developed to identify various workpieces and determine their position and orientation
relative to a predefined coordinate system.

Another advantage of the pilot line is its reconfigurability and adaptability to different
use cases. For example, a typical setup used in quality control processes is detailed in
Figure 4. In this setup, all nodes of the GAMHE 5.0 pilot line (A1, A2, A3, A4, A5, A6, A7, I)
are capable of sending and receiving messages using the MQTT protocol. These messages
contain status information and operation commands for the respective nodes. The process
starts with the first message sent from a human–machine interface to node A1 to pick up
the part and position it in node A2. Each node then reports the end of its operation and
sends a message to the next node to continue the process or notify the operator of any
anomalies. At node I, quality control is performed, resulting in three outputs: (i) O1: the
process continues at node A6; (ii) O2: the part is transferred to the storage of damaged
parts; and (iii) O3: the part is marked for reprocessing. The output of the inspection stage
determines the destination to which AMR A7 should transport the part.

Figure 4. GAMHE 5.0 functional diagram: (A1) Hans Robot Elfin 10L-PRO robotic arm; (A2) Deckel
Maho DMC 75V Linear high-speed machining center; (A3) conveyor belt; (A4) conveyor belt; (A5)
Universal Robots UR5e robotic arm; (I) Inspection Allied Vision Mako G-192 camera; (A6) Kern
Evo ultraprecision micro-machining center; (A7) AMR 460 ROSbot XL HUSARION; (O1) output 1,
processed parts; (O2) output 2, damaged parts; and (O3) output 3, reprocessed parts.

3.1. Development and Continuous Improvement of the Pilot Line

Currently, data acquisition software is under development to facilitate the collection
of data required for experimental designs. These programs enable real-time data capture
and analysis, with the option of local storage at each IoT node or centralized database
management. Additionally, they incorporate advanced tools for time-series data analysis
and visualization. These data acquisition systems form the foundational infrastructure for
developing Industry 5.0 applications such as predictive maintenance, machine and process
optimization, quality control, modeling, simulation, and Digital Twin development.

In addition to the automated elements of the line, data are also collected from human
operators. Developing a Human Digital Twin (HDT) is a crucial step towards harnessing
the full potential of Industry 5.0. In this context, data are gathered from wearable devices
that connect and transmit sensor readings via MQTT for processing. The primary objective
is to use these metrics to adjust task and resource allocation, minimizing operator fatigue
and stress. It is essential to establish correlations between sensor-generated data and
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workers’ self-assessments of task performance. These Human Digital Twin and human-
in-the-loop experiments enable addressing part of the requirements related to human-
centricity. Specifically, the information obtained from sensors and wearables enables
adapting processes to operator needs. The human-in-the-loop in the pilot line also facilitates
the empowerment of the operator in terms of machine supervision and control, which is one
of the key elements of the human-centricity. These points, along with adaptive interfaces
and explainability in AI models, allow for balancing technology with workforce needs.

3.2. Integration with the Legacy Systems

The GAMHE 5.0 pilot line includes both legacy and modern systems. Some of the
older systems, over 15 years old, include the Deckel Maho DMC 75 V Linear high-speed ma-
chining center and the Kern Evo ultraprecision micro-machining center. On the other hand,
state-of-the-art technologies such as the UR5e robotic arm, ARM ROSbot, and machine
vision systems for quality control are also integrated. To ensure seamless communica-
tion between these diverse systems, specialized nodes were developed to translate MQTT
messages into each system’s respective communication protocol.

For example, for the Kern Evo integration (Figure 5), an MSI Core i3 mini-computer
with Windows operating systems is used as IoT Node. This node has a software written
in C++ with a library for MQTT messaging and a library for communication through the
Language for Service and Visualization version 2 protocol of the Heidenhain SDK to execute
direct numerical control operations such as starting or stopping a machining program. This
node connects directly to the Heidenhain iT530 CNC via an ethernet cable, in parallel, the
wireless network adapter is used to connect to the local network of the MQTT Broker.

Figure 5. Kern Evo ultraprecision micro-machining center integration.

A similar approach is used to integrate the Deckel Maho DMC 75 V Linear high-speed
machining center (Figure 6). In this case, the communication protocol with the machine is
OPC DA-integrated in a software written in Python 3.9+ programming language.

Figure 6. Deckel Maho DMC 75 V integration.

In general, IoT nodes are composed of a machine/system protocol, an interpreter, and
the MQTT protocol. In this way, the MQTT protocol provides a common communication
layer for all nodes in the pilot line, including those proxying legacy systems.



Appl. Sci. 2025, 15, 2510 16 of 24

3.3. Comparative Analysis

Consistent with the majority of lines previously analyzed, GAMHE has a clear focus
on Industry 4.0. Due to its generic nature and adaptability, it can be classified as a general
pilot line with a clear emphasis on automation. Regarding Industry 5.0, the key technology
aspects focus on robotics, artificial intelligence, IoT, and communications. This makes
GAMHE similar to the lines discussed in [16,36,50].

In terms of human aspects, GAMHE places significant emphasis on human-centric
design, being prepared for validation of human-in-the-loop cases and Human Digital Twins.
It also serves as a valid educational tool and is fully replicable as a capacity-building asset,
like those mentioned in [40,43].

GAMHE focuses on predictive maintenance and quality control, prioritizing early
defect detection and reducing waste at the end of production lines. This aligns the line
closely with the examples provided in [24,26]. All these lines highlight sustainability as a
key element of the new industrial paradigm.

In terms of hardware, GAMHE shares certain similarities with [30,33,34,38,40]. It aligns
with [30] in the use of robots, conveyor belts, and vision systems, and with [40] in its focus on
human–robot collaboration, robotic arms, and IoT protocols. With [33,38], it shares similarities
in mobile platforms and AMRs (Autonomous Mobile Robots). Like [34], GAMHE focuses
on Digital Twins, cyber–physical systems, and the acquisition and generation of data. In
turn, GAMHE includes CNC machinery for macro- and micro-milling.

Its modularity and scalability are comparable to those found in [33]. Reconfigurability
and flexibility are highly demanded in manufacturing industries and are therefore funda-
mental requirements when designing lines like GAMHE. This flexibility and scalability
enable the line to validate multiple technologies and processes. Additionally, it offers the
capability to generate and manage data for subsequent analysis or integration into models,
in a similar manner to [26,28].

Lastly, a key aspect of GAMHE 5.0, also highlighted as a key feature in other works [35],
is its ability to integrate legacy equipment with innovative technologies. This capability
enables the line to support a broad range of devices and technologies and adapt to various
use cases.

4. Case Studies
As mentioned previously, flexibility and adaptability are two of the key aspects of

GAMHE 5.0. This section presents a summary of relevant case studies that the pilot line
has supported in recent years.

4.1. Digital Twin-Based Optimization for Ultraprecision Motion Systems with Backlash and
Friction (2019)

The study focuses on developing a Digital Twin for modeling and optimizing an
ultraprecision motion system with backlash and friction, commonly found in CNC ma-
chining centers. The primary objective is to minimize the maximum positioning error
without significantly increasing control effort. The Digital Twin (DT) includes a virtual
representation of mechanical and electrical components, models of nonlinearities such as
backlash and friction, and integration of a cascaded P-PI control system. Four methods
were used to optimize the controller parameters: a standard industrial procedure (FT) and
three gradient-free heuristics (SA, GA, and CE). The study demonstrates the DT’s effective-
ness in improving control system behavior and highlights the superiority of gradient-free
heuristics over the FT method, with the cross-entropy (CE) method standing out for its
speed and efficiency.
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In particular, improvements in the maximum absolute errors of 28% (GA), 26% (CE),
and 20% (SA) with respect to the FT method were demonstrated. Considering the integral
time absolute error the improvements were 21% (GA), 23% (CE) and 19% (SA). The param-
eters obtained through the optimization heuristics did not result in an increase of more
than 3% in the control effort, as measured by the Integral of the Absolute Control Signal.
These results validate the feasibility of DT-based optimization for improving ultraprecision
motion systems, paving the way for industrial implementation [51].

4.2. Cloud-Based Industrial Cyber–Physical System for Data-Driven Reasoning: A Review and
Use Case on an Industry 4.0 Pilot Line (2020)

The paper describes a cloud-based Industrial Cyber–Physical System (ICPS) designed
for smart manufacturing, validated on an Industry 4.0 pilot line. Its main objective was to
present a cloud-based data-driven reasoning process for reparametrizing predictive models
in edge modules. Specific goals included improving surface roughness quality prediction,
implementing a monitoring and prediction system in smart manufacturing scenarios, and
surpassing the performance of standalone predictive models. The methodology involved
describing the pilot line, generating and training data models, configuring the cloud-based
ICPS, and validating the system. The study advances the state of the art by proposing a
cloud-based ICPS, demonstrating the effectiveness of reinforcement learning through the Q-
Learning method, and validating the system on a pilot line, showing improved prediction
accuracy and reduced computational load. For example, in the case of computational load,
the latency for the best model selection with the reasoning module was 0.085 s, compared
to 1.10 s for the brute-force search. Limitations include the need for adaptation to other
processes and the representativeness of the dataset used [17].

4.3. Industry 5.0 Pilot Line Digital Twin (2024)

The study focuses on the design, development, and evaluation of Digital Twins for
modeling operator, robot, and interaction behaviors in an experimental pilot line. The main
goal was to optimize the production line within the Industry 5.0 context, which advocates
a human-centered approach by integrating human intelligence and skills with advanced
technologies. The study sought to establish safe and efficient human–robot interactions
in a collaborative manufacturing environment. Contributions include integrating Digital
Twin technologies with human–robot interaction, creating a virtual space for optimizing
collaboration between humans and machines, demonstrating the use of FlexSim and Gazebo
for decision-making and resource allocation in manufacturing systems, implementing
communication protocols such as TCP/IP, ROS2, and MQTT for IoT nodes, machine tools,
and wearable devices, and incorporating physiological data from wearables into human
Digital Twins to enhance human–robot interaction and improve worker well-being [52].

4.4. Self-Reconfiguration for Smart Manufacturing Based on Artificial Intelligence (2024)

The study evaluates the integration of an AI-based solution for visual inspection,
determines the optimal line parametrization using AutoML, and uses a fuzzy-logic-based
reconfigurator to manage performance degradation. The methodology includes deep
learning-based visual inspection, automated machine learning (AutoML) workflow automa-
tion, and development of a fuzzy-logic-based reconfigurator. The study demonstrates the
feasibility of integrating AI solutions for self-reconfiguration in production lines, presents
an end-to-end AutoML approach, and develops a fuzzy-logic-based reconfigurator.

In this case study, two segmentation models were trained for the inspection task, with
the best one achieving an accuracy of 0.995 and an F1 score of 0.992. This model was
deployed in the pilot line for product handling. Additionally, an AutoML approach was
used to determie the optimal parametrization of the line, resulting in a model with an
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R² of 0.963. This led to an expected 55.1% improvement in throughput compared to the
training data, which aligned with the values achieved in real production at maximum
capacity. Limitations include result generalization and hyperparameter optimization.
Overall, the study suggests that self-reconfiguration can significantly improve the efficiency
and flexibility of production systems [53].

4.5. Quality Inspection of Prefabricated Panels Made for Construction (2024)

This case study focuses on quality control from a Zero Defects Manufacturing per-
spective. Specifically, the pilot line is used to inspect the quality of thermal-insulating
panels for the construction sector. The system relies on several components of the pilot
line, including the manipulator robot, the industrial camera, and the AI IoT node running a
segmentation algorithm. In this case, the system is complemented by a human operator
and an Autonomous Mobile Robot, which ensures the operator’s safety.

The results demonstrated improvements in various aspects related to Industry 5.0. For
example, in the technological domain, quality control achieved a validation precision of
98.3% and a recall of 94.7%. Regarding the human aspect, the average operator physical
activity time during quality control was evaluated across the three possible panel routes.
Specifically, the time the operator was physically involved in the process was analyzed in
relation to the total quality control process time. This time decreased from 14.46% to 8.69%,
thereby reducing the operator’s workload [54].

5. Discussion
Throughout this article, many of the advantages of pilot lines have been presented, and

even some disadvantages have been detailed. This section aims to review these advantages
and disadvantages, and to analyze the approach from a critical point of view.

The advantages of pilot lines are clear: having an at-scale line where organizations
can investigate, test, validate, generate data, and even produce on a small scale is already
interesting in itself, particularly because this can be performed without impacting the
production or affecting critical processes.

In relation to this, the concept of “test-before-invest” has been mentioned throughout
this article. This possibility is also one of the positive points, as pilot lines offer an efficient
way to test technology, processes, communication, sustainability, or human operations
in controlled environments and can later be applied to production or scaled up to more
complex lines.

The reconfigurability and modularity of pilot lines are another advantage. This
makes the lines flexible and adaptable to different cases, and also allows for independent
component replacement with higher TRL solutions as they become available.

Small-scale production is another strength of this concept. In many cases, small
batches need to be produced and it would not be profitable to adapt or reconfigure an
entire production line. It also allows for predicting how a larger-scale production might
work and evaluating methods of quality and efficiency.

The ability to mitigate risks and clear uncertainties regarding technology is another
significant advantage, especially in an environment where advances in artificial intelligence
have substantial impacts on different aspects of the production processes. Pilot lines
facilitate research and development of new technologies, and most importantly, they allow
for validation in environments close to operational ones. Related to this, the ability to
generate data enables model training, decision-making, and analysis for efficient scaling.

Another clear advantage is the possibility of using pilot lines for technology transfer
and facilitating workers’ training on technologies that will soon be deployed in production.
Capacity building, upskilling or reskilling workers can benefit from these small-scale
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controlled environments. Lastly, pilot lines serve as demonstration and showcase elements,
allowing stakeholders to view prototypes and innovations at early stages.

Regarding the challenges faced when scaling-up pilot lines, it is important to mention
that while the initial cost may not be as high as implementing the changes on a full
production line, costs can still be significant and may not be profitable in all cases. In some
instances, considering virtual pilot lines, as presented in [41], or focusing on Digital Twins
is a valid alternative.

The costs associated with maintaining and operating the pilot line can be substantial.
Given the availability of pilot-line-as-a-service offerings and funded projects for their use,
it might be worth exploring these options instead of setting up an in-house solution.

Modularity offers flexibility and helps mitigate the potential issues of obsolescence in
rapidly changing technologies. However, a modular and adaptable pilot line may not be as
efficient as one specifically designed for a particular process.

Regarding the efficiency, the yield achieved in pilot lines does not always hold in
full-scale production. This can be due to the increased complexity of processes or potential
bottlenecks when handling large volumes. Additionally, efficiency is also impacted by
machine downtimes in production. While these stoppages in production are common for
maintenance, they are usually not considered in pilot lines. Therefore, it is important not to
assume that production in a pilot line scales linearly to full-scale production.

Finally, a critical point is the reliability and variability of results when moving from
small-scale to large-scale production and across different levels of technological maturity.
Von Drachenfels et al. highlight this issue, providing an example of the differences in
environmental impact analysis results in the battery production sector [26].

Regarding the alignment with the principles of Industry 5.0 and zero defects, pilot
lines demonstrate a perfect fit. While pilot lines experienced a surge during the era of
Industry 4.0, under the new paradigm of Industry 5.0, they have the potential to become key
elements. The Industry 5.0 component related to technology is evident in the relevance of
pilot lines. General technologies and manufacturing-specific advancements are constantly
evolving. Having an environment for prototyping, interoperability, and validation is crucial
for advancing on the TRL scale. The human-centricity promoted by Industry 5.0, which is
expected to arrive to production lines, also has an opportunity for testing and validation in
pilot lines. In fact, many concepts of human-centricity, human–machine collaboration, and
explainability are being evaluated in pilot lines.

Lastly, although some challenges have been mentioned regarding the scalability of
certain sustainability analyses from pilot lines to full-scale production lines, it is clear that
pilot lines can be used to obtain some indicators and facilitate decision-making. Pilot
lines also allow for the development of quality control models and predictive maintenance
tools, aligning with zero defects and first-time-right principles, thereby reducing times,
consumption, and waste.

It is important to mention that in certain cases, there is little distinction between pilot
lines and testbeds. In theory, pilot lines are more focused on industrial environments,
emphasizing integration, scaling, and production-oriented viability analysis. Testbeds,
on the other hand, are primarily oriented towards experimenting with technologies in
somewhat controlled settings. Pilot lines would be at higher Technology Readiness Levels
and closer to production, whereas testbeds would be nearer to laboratory validation stages.
Due to rapid technological evolution and availability of different technical solutions, pilot
lines are often being used for experimentation and quick technological validation. As a
result, there is some overlap between the two concepts. Sometimes, there is also some
overlapping with research and development showrooms. In principle, pilot lines are
focused on validating production-related processes, while showrooms are more oriented
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towards showcasing products or proof of concepts for commercial purposes. However, the
configurations of these showrooms tend to be scaled-down systems where technologies
can be validated.

This overlapping also occurs when talking about competence centers. Both have
equipment for research and development, and interest in the skilling of workers. Pilot
lines are usually smaller in scale and focus more on validating technologies and processes,
while competence centers are typically organizations for driving innovation. In many cases
within the competence centers, there are pilot lines as detailed in [43,48].

In general, these overlaps do not reduce the importance of the pilot lines, but rather
contextualize them and place them in broader ecosystems.

6. Conclusions
Industry 4.0 is evolving into Industry 5.0. Pilot lines have been one of the main

elements of the modern industry. In the paradigm of Industry 4.0, they were key elements
due to the needs for shorter production times and interoperability, and the expectations in
terms of quality. In Industry 5.0, these needs are expanded to include new technologies,
with a focus in human- and sustainability-related objectives.

The interest in pilot lines, their link with Industry 5.0, and understanding how au-
tomation and robotics fit in these ecosystems has led us to analyze the state of the art and
evaluate different approaches to highlight advantages and disadvantages when designing
and deploying lines on a reduced scale.

To this end, articles focused on pilot lines were searched in some of the main academic
indexers and search engines, and we obtained thousands of results and observed how
the works related to pilot lines increase slightly or are maintained year after year. From
these articles, a subset was selected, refining the search by key terms related to Industry
4.0/5.0 concepts. These articles were analyzed, detailed, and compared. Once analyzed,
the modular and scalable design followed in the GAMHE 5.0 pilot line was presented,
in addition to a series of case studies carried out in the line. Also, the GAMHE line was
compared with the ones detailed in the state of the art, to certify certain similarities in terms
of approaches and trends.

Finally, the aforementioned advantages and disadvantages of pilot lines are presented,
whereby the main advantages are the ability to reduce risks and eliminate uncertainty
before investing, and as an element of testing and validation of technologies without
impacting main production. Regarding the disadvantages, issues related to the scaling
of sustainability indicators and also potential initial, maintenance, and operating costs
are mentioned.

The scaling of sustainability indicators is an area of ongoing research, as several of
the parameters used in life cycle assessments do not scale linearly [26]. Initial costs and
operational costs may be justified by the benefits obtained. Some of these initial costs can
be mitigated through the use of modular pilot lines, which can grow based on available
funding. Additionally, a mix of models or Digital Twins can be used to replace some
components and machines. Lastly, as discussed, pilot-line-as-a-service models can assist in
reducing initial costs.

The pilot lines are also framed in the context of Industry 5.0 and quality concepts,
such as Zero Defect Manufacturing. Also, the lines are compared with slightly overlapping
concepts such as testbeds and competence centers.

The conclusion is that the pilot lines are relevant to adapt the organizations to the
new Industry 5.0 and play a key role for validating technologies and processes. These
lines could be key to the three pillars of the new industrial paradigm: regarding resilience,
by enabling more robust, adaptable, and innovative production; in human-centricity, by



Appl. Sci. 2025, 15, 2510 21 of 24

supporting the training of operators and testing approaches where humans are enhanced
by machines; and lastly, in sustainability, by focusing on process and energy efficiency, as
well as improving quality control processes to avoid waste.

The GAMHE 5.0 line, as a flexible and modular automation and robotics line, is an
exponent of the pilot lines for Industry 5.0, and will facilitate new case studies related to
technology, humans, and sustainability. Among these future cases, human-centricity and
human–machine interaction are some of the activities that the authors are actively involved
in. In particular, Human Digital Twins, to analyze data on fatigue, posture, and ergonomics,
as well as human-in-the-loop approaches to empower the operator and enhance decision-
making, are some of the main aspects planned to be addressed in future works.
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