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Abstract

The advances in Industry 4.0 provide both challenges and opportunities for digital manufacturing and assembly systems. This
paper first addresses the state-of-the-art readiness for Industry 4.0 concerning assembly and manufacturing systems through a
literature review of the relevant papers recently published. Then it assesses the challenges faced nowadays by assembly and
manufacturing systems. Third, it focuses on the most promising future developments and evolution of such production systems as
well as their digitalisation. Finally, this manuscript illustrates the content of the papers selected for this special issue. Through the
study presented in this special issue, valuable contributions to both theory and application in this area have been achieved, and a

useful reference for future research is given.
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1 Preface

The manufacturing environment radically changed over the
last decades. These changes are still in progress and are a
result of integrating numerous breakthrough innovations in
various technologies, such as big-data analytics (e.g. deep-
learning, data-mining), enhanced computer vision, friendly
robotics, communications and Internet of Things (IoT), smart
self-aware sensors and systems, and the cloud virtually limit-
less memory and computing power. Manufacturing change
has been facilitated by the ubiquitous use of cheap sensors
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and actuators communicating through the Internet, leading to
real-time connection between systems, machines, tools,
workers, customers and products defining the so-called IoT
[1]. The enormous quantity of data (e.g. Big Data) generated
by these connected objects represents the raw material of
twenty-first century. IoT allows to develop a novel production
paradigm, called personalized production which enables the
customer involvement since the product design phase [2]. The
market demand evolution over the last decades requires high
volumes of products individually personalized [3]. This recent
revolution of the industrial environment is named “Industry
4.0” (I14.0) which represents the comprehensive transforma-
tion of the entire industrial production through the merging
of Internet, and information and communication technologies
(ICT) with traditional manufacturing processes [4].

Purpose of 14.0 is the development of a new generation of
smart factories grounded on the manufacturing and assembly
process digitalization [S]. Smart factories of 14.0 era are dis-
tinguished by an increased production flexibility thought the
use of real-time reconfigurable machines that allow the prof-
itable personalized production of products in batches as small
as the unique item [6]. A remarkable opportunity to target
these goals is the development of a brand new generation of
manufacturing and assembly systems implementing the 14.0
principles to production processes [7].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-04595-0&domain=pdf
http://orcid.org/0000-0002-6085-0985
mailto:francesco.pilati@unitn.it

3566

Int J Adv Manuf Technol (2019) 105:3565-3577

“Digital Manufacturing and Assembly Systems” are mod-
ularly structured with embedded cyber physical modules such
as “smart assembly stations”, “self-aware reconfigurable ma-
chines” and “smart assemblies and parts”. Not only these el-
ements are aware of each other and themselves, they commu-
nicate and cooperate with each other in real time, integrating
the physical processes with virtual information to eliminate
errors and maximize the production process efficiency.
Furthermore, aided assembly improves the duration and safety
of fastening and picking activities through several technolo-
gies, as cobots, computerized numeric control (CNC) ma-
chines, and reconfigurable tools, which are integrated through
adequate controls in an open architecture environment to pro-
duce a particular family of customized parts ensuring a scal-
able, convertible and profitable manufacturing process.

The subject of this special issue is the design and manage-
ment of “Digital Manufacturing and Assembly Systems” for
an efficient, flexible and modular production of customized
products exploiting the 14.0 enabling technologies. Examples
of the related published manuscripts subjects are proper auto-
mation technologies, ICT infrastructures, control algorithms,
optimization models, management and design methods as
well as industrial case studies for the new generation of
“Digital Manufacturing and Assembly Systems”.

The remainder of this paper is organized as follows.
Section 2 proposes the state-of-the-art readiness for Industry
4.0 concerning assembly and manufacturing systems present-
ing a literature review of the relevant papers recently pub-
lished concerning the digitalization of these production sys-
tems. Section 3 assesses the challenges faced nowadays by
assembly (Section 3.1) and manufacturing (Section 3.2) sys-
tems, whereas Section 4 focuses on the most promising future
developments and evolution of such production systems as
well as their digitalisation. Section 5 illustrates the content of
the papers selected for this special issue. Finally, Section 6
presents major remarks for further research.

2 State of the art readiness for Industry 4.0

Ever since the industrial revolution, the manufacturing indus-
try evolution has always been driven by new technologies that
facilitate improvements such as increased throughput, lower
costs and reduced downtime [8]. Moreover, modern produc-
tion systems have to manage the product lifecycle reduction,
product mass customisation, the growth in product variety and
the reduction of the time to market [3, 9]. The recent conflu-
ence of technologies culminating in 14.0 is a significant step
toward increasing throughput, lowering costs and reducing
downtime. 14.0 represents the comprehensive transformation
of the entire industrial production to an age where machinery
and parts would possess not only awareness of their status
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through the merging of Internet as well as ICT with traditional
manufacturing processes [4].

According to GTAI [10], 14.0 represents the technological
evolution from embedded systems to cyber-physical systems
(CPS). In 14.0, embedded systems, semantic machine-to-
machine communication, IoT and CPS technologies are inte-
grating the virtual space with the physical world. IoT allows to
develop a novel production paradigm, called personalized
production which enables the customer involvement since
the product design phase [7]. The final challenge is to create
the so-called Smart Factory, an intelligent industrial context in
which all the elements are integrated together and communi-
cate in real time. The emergent behaviour of such an integrat-
ed assembly or manufacturing system, at both intra- and inter-
organisational levels, is indeed the 14.0 environment. This
emergence of 14.0 has been fuelled by the recent development
in ICT. The developments and the technological advances in
14.0 will provide a viable array of solutions to the growing
needs of computerisation and digitalisation in manufacturing
industries.

The scientific research is almost pouring contributes de-
scribing 14.0 new automation technologies, ICT infrastruc-
tures, control algorithms, optimization models or industrial
case studies for the new generation of assembly and
manufacturing systems.

Currently, it is instead focused on two main directions (Fig. 1):

* The definition of the new manufacturing and assembly
paradigms within the 14.0 era, with the aim of defining
the new manufacturing and assembly concepts and

principles.
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Fig. 1 Manufacturing and assembly paradigms as well as enabling
technologies of 14.0 era
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* The definition of the enabling technologies for the devel-
opment of the 14.0 paradigms with the aim of showing the
state of the art and highlighting the novelty in the ICT
development.

This section will explore these two research directions.
However, the coverage is by no means meant to be exhaustive,
but a representation of the actual state of the art.

2.1 Manufacturing and assembly Industry 4.0
paradigms

A number of new paradigms have emerged in recent years in
an attempt to describe the requirements and characteristics of
the next generation of manufacturing and assembly systems
[8]. This variety of paradigms, which is rooted in the different/
competing viewpoints of various researchers, initiatives and
organizations, must be reduced as it hinders the creation of a
consistent goal and transition plan. More often than not, these
paradigms are used as synonymous in describing the next
generation of manufacturing and assembly systems. Some of
the widely discussed paradigms in manufacturing and assem-
bly include the following:

*  Smart manufacturing [11], defined as fully-integrated, col-
laborative manufacturing systems that respond in real time
to meet changing demands and conditions in the factory,
in the supply network and in customer needs.

*  Cyber-physical production systems (CPS) [12], defined as
a transformative system that translates data from intercon-
nected system into predictive and prescriptive operations
to achieve resilient performance. It deploys digital twin
technologies to support the life cycle of products.

* T4.0[10], it is defined as those products and services flex-
ibly connected via the internet or other network applica-
tions like the blockchain. The digital connectivity enables
an automated and self-optimized production of goods and
services including delivering without human interven-
tions. The value networks are decentralized controlled
while system elements take autonomous decisions.

It is important to highlight, even if it is not the focus of this
paper, that even services are included [8]. The common ob-
jectives of all the paradigms previously discussed are to make
mass-personalization a reality, to provide customers with
smart and sustainable products and services, and to enable
real-time adaptation for dynamic changes of customer de-
mand, factory settings and supply/value networks.

2.2 Enabling technologies

Various technologies or techniques can be used for
implementing 14.0. According to the Boston Consulting

Group [13], I4.0 includes nine enabling technologies to sup-
port this paradigm implementation within an industrial con-
text: (1) Advanced Manufacturing Solutions, (2) Additive
Manufacturing, (3) Augmented Reality, (4) Simulation, (5)
Horizontal/Vertical Integration, (6) Industrial Internet, (7)
Cloud, (8) Cyber-security, and (9) Big Data and Analytics.
On the other hand, the scientific literature summarises these
technologies in different ways [8, 14] presented as follows:

« [oT

The term IoT refers to the robust communication be-
tween digital and physical worlds. From this viewpoint,
IoT brings the convergence of connected products and
sensors to offer new competence [15]. When the term
IoT first emerged, it was referred to uniquely identifiable
interoperable connected objects using radio-frequency
identification (RFID) technology [16]. Connecting RFID
reader to the Internet, the readers can automatically and
uniquely identify and track the objects attached with tags
in real time. Later on, the IoT technology was used with
other technologies, such as sensors, actuators, the Global
Positioning System (GPS) and mobile devices that are
operated via Wi-Fi, Bluetooth, cellular networks or near
field communication (NFC). Other relevant key technolo-
gies for IoT are barcodes, smart phones, location-based
service, service oriented architecture (SOA), near field
communication and social networks [17].

* Vision systems

Even if this technology is not often cited, its utilisation is
becoming wide, both in human and robotised production
systems. The use of vision systems to reproduce physical
processes into digitalised processes is used in robotics since
at least one decade. One of the first application was a vision
system integrated with a control software that gives the robot
arm the exact coordinates of the components to pick in an
automatic assembly system [18], later extended with the pos-
sibility to recognize different components increasing the flex-
ibility of the proposed solution [19, 20]. Recently, the use of
vision systems to digitalise manual production processes has
been proposed using Motion Capture (MOCAP) technology
[21]. Marker-based optical MOCAP exploits active or pas-
sive markers properly displaced in specific part of human
body, using the IoT technology. However, this system has
different drawbacks, especially if applied to the manufactur-
ing and assembly context. Marker-less optical MOCAP rep-
resents a recent advance in the technology, freeing the oper-
ator to perform his activities [21]. Through this technology, it
is possible to digitalise the human activity and to automati-
cally and quantitatively measure the work content of the
considered manual tasks through an accurate motion and
time analysis within different industrial activities (such as
manufacturing, assembly, human-machine interaction and
warehousing) [22].
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* Ubiquitous computing

A virtual computer model can be seamlessly integrated
with physical networks of objects [23]. Ubiquitous com-
puting is enabled by smart devices, which are capable of
integrating devices, organisations, and information sys-
tems for data sharing and exchange; real-time monitoring;
and using anything, anywhere, anytime communication to
sense, capture, measure and transfer data. For individual
smart devices, their performance has been improved
greatly.

* Cloud computing

The enormous quantity of data (e.g. Big Data) generat-
ed by these connected objects represents the raw material
of twenty-first century. Cloud computing is a computing
technology which offers high performance and low cost
[24]. Virtualization technology provides cloud computing
with resource sharing, dynamic allocation, flexible exten-
sion and numerous other advantages. A large volume of
data can be uploaded to a cloud computing centre for
storage and computation, which facilitates manufacturing
and assembly. Cloud-based manufacturing is a rising tech-
nology which can contribute significantly to the realisa-
tion of 14.0 that enables modularization and service-
orientation in the context of manufacturing [25].

e Cyber Physical System (CPS)

Even if CPS is described also as a paradigm, it repre-
sents the core technological foundation of 14.0. In CPS,
physical and software components are deeply intertwined,
each operating on different spatial and temporal scales and
interacting with each other in a myriad of ways that
change with context [26]. Advances in CPS will enable
capability, adaptability, scalability, resiliency, safety, secu-
rity and usability that will far exceed the simple embedded
systems of today manufacturing and assembly systems
[27].

e ICT Enterprise architecture and application integration

The ICT Enterprise architecture is represented by the
set of ICT technologies able to manage its processes. The
most adopted basic ICT technology is the organizational
main information management system also known as
Enterprise Resource Planning (ERP) system that helps
companies to manage their business efficiently. New ICT
is capable of integrating both new and classical industrial
production processes. As organisations move past the
hype surrounding digital transformation in 14.0, they face
the complex realities of implementation ranging from in-
troducing new CPS and smart factories technologies and
applications to adapting or replacing core enterprise archi-
tectures, ICT infrastructures and processes [14].
Integration, consolidation and coordinated applications
have been identified as a critical issue in the 14.0 environ-
ment. Weber [28] has pointed out that one of the most
important issues surrounding 14.0 is the fact that existing
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equipment is not capable of communicating with newly
deployed technology. This obstacle can be overcome by
Enterprise Application Integration (EAI) system [14],
which is created with different methods and on different
platforms, aiming at connecting the current and new sys-
tem processes, and providing a flexible and convenient
process integration mechanism. The integration of enter-
prise applications includes the integration of heteroge-
neous data sources, processes, applications, platforms
and standards.

3 Technology integration challenges
for production systems

As presented in the previous Section, the current industri-
al environment is distinguished by the adoption of novel
production paradigms, often overlapped or competing
with each other, along with the development of radical
innovations resulting in several promising enabling tech-
nologies. Furthermore, this environment is distinguished
by the massive digitalisation of manufacturing and assem-
bly processes which generate at high velocity a huge vol-
ume of data distinguished by a wide variety which could
be leveraged to benefit of their hidden but remarkable
value. All these aspects result in several challenges faced
by current production systems. The following two subsec-
tions 3.1 and 3.2 further investigate the current challenges
respectively for assembly and manufacturing systems.

3.1 Current technology integration challenges
in assembly systems

Historically, assembly processes took a key part in the
major industrial innovative advances. The Swiss famous
fine hand assembly of the cuckoo-clocks was probably an
early part of this tradition. Then in 1801, the assembly of
10,000 assault rifles by Eli Whitney heralded the age of
standardization [29]. A hundred years later, Ford
established the first car assembly facility which was the
first mass production assembly facility [7]. During the
twentieth century, assembly lines were the backdrop for
the development of time and motion studies, ergonomics,
statistical process control, multi-model scheduling, load
balancing, and more recently automated guided vehicles
(AGVs), RFID, GPS and mass customization [30].

As explained in Section 2, a confluence of several technol-
ogies that only recently made their way into the assembly lines
is marking the basis for the new age of industry, namely 14.0.
Assembly lines in the era of 14.0 are named “Assembly 4.0”
[7]. In addition to the technologies mentioned in Section 2.2
(such as IoT, computer vision, and digital twins), the
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following is a brief summary of some technologies that are
making their way into the assembly line shop floor [31] which
has to be considered in addition to the more general purpose
one presented in Sections 2.2 for the entire industrial
environment:

autonomous mobile material handling systems are expect-
ed to have wider adoption as material handling standard
devices in assembly lines [35].

Self-awareness of sensors, parts, machines and systems

3D printing

In assembly processes, the printing of missing or defect
parts enable avoiding delays, and the complications of
logistics. 3D printing also enables printing special shape
fasteners for assembly, or embeds the fastening ability
within the shape of the printed part. 3D printing has made
incredible advances in its abilities to rapidly print with
various materials (including metals). Some applications
of 3D printing are rapid prototyping, on demand part print-
ing, personalized 3D printing (e.g. medical purposes) and
broken-part replacements.

Augmented reality (AR)

AR future in assembly systems looks bright, and their
capabilities and quality will undoubtedly increase with
time [32]. AR enhances users’ experience of the real world
by embedding virtual objects to coexist and interact with
real objects in the real world creating an augmented envi-
ronment [33]. Assembly instructions given in Google
Glasses or other media types are already making ways into
assembly shop floors. However, a potential drawback is
represented by the huge cognitive workload of assembly
operators which adopt on daily bases AR solutions. The
massive information quantity they receive in addition to
the one perceived by natural human five senses could
worsen, instead improve, their performances.

Cobots

Cobots are collaborative robots intended to physically
work and safely interact with humans in a time- and space-
shared working environment. Assembly lines and assem-
bly systems are especially suited environment for cobots,
since there are many opportunities for interacting and
assisting the assembly manual work. The increased ability
of robots along with elimination of safety issues, open
new opportunities for cobot utilization in assembly lines
[34]. Cobots in the assembly processes are used smartly to
assist manual assembly work, replace the worker in awk-
ward postures or even replace part of the manual move-
ments. In that way, the assembly is done much better and
faster.

Autonomous mobile material handling vehicles

The timely and safe mobilization of parts to their as-
sembly stations is one of the fundamental logistic chal-
lenges of any assembly line or assembly system.
Bringing the right part, in the right time, to the right as-
sembly station has become even more challenging with
the increase in mass customization. Both human driven
trolleys and AGVs are used for this purpose. However,

In assembly lines, most problems, defects and disrup-
tions, may be avoided by the presence and deployment of
self-aware, and self-healing sensors, machines and work-
stations. These systems are aware of their environment,
perform real-time process monitoring and know every de-
tail about their own mechanical component health [36].
Self-awareness is frequently mentioned along with self-
diagnosis, self-prognosis and self-healing. Thus, in every
assembly process, every development that may create fail-
ure or defect is detected early enough to make a correction
and fix the problem.

These and other technologies are still evolving and experi-
ence is still gathered related to their application. Moreover,
these technologies increase and enhance the capabilities and
efficiency of assembly systems in which they are embedded.
However, they also bring about major challenges. The follow-
ing list identifies seven major technology challenges faced by
current assembly systems:

* Bringing all the aforementioned technologies to material-
ize their full potential in assembly systems is a critical
challenge. This requires the involvement of the technique
specialists in the assembly line design and renovation
process.

» The synergetic integration of existing technologies in the
assembly lines is a crucial aspect. While it is clear and easy
to see the advantage of applying each technology by itself
in the assembly line, it is much less clear how combina-
tions of these technologies may bring added value to the
entire assembly system.

* Human/automation collaboration and automated assis-
tance to the manual work of human workers is major chal-
lenge of assembly system of the 14.0 era. The optimal
integration of humans and machines in the assembly sys-
tem is still a relevant and open issue.

» The creation of an efficient assembly process for a large
variety of products is still a question to be answered now-
adays. This includes increased flexibility and adopting
novel technologies (e.g. 3D printing, IoT) to enable such
large variety of products to be mounted on the same as-
sembly system with minimum reconfiguration.

* Material handling is an open issue for today assembly
system. In particular, it is related to streamlining the flow
of materials in the assembly systems despite their variety.
Some facilitating technologies may be digital twin, 1oT,
machine learning, etc.

* The smart design of assembly systems is a crucial aspect
of today production plants. This entails incorporating Al
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and expert system assistance for better design of assem-
blies and sub-assemblies as well as their parts. The in-
volvement of the customer starting with the product de-
sign phase goes into this direction and it is enabled by late
customisation approaches along with the adoption of on-
line 3D printing of components designed by the customer
himself/herself to fulfil his/her unique need.

* The last challenge is to gather and keep the Assembly 4.0
human specialists, who focus on operating, maintaining,
enhancing and developing the new Assembly 4.0 technol-
ogies. This may require knowledge from a wide range of
fields: from IoT to cobots, from digital twins to 3D print-
ing and from AR to computer vision.

The new digital technologies of 14.0 enable enhanced, ef-
ficient and more varied throughput of current mass production
assembly lines. They facilitate the production of variety of
products on the same assembly system. Cobots and virtual
reality as well as additive manufacturing and 3D printing in-
crease the productivity of assembly workers, and eventually
save significant workforce. It is conceivable that these tech-
nologies will streamline material flow of specialized assembly
systems (currently working as flow shops or job shops) into a
discipline closer to a virtual assembly line.

As time goes by, more of the manual assembly operations
are automated. However, the need for human technology spe-
cialists to maintain and operate the assembly machines is on
the rise and shall continue to be so in the foreseeable future.
The need for skilled and trained personnel to maintain and
operate the assembly 4.0 systems is expected to remain high
throughout 14.0 era.

3.2 Current technology integration challenges
for manufacturing systems

Digital manufacturing originated in CNC in which machining
utilized computerized controls to operate and manipulate ma-
chine and cutting tools to shape stock material. In turn, CNC
evolved from the numerical control (NC) machining process
that used punched cards to encode each movement in the
1940s [37]. CNC technologies form the core of computer-
aided manufacturing (CAM). In the fields of design, engineer-
ing and manufacturing, such computer applications resulted in
computer-aided design (CAD) and computer-aided engineer-
ing (CAE).

Computers play a key role in manufacturing digitalisation,
but resulting in so-called “data silos” or “isolated data
islands”. Such islands, e. g. computer aided technologies
(CAX) such as CAD, CAM and CAE, are needed to merge.
Historically, computer-aided process planning (CAPP) was
emerged to improve the data exchange and management in
the integration of CAD and CAM, and especially product data
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management (PDM) enhanced such integration to the data
management of a product life cycle.

In fact, in the 1970s, flexible manufacturing system (FMS)
and computer-integrated manufacturing system (CIMS) were
proposed to integrate CAD, CAM, CAPP and MRP/MRPII as
a whole. Later, such concepts as lean production (LP), con-
current engineering (CE), and agile manufacturing (AM) were
further proposed to enhance or extend the idea of FMS/CIMS.
In particular, Internet (Web 1.0) emergence in the 1990s made
manufacturing integration globally possible, which enabled
the data exchange and management from design to analysis
to production and to service.

In the 2000s, Enterprise 2.0 was coined along with the emer-
gence of Web 2.0, and cyber-physical systems were proposed. In
the 2010s, next-generation intelligent manufacturing models
such as smart factory (SF), cloud manufacturing, the Internet of
manufacturing things (IoMT), smart manufacturing (SM),
wisdom manufacturing (WM), cyber-physical production system
(CPPS) and even social-cyber-physical production system
(SCPPS) have been emerging [5, 38—41], as shown in Fig. 2a.

These smart manufacturing models based on emerging ICT
and artificial intelligence (AI) [38, 39], especially WM and
SCPPS that integrate Internet of People (IoP), IoT, Internet
of Services (IoS) and Internet of Content and Knowledge
(IoCK) [40, 42—44], generate a large amount of data-big data
[45], as shown in Fig. 2b. Thus, big data processing as well as
subsystem integration in digital manufacturing systems is a
big challenge [46].

Actually, challenges faced by manufacturing systems are in
some ways similar to those by assembly systems as discussed
above. However, the former must be addressed from a broader
viewpoint of systems engineering whereas the latter is usually
part of the former. Therefore, in addition to those challenges
by assembly systems, manufacturing systems further face the
following challenges:

+ Bigdata
Manufacturing digitalisation along with the develop-
ment of computers, ICT and Al results in industrial big
data, which brings 4Vs (Volume, Velocity, Variety and
Value) challenges for manufacturing, and such big data
processing is totally different from that focusing on struc-
tured data before.
+ Integration
There co-exist vertical integration, horizontal integra-
tion and end-to-end integration in CPPS/SCPPS, which
challenge existing traditional vertical and/or horizontal in-
tegration, for example, in CIMS.
*  Security
As data collected for SCPPS involves physical devices,
cyber services/digital twins, and social humans, measures
must be taken to ensure equipment safety, digital piracy
and personnel privacy.
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4 Future trends and research agenda in digital
manufacturing and assembly systems

This section presents the most promising future trends in the
research of digital manufacturing and assembly systems, with
the aim of defining the future roadmap in creating 14.0 imple-
mentation, integration and standardisation models. The cur-
rent trends in research could be divided into two main direc-
tions: technical and organisational future trends.

4.1 Technical future trends

For many manufacturing companies, the existing ICT infra-
structures are not entirely ready to support the digital transfor-
mation to 14.0 which aims at horizontal integration, vertical
integration and end-to-end integration. Moreover, [oT is a
very complicated heterogeneous network, which includes
the connection between various types of networks through
various communication technologies [14]. Considering this
scenario, some relevant future trends could be identified con-
sidering the technical aspects of manufacturing and assembly
systems digitalisation:

Standardisation

In this context, a first element of research is the
standardisation. Global level of effort is required to de-
velop a standardisation process to ensure successful im-
plementation of the strategic vision of 14.0. RAMI4.0
(Reference Architecture Model 14.0) formalizes
manufacturing resources as ‘I14.0 components’.
RAMI4.0 outlines a set of characteristics for a group
of resources to be considered as 14.0 components, in-
cluding identifiability, communication capability (e.g.
via OPC-UA, Fieldbus, or TCP/IP), compliant services,
states and semantics, virtual description, safety, security,
quality of service, nestability, and separability [8].
Another effort of developing standardisation for 14.0 is
the introduction of the Industrial Internet Reference
Architecture (IIRA). IIRA is a standards-based open ar-
chitecture defined by the Industrial Internet Consortium
(IIC) [47]. The objective of IIRA is to create a capabil-
ity to manage interoperability, map applicable technolo-
gies, and guide technology and standards development.
At last, other standards like ISO-TC 184 [47] (within
SC1, SC4, SC5) can be further implemented to guide
the standardisation.
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+ Integration

A second technical element is the integration of CPS.
The integration of CPS includes integrating heterogeneous
components, methods and tools. This challenge includes
designing interfaces to support heterogeneous compo-
nents and the adaptive integration of components. More
research should be done to investigate the integration of
cyber and physical systems. This type of integration will
result in complexities from the interactions amongst cyber
systems and the uncertain dynamic behaviour of physical
systems.

» Service-orientated architecture (SOA)

According to [8], the next generation enterprise archi-
tecture will be a service-oriented architecture (SOA) mod-
el adapted for manufacturing adoption. Service orientation
will enable end-to-end and real-time value network coor-
dination and enhance local autonomy and self-
reconfigurability in the operative level.

*  Smart devices

A further technical element of future digital production
system is the smart devices. An 14.0 manufacturing envi-
ronment is intelligent which requires more advanced smart
digital devices [48]. Smart objects will become more in-
telligent and context aware with larger memory, process-
ing and reasoning capabilities. This will enable IoT sys-
tems with characteristics such as self-configuration, self-
optimisation, self-protection and self-healing.

e New Industry 4.0 applications and technology transfer

A set of potential application of 14.0 devices and
manufacturing processes can be developed. A set of them
could be designed as plug and play for different
manufacturing application and industrial sectors [49].
The state of the art here is limited even if some contributes
are present.

4.2 Organisational future trends

A set of organisational challenges offer potential future re-
search areas for the new manufacturing and assembly system
generation in the Industry 4.0 era distinguished by a remark-
able production process digitalisation:

* Resilient smart factory

A resilient smart factory would have systems that
are tolerant to disruptions [10]. In 14.0, there are of-
ten high data flow rates and intensive processing re-
quirements. As such, the system can experience in-
sufficient system resources for processing to maintain
high reliability. Smart factories are introduced to pro-
vide the reliability needed and are expected to be
resilient. Although achieving resilience in 14.0 is
challenging, efforts are needed to be directed to the
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interdisciplinary research that contributes to the de-
velopment of a resilient industrial ecosystem.
*  Employer skills evolutions

All the past industrial revolutions did influence not
only the production itself but also the labour market
and the educational system as well [50]. The skills
needed by employers in the 14.0 changed due to the
evolution of the adopted technologies. A set of non-
technical skills (communication, teamwork, innova-
tion, creativity, critical thinking, problem-solving,
self-entrepreneurship, computer programming, etc.)
are required [50]. Universities and companies shall
review the formative activities, research and valuable
industrial training to meet current demands of the in-
dustrial evolving environment.

* Employers working activities

The era of 14.0 will affect the style of work,
transforming the traditional work-as-survival to work-
for-life, to a final life-as-work. Moreover, in the positive
trend of lengthening of working life, this effect could
change the normal working pattern. It will free up more
time for people to pursue their interests, which in turn
enables more diverse and flexible career paths and will
allow people to keep working and remain productive lon-
ger [51].

As shown in Fig. 3 for illustrating the design and man-
agement methodology of digital manufacturing and as-
sembly systems in the Industry 4.0 era, the high-level
Industry 4.0 design principles are followed by the
Reference Architecture Model 14.0 (RAMI4.0), and then
by the low-level Implementation of Manufacturing/
Assembly Systems. That is to say, this methodology starts
at the high-level design principles that are abstracted from
RAMIA4.0, which is in turn abstracted from the specific
implemented manufacturing/assembly systems, which will
be discussed in Section 5. Sections 3 and 4 have ad-
dressed the challenges faced by manufacturing and assem-
bly systems in the Industry 4.0, and Section 2 addressed
the enabling technologies.

The presented literature review shows that researchers
worked in defining the new manufacturing and assembly
paradigms in the I4.0 era, defining its implementation
conditions and technologies along with future research
agenda as consequence of a new developing digital pro-
duction system. On the other hand, scientific research
lacks of contributes describing novel automation technol-
ogies, ICT infrastructures, control algorithms, optimiza-
tion models or industrial case studies for the new genera-
tion of digital manufacturing and assembly systems which
distinguish 14.0 era. This special issue aims to contribute
to this field of research proposing a set of selected re-
searches focused on these topics.
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Fig. 3 Design and management
of digital manufacturing and
assembly systems in the Industry
4.0 era

Requirements

Challenges and
Future Trends

5 Editorial overview of this special issue
papers and their contributions

Twenty-six high-quality papers were selected for publication
in this special issue from over 100 submissions. The research
presented in these papers covers a variety of research topics:
artificial intelligence for manufacturing processes, smart as-
sembly station design and management, big data analytics for
reconfigurable manufacturing systems, self-optimization
models for assembly line balancing and sequencing, self-
diagnosis methods based on IoT technologies, predictive
maintenance and condition monitoring of machining tools,
additive manufacturing technologies for on-demand produc-
tion of personalized goods, AR technologies for operator as-
sistance, innovative automation and robotic technologies to
enhance the human-robot co-working, etc.

The papers were submitted from across Europe, America,
Asia, Africa and Oceania. The reported research shows strong
collaboration with several papers having joint authoring teams
from different institutions or countries in different continents.
In this Section, contributions from the selected papers will be
briefly discussed.

Abidi et al. [52] extends VR applications in manufacturing
by integrating concepts and studies from training simulations,
to the evaluation of assembly training effectiveness and trans-
fer of training. A series of user-based evaluation studies are
conducted to ensure that the virtual manufacturing assembly
simulation provides an effective and efficient means for eval-
uating assembly operations and for training assembly
personnel.

Salazar et al. [53] provide a description and comparison of
Multi-Agent Systems design patterns, which were collected
and classified by introducing two classification criteria to sup-
port Multi-Agent Systems developers. A cyber physical pro-
duction system architecture is proposed to fulfil the require-
ments related to the era of smart factories, as the Reference
Architectural Model 14.0.

Kalami and Urbanic [54] propose a methodology to fabri-
cate low volume production moulds using a high-temperature
moulding material. A general solution is provided with a case

l Detailed
ﬁ Abstracted

Enablers

Industry 4.0 Design Principles

§ 1

Reference Architecture Model 14.0
(RAMI4.0)

§ 1

Implementation of manufacturing/
assembly systems

Enabling
Technologies

study focusing on an over-moulding process in which the
injection material being moulded is Technomelt-PA 7846
black. The authors apply a hybrid mould fabrication where a
material extrusion-based process is used to make a sacrificial
product-shaped pattern.

Stocker et al. [55] outlines a method which modifies this
conventional process using reinforcement learning to auto-
mate the vibratory bowl feeders design. To enable this, a soft-
ware agent is used to model the placement of traps on multiple
positions and measure the subsequent configuration efficien-
cy. A physics simulation provides the characteristics of the
individual traps.

Cherubini et al. [56] introduces BAZAR, a collaborative
robot that integrates the most advanced sensing and actuating
devices in a unique system designed for the Industry 4.0. The
authors present BAZAR’s three main features, which are all
paramount in the factory of the future. These features are as
follows: mobility for navigating in dynamic environments,
interaction for operating side-by-side with human workers
and dual arm manipulation for transporting and assembling
bulky objects.

Jayasekera and Xu [57] present an assembly validation
system that is independent of CAD packages, interoperable
and implemented using relatively low-cost and commercially
available hardware and software tools. The system features
intuitive bare-hand manipulation of part models through a
virtual hand model that tracks the hands. Collision detection
and physics modelling allow for hand-part and part-part inter-
actions to be natural, thus validating assembly interactions.

Yacob et al. [58] propose the concept of Skin Model
Shapes as a method to generate digital twins of manufactured
parts as a new paradigm in the design and manufacturing
industry. Skin Model Shapes use discrete surface representa-
tion schemes to represent surfaces, accurate tolerance analysis
and surface inspection. To detect the unfamiliar changes, as
anomalies, and categorize them as systematic and random
variations, some unique surface characteristics can be extract-
ed and studied leveraging machine learning classifiers.

Zheng et al. [59] propose a complete spreader fault tree
with three layers of fault phenomena, fault classification and
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fault causes based on the historical fault data of the spreader,
which is part of a crane used on wharfs for loading and
unloading operations. Then, based on the fault tree, a
Bayesian network for the spreader fault diagnosis is construct-
ed by establishing the transformation algorithm from the fault
tree to the Bayesian network.

Huang et al. [60] propose techniques for support detection
in 3D printing to overcome the difficulties of image-based
methods by a Surfel convolutional neural network—based ap-
proach. In this method, the sampling point on the surface with
normal information is defined through layered depth-normal
image sampling method. A local Surfel image which repre-
sents the local topology information of the sampling point in
the solid model is then constructed.

Shafae et al. [61] propose a cyber-defence strategy that
increases the difficulty/cost required for a successful attack
on a manufacturing system. This strategy adapts quality con-
trol tools to act as physical detection layers to reach this
goal—a machining-specific attack design scheme and an at-
tack design designation system are proposed to provide the
structure to populate a wide variety of potential attacks to
manufacturing systems.

Rossit et al. [62] focus on manufacturing tools able to make
decisions online and negotiate with the customer the changes
that can be carried out according to the workload flowing
through the production system. The ability of resequencing
the production process is also implemented in the case that
the operations associated with late customization allow it.

Li et al. [63] introduce the dynamic order acceptance and
scheduling problem in on-demand production with powder
bed fusion systems and aim to provide an approach for man-
ufacturers to make decisions simultaneously on the accep-
tance and scheduling of dynamic incoming orders to maxi-
mize the average profit-per-unit-time during the whole
makespan.

Zeller et al. [64] aim to assist production line operators in
the validation process of their automation systems after soft-
ware changes. A model-based technique is suggested to auto-
mate this creation process. By means of this, the subsystem
affected by the software change is automatically identified and
subsequently a suitable input to a model-based verification
tool is generated.

Papanastasiou et al. [65] discuss the challenges in the col-
laboration between human operators and industrial robots for
assembly operations focusing on safety and simplified inter-
action involving perception technologies for the robot in con-
junction with wearable devices used by the operators. A robot
manual guidance module and a vision system for recognition
and tracking of objects are integrated with human wearable
devices accompanied by augmented reality technology to sup-
port the operators in terms of production and safety aspects.

Sanderson et al. [66] present a Function-Behaviour-
Structure methodology for Evolvable Assembly Systems, a
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class of self-adaptive reconfigurable production systems,
comprising an ontology model and design process. This mod-
el is used as the input to a functional modelling design process
for such assembly systems, where the design process must be
integrated into the system control behaviour.

Zhang et al. [67] present an intelligent configuration meth-
od based on smart composite jig model to lower the require-
ment for designers’ skills and enhance the agile joint jig design
efficiency. Based on the above model, the intelligent configu-
ration method for agile joint jig is proposed and realized by
combing auto-selection reasoning with auto-assembly
reasoning.

Antomarioni et al. [68] propose an innovative maintenance
policy aimed at both predicting components breakages
through association rule mining and determining the optimal
set of components to repair in order to improve the overall
plant’s reliability, under time and budget constraints. An ex-
perimental campaign is carried out on a real-life case study
concerning an oil refinery plant.

Gavidel et al. [69] present a statistical performance com-
parison methodology based on bootstrapping and hypothesis
testing techniques to systematically compare the prediction
performance of predictive models and determine the efficient
models. Also, a deep neural net (DNN) nugget width predic-
tion model is developed, analysed and compared with prior
models.

Shoval and Efatmaneshnik [70] focus on the reliability and
precisions that the use of cyber-physical systems such as ro-
botics and automation in assembly processes has introduced.
Considering the increasing complexity determined by such a
system, a probabilistic process characterization model is pro-
posed for smart assembly planning purposes.

Klumpp et al. [71] offer an interdisciplinary research per-
spective dealing with the future challenges for successful au-
tomated systems that rely mainly on human-computer interac-
tion in connection with an efficient collaboration between mo-
tivated workers, automated robotics and transportation sys-
tems. A human-computer interaction efficiency description
is developed in production logistics based on an interdisciplin-
ary analysis.

Mezgebe et al. [72] propose a consensus algorithm for
multi-agent-based manufacturing system to control the rush
order and henceforth minimize a makespan of Cyber
Physical System. Consensus is an algorithmic procedure ap-
plied in control theory which allows convergence of state be-
tween locally autonomous agents collaborating for their com-
mon goal.

Far et al. [73] propose a bi-objective flexible cell schedul-
ing problem under time-of-use electricity tariffs in both deter-
ministic and fuzzy environments with two objectives: total
cost of production system and total delivery tardiness of jobs.
To create a form of green and energy-conscious strategy, cost
of produced emission and consumed power and some
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limitations are respected. Besides, a self-adaptive two-phase
sub-population genetic algorithm is taken to find a near-
optimum solution of suggested bi-objective fuzzy mixed inte-
ger linear programming model.

Remeseiro et al. [74] present a methodology to automati-
cally detect defective crankshafts, which is a mechanical com-
ponent of an engine, critical and very expensive. The pro-
posed procedure is based on digital image analysis techniques,
to extract a set of representative features from crankshaft im-
ages. Statistical techniques for supervised classification are
used to classify the images into defective or not.

6 Concluding remarks

Through the research presented in this special issue, a series of
challenges in digital manufacturing and assembly systems
have been targeted and valuable contributions to both theory
and application in this area have been achieved. In this edito-
rial, existing and future challenges in research and applica-
tions on digital manufacturing and assembly systems in rela-
tionships with other important production process problems
and issues have been discussed in detail. We believe that this
special issue presents leading and relevant current research in
the area of manufacturing and assembly systems in the 4.0 era
that will be of interest for readers of the International Journal
of Advanced Manufacturing Technology and provides a useful
reference for future research.
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