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Abstract
The 4th industrial revolution (Industry 4.0, I4.0) is based upon the penetration of many new technologies to the industrial world.
These technologies are posed to fundamentally change assembly lines around the world. Assembly systems transformed by I4.0
technology integration are referred to here as Assembly 4.0 (A4.0). While most I4.0 new technologies are known, and their
integration into shop floors is ongoing or imminent, there is a gap between this knowledge and understanding the form and the
impact of their full implementation in assembly systems. The path from the new technological abilities to improved productivity
and profitability has not been well understood and has somemissing parts. This paper strives to close a significant part of this gap
by creating a road map to understand and explore the impact of typical I4.0 new technologies on A4.0 systems. In particular, the
paper explores three impact levels: strategic, tactical, and operational. On the strategic level, we explore aspects related to the
design of the product, process, and the assembly system. Additionally, the paper elaborates on likely changes in assembly design
aspects, due to the flexibility and capabilities that these new technologies will bring. Strategic design also deals with planning and
realizing the potential of interactions between sub-assembly lines, kitting lines, and the main assembly lines. On the tactical level,
we explore the impact of policies and methodologies in planning assembly lines. Finally, on the operational level, we explore
how these new capabilities may affect part routing and scheduling including cases of disruptions and machine failures. We
qualitatively assess the impact on performance in terms of overall flow time and ability to handle a wide variety of end products.
We point out the cases where clear performance improvement is expected due to the integration of the new technologies. We
conclude by identifying research opportunities and challenges for advanced assembly systems.

Keywords Smart assembly . Industry 4.0 . Assembly 4.0 . Industrial Internet of Things . Physical internet . Assembly
system . Part routing . Line reconfiguration . Part sequencing . Assembly line

1 Introduction

The industrial environment is currently experiencing its fourth
revolution, named Industry 4.0 (I4.0) [1]. This revolution is
characterized by a radical change integratingmany new digital
technologies into production processes. Some of these tech-
nologies are cloud computing, autonomous navigation, friend-
ly robotics, computer vision, augmented reality (AR), deep
learning, 3-D printing, additive manufacturing, smart sensors,
deep learning, and Industrial Internet of Things (IIOT).

Assembly processes have the tradition of pioneering the
adoption of new technologies: due to their large throughput
that financially justifies the investment in new technologies.
Therefore, assembly systems are expected to pioneer the inte-
gration of I4.0 technologies forming the class of Assembly 4.0
(A4.0) systems.
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Assembly systems are related to the coupling of various
parts. However, in the era of I4.0, the parts have the ability
to communicate with each other, while data is being gathered
constantly. Moreover, parts frequently possess self-awareness,
context awareness, local decision-making, and reasoning abil-
ities (on their chips), making their behavior closer to that of
living objects. All these part abilities are bound to fundamen-
tally impact the assembly processes.

While most I4.0 new technologies are (or will be) making
their way into A4.0 systems, their various impacts on the
assembly processes and systems so far were not fully clear.
This paper strives to clarify this issue by creating a road map
to understand and explore the impact of typical I4.0 new tech-
nologies on A4.0 systems.

Most of the I4.0 technologies are related to digitization and
the computerized world and are dependent on solid data ac-
quisition technologies. A new generation of cheap and smart
sensors (with IoT communications capabilities and self-
awareness) is the foundation of I4.0 data acquisition. This
big quantity of data is typically shared through internet-
based networks and is collected in a unique and shared online
environment. The acquired data is used to digitize its myriad
details into meaningful information [2]. This shared digital
data and information offer tremendous opportunities to devel-
op a new generation of smart assembly systems grounded on
production process digitalization [1]. These assembly systems
are distinguished by an increased production flexibility
through the use of 3D printing, additive manufacturing, and
real-time reconfigurable machines that allow small batches of
personalized production [3]. Furthermore, augmented reality
is used for virtual modelling the manufacturing and assembly
processes including instruction capabilities to the individual
worker and ubiquitous sensors for product monitoring en-
abling the efficient, profitable, and reliable production of
items designed and individually personalized by every single
customer [4].

In this paper, we develop a sequential reasoning thread
depicted in Fig. 1, starting with (1) the review of new technol-
ogies in the Industry 4.0 era and continuing with (2) the im-
pact of the new technologies on the operational level of as-
sembly lines, then on (3) the tactical level of assembly lines,
and finally on (4) the strategic level of assembly lines.

Each part of Fig. 1 has a supporting role for its successive
portion. This paper approach is different from other review

studies of I4.0, e.g. [4, 5], by (1) elaborating the expected
impact on the three levels of decision-making: strategic, tacti-
cal, and operational and (2) focusing on assembly lines and
the possible implication for this important industrial sector.

The paper is structured as follows: Section 2 presents the
new technologies that are bound to impact assembly systems
around the globe. Section 3 discusses the considerations and
potential of adopting technologies into A4.0. Sections 4, 5,
and 6 deal with operational, tactical, and strategic issues in
A4.0 respectively, whereas Section 7 is made of three sub-
sections: first, it discusses A4.0 aspects that do not clearly fall
into operational, tactical, and strategic categorization; second-
ly, it deals with barriers for implementing A4.0; and finally, it
discusses the impact of I4.0 technologies on A4.0 systems.
Section 8 discusses future research and prospects of A4.0
systems. Finally, Section 9 concludes the paper.

2 Current state of assembly research andmain
enabling technologies

This section briefly reviews the current and developing tech-
nologies related to A4.0 (future assembly systems in I4.0 era).
Many of these pioneering technologies are already validated
and shown to work effectively in many case studies, and some
in isolated cases in industrial settings (e.g., cobots and aug-
mented reality). However, most presented technologies are in
pioneering stages of integration in current shop floors or cur-
rent assembly systems. Full integration of these technologies
is expected to characterize A4.0 systems.

Until recently, assembly line balancing has been a main
pillar of assembly line research. A comprehensive review of
the Simple Assembly Line Balancing Problem (SALBP) is
given in [6]. A taxonomy of line balancing problems and their
solution approaches is presented and discussed by Battaia and
Dolgui [7]. A comprehensive review and evaluation of heu-
ristics and meta-heuristics for the two-sided assembly line
balancing problem is presented in Zixiang et al. [8]. Therein,
diverse types of heuristics and meta-heuristics are presented.
Finally, the stream of research in assembly lines is the
Generalized Assembly Line Balancing Problem (GALBP)
[9]. Recently, some research has been done on smart adaptable
assembly [10], reconfigurable assembly [11, 12], and mass
customization assembly [13].

Fig. 1 The logical structure of this paper and its reasoning path
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Since Internet of Things (IoT) is expected to be an impor-
tant pillar of A4.0, we now review the literature on IoT. The
definition of IoT is “a world-wide network of interconnected
objects uniquely addressable, based on standard communica-
tion protocols” [14, 15]. This means that at a first stage, ma-
chines could communicate with other machines (in addition to
presenting their real-world status to anyone interested); at a
later stage, the communication could be done with or by each
product or part [15]. IoT exploits the ubiquitous presence of
multiple sensors and actuators, as RFIDs, beacons,
smartwatches, smartphones, etc., in the factory shop floor to
digitalize the physical information related to the production
process, share the collected data, and cooperate for a common
purpose [15, 16].

The sensors and actuators are web-connected according to
the IoT principle and produce an enormous quantity of infor-
mation related to different aspects of manufacturing and as-
sembly processes at high frequency. The storage of these in-
formation results in databases distinguished by specific fea-
tures usually named as Big Data [16]. Gantz and Reinse [17]
are the first to propose a classification of these datasets con-
sidering their four most relevant characteristics, called the four
Vs, namely (1) volume, (2) velocity, (3) variety, and (4) value.
The first V (volume) deals with the huge quantity of informa-
tion collected in these databases; the second V suggests the
high pace of data generation, transfer, and the related require-
ments to perform a quick analysis. The third V underlines the
different sources, types, and formats of the collected data,
structured and unstructured. The last V suggests to exploit
the significant hidden value of the data through the adoption
of novel and performing mining models and algorithms.

Analysis of big datasets includes various types of problems
such as classification, clustering, feature selection, and a myr-
iad of other combinatorial optimization problems.

The fast and efficient analysis required by big datasets sug-
gests to fully adopt and exploit the optimization techniques of
real-time decision-making. Several advances in operation re-
search in recent years enable to rely on effective algorithms.
These algorithms include neural network techniques and
learning-based algorithms as well as bioinspired metaheuristic
algorithms. Mature metaheuristics include genetic algorithms,
simulated annealing, ant colony, bee colony, particle swarm,
and tabu-search algorithms. Compared to traditional optimiza-
tion techniques, these algorithms are able to provide a quasi-
optimal solution for very complex and sophisticated optimiza-
tion problems in a very limited computational time [18].
Furthermore, considering the irregular flow of data, hardware
limitation, and time availability, these metaheuristic techniques
could be tailored to specific applications and implemented ef-
ficiently by utilizing parallel distributed computing [19, 20].

The computing capacity required by the aforementioned
metaheuristic algorithms along with the necessity to store a
huge quantity of data which frequently varies suggests to

leverage the novel solution known as cloud computing. This
key enabling technology provides a unique opportunity to
efficiently store and analyze big data sets. Indeed, the com-
puting and storage capacity is physically located in one single
location, whereas it is leased and released to users spread all
over the world through dedicated web-based applications
[21–23]. Compared to traditional information communica-
tions technology (ICT) architecture, cloud computing parti-
tions physical resources using virtualization techniques to
achieve superior performance and efficiency at much lower
operating expenditure [24].

A suitable architecture is required to manage the integra-
tion between the meaningful data collected from the factory
shop floor by dedicated sensors, their appropriate elaboration
and analysis, and the feedback to be provided to the physical
assets. Cyber physical systems aim to gather this process into
a unique, flexible, and ready-to-use architecture to assist the
practitioners into the decision process related to a wide variety
of manufacturing and assembly processes. Corrective and pre-
ventive decisions act as the feedback from the cyber to the
physical space to make the controlled devices self-
configurable and self-adaptive [25].

Self-adaptive devices and autonomous decision processes
rely on machine learning and big-data algorithms. These AI
algorithms fully exploit the experience collected over time.
Indeed, after an initial training phase on static and past
datasets, these algorithms continue their training during their
entire lifetime, leveraging the dynamic information collected
during their execution for better decision-making. Machine
learning techniques are able to consider the erratic evolution
of their environment to forecast the most likely scenario to
support and enable efficient and effective autonomous deci-
sion processes [25, 26].

A4.0 enabling technologies include significant hardware
novelties such as an exoskeleton that enables a worker to deal
with heavy weights, laser cutters, and laser welding with im-
pressive accuracy, 3D printers, re-configurable machines, etc.
All these advances are digitally controlled and integrated in
different manufacturing and assembly processes.
Collaborative robots (cobots) are powerful devices, which ac-
tively cooperate with the operators during the execution of
specific tasks, providing a powerful source of automation
and assistance for specific activities [27]. These robots can
be grouped into two different categories considering the de-
gree of interaction with humans. The cobots that share the
workplace with operators provide limited assistance, whereas
the ones that share time and space jointly perform specific
tasks with humans. An adequate control system has to be
designed and implemented to avoid possible collision with
the operators [28]. Visual, gesture, and voice interfaces are
used along with force feedback systems to enable the real-
time human-machine interaction (HMI). The potential of this
hardware technology is highly affected by the normative
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framework, which regulates the HMI [29]. At the European
level, the current regulations do not enable the robot operation
within human reach to compel with safety reason (DIN EN
775 Safety of manipulating robots). However, at the interna-
tional level, a recent standard has been proposed to regulate
different aspects of HMI to finally enable the operator to fully
cooperate with intelligent robots (ISO 10218: Robots for
Industrial Environments-Safety Requirements) [28, 29].

In an assembly line with a significant assembly workforce,
the labor can count for 50% of the cost of goods sold (COGS).
Technologies like cobot decrease the percentage of labor to
the range of single-digit percentage as of COGS. General
Electric (GE), for example, found that to cope with the recruit-
ment of young people to assembly lines, they adopted a 4D’s
approach, where the human tasks should not be dull, difficult,
dangerous, or dirty (https://www.ge.com/digital/blog/dull-
dirty-dangerous-its-robot-work).

A further digital technology distinguished by a strong po-
tential for I4.0 applications is augmented reality (AR). AR
broadens the human environment with virtual entities devel-
oped by computing algorithm. One of the most relevant pecu-
liarities of this technology is the possibility for the operator to
interact in real time both with real and virtual objects. AR
solutions are usually adopted to empower the operator sight
through the creation of virtual holograms, but they can be
extended to all the other human senses, e.g., hear, touch, and
smell [30, 31]. An additional feature of AR is the integration
of the assembly instructions to the view, where for years they
were elaborated in heavy, yet sometimes ineffective, manuals
[32]. Using a library of animation templates and files, visual-
izations can enhance the workers’ performance, shorten

learning times, and support her decision-making [33, 34].
The integration of external sensors and cameras resulted in
the creation of mixed reality (MR), where the digitally created
world of AR co-exists and interacts seamlessly with advanced
sensors that allow spatial awareness and gesture recognition in
addition to the view of reality [35].

Finally, the last investigated enabling technology for I4.0 is
3D printing, which stems from a new paradigm called additive
manufacturing (AM). AM can be contrasted with subtractive
manufacturing, typically based on the removal of certain vol-
umes from an initial block of material, whereas AM is based
on the addition of several layers of metallic or plastic material
to create objects of unique shapes. The impact of this technol-
ogy on production processes is enormous. AM enables the
customers to design the final product with personalized fea-
tures with a peer-to-peer connection to the production plant.
Themanufacturers can exploit this cooperation postponing the
fabrication activities, re-shoring the production facilities, and
significantly reducing the temporary storage of materials and
components as well as the warehouse of final goods [36]. To
summarize, Fig. 2 presents some major enabling technologies
of I4.0.

3 Adoption of new A4.0
technologies—considerations and potential

The different technologies presented in the former section
have an enormous potential to be leveraged in A4.0. If prop-
erly adopted, they could significantly increase the efficiency,
quality, reliability, and safety of any assembly process. This

Fig. 2 Examples for major
enabling technologies of Industry
4.0
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section identifies the considerations and potential of
implementing I4.0 technologies in A4.0 systems.

Computer vision is expected to be significantly exploited in
A4.0 systems for various purposes, such as quality assurance,
flow control, detecting anomalies, and for providing automat-
ic feedback [37]. In the A4.0 era, computer vision is expected
to be accompanied by other external sensors, in order to track
and eventually record the activities in a predetermined area
without interfering with the considered process.
Furthermore, this solution is distinguished by a great adapt-
ability to monitored activity since the different types of optical
sensors could be easily and rapidly displaced within the as-
sembly environment with no specific or peculiar required in-
frastructure [37, 38]. Computer vision solutions to assist the
assembly processes could be divided into two main branches,
e.g., object recognition and motion capture. The former rep-
resents algorithms devoted to the analysis of a traditional im-
age captured by a regular camera to automatically detect a
specific object or recognize a certain color or shape. The latter
technology adopts depth cameras to digitalize the movements
and postures of a human being into a 3D virtual environment
tracking the absolute position of the different parts of his body
[39]. The integration of these two computer vision technolo-
gies could result in a significant advancement of assembly
processes. Object recognition eases the identification of com-
plex components and automatically provides the operator with
the right task to be performed. Furthermore, it could automat-
ically detect any defect or anomaly of the mounted product to
prevent human error or reworking at the end of the assembly
process [39]. Motion capture has the enormous potential to
automatically and quantitatively assess the productive and er-
gonomic performance of the monitored operator to improve his
productivity and minimize the risk of musculoskeletal disor-
ders. For instance, the component picking from storage loca-
tions within an assembly station could be monitored to analyze
the duration and frequency and consequently optimize this pro-
cess. The traditional ergonomic indices, e.g., RULA, REBA,
NIOSH, OCRA, OWAS, etc., can be easily evaluated through
the digitalization of a hazardous manual assembly process.

Digital twin is based on a replica of the A4.0 system in real
time. Digital twin emulates all the activities and movements of
materials and parts in the shop floor in real time, and run
various scenarios related to corresponding to scheduling and
routing decisions for better decision-making. The digital twin
enables not only full real-time control over the assembly line
but also some prediction abilities and the ability to run “if-
then” scenarios for various decision-making purposes.

Data analytics are currently making immense improve-
ments and carry the promise of early detection of symptoms
leading to machine failure. This will enable failure prevention
by performing immediate maintenance. So the expectation is
that the frequency of machine failures would be greatly re-
duced in the A4.0 environment, leading to higher throughput.

Cobots are expected to be widely used in the A4.0 envi-
ronment. Cobots are newly developed robots that can safely
work in the same workspace with a human operator. The
cobots could be easily taught by the operator to help and cater
him/her in various pick and place missions. The collaboration
of human and cobots is expected to increase the station’s pace
and efficiency, leading to higher throughput [28].

More generally, the different enabling technologies of I4.0
have the great ability to generate a huge quantity of data of
different types, hence the termBig Data. That variety may also
contain a great hidden value to be discovered. The A4.0 pro-
cess will be equipped with a large variety of different sensors
dispersed in the workstation and in the workshop to digitalize
any kind of data or information. Proper techniques able to
extract meaningful data from this information could be of
major help to maximize the assembly process quality.
Unfortunately, traditional statistic and metaheuristic algo-
rithms are not able to detect recognizable patterns within these
large datasets. Indeed, these data are often related with non-
linear functions. For this reason, machine-learning techniques
could be of strong help to recognize such relevant but hidden
patterns related to different aspects of the assembly process.
For instance, quality control significantly benefits from these
approaches to automatically detect anomalies not detectable to
the human knowledge as the one of an operation performing a
manual assembly task. Another relevant application of ma-
chine learning to the assembly processes is represented by
maintenance policy optimization of the tools and machines
involved in the assembly process [40]. Traditional mainte-
nance policies could mismanage these pieces of equipment
through the definition of frequent unnecessary replacements
of functioning parts or mismanaged broken components,
which cause the breakdown of the entire process. The proper
training and adoption of suitable machine learning techniques
could prevent such severe inefficiencies [40].

Additive manufacturing is a general name for several tech-
nologies (mostly 3D Printing) that generate a 3D component
based on a computerized drawing. Some examples are poly-
mers that solidify when cooled, polymers that solidify by
light, and powders that cure and solidify using laser fusion.
Additive manufacturing has an important impact on parts and
fasteners availability in A4.0. It gives the opportunity to fab-
ricate on demand any type of personalized component to meet
the specific requirement of a market niche as large as one
customer [41]. In the A4.0 context, some parts of the Bill of
Material may be supplied by 3D printing especially in cases of
late delivery of parts or parts that are needed in small quanti-
ties. The concept of AM ensures the real implementation of
the novel production paradigm defined as personalized pro-
duction. This paradigm overcomes the well-known mass pro-
duction concept since in the former the end users are involved
at the outset, i.e., the design phase. Indeed, the customers have
the opportunity to define the single features of the final
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product they are going to purchase [42]. If properly managed,
this huge variety has no impact on the material storage policies
and the related warehousing required capacity since the re-
quired components are manufactured just at the right time it
is needed. A4.0 systems are expected to be able to be very
flexible to a variety of different product models and
requirements.

Another new digital technology that is bound to contribute
to part and product traceability is blockchain (BC). BC en-
ables tracing the manufacturing history of individual compo-
nents of the assembly throughout their supply chain. Thus, in
some cases, we get an early warning that may be used for
avoiding quality problems. Moreover, in A4.0, self-aware
parts trace the assembly process and document all the process-
es and measurements related to the specific part [43]. BC
capabilities are expected to bring significant benefits to the
assembly performance by early detection of quality issues,
eliminating waste and redundancies, streamlining the flow
along the line, and increasing reliability and quality due to
the accurate monitoring [43]. Big companies like Accenture,
SAP, and IBM, among others, have entered the field and are
working on developing I4.0 solutions based on BC [44].

Finally, Data security and privacy are the last two aspects
that ensure a successful implementation of all these technolo-
gies within A4.0 systems. Data and network security against
malicious digital activity is a general issue, of which A4.0 is
only a small part. Enormous efforts are being invested to se-
cure the data and communications in I4.0 systems in general,
and in particular in any IoT-related systems. It is important that
any A4.0 implementation shall include the state-of-the-art cy-
ber defense. Privacy, on the other hand, is more of an internal
issue that deserves special attention. A huge amount of cap-
tured and stored data is often directly or indirectly related to
personal issues of the involved human operators. The produc-
tion managers, technicians, and practitioners that will follow
the suggestions provided by this manuscript to implement the
assembly process of the future should carefully and meticu-
lously assess this aspect and implement all the required and
suggested actions to ensure the privacy of the involved human
beings, e.g., in the European Union, one should refer to the
General Data Protection Regulation since May 2018.

4 Operational issues in A4.0

Assembly resources (material, equipment, personnel) and
their statuses can be collected, analyzed, and extracted based
on multiple intelligent technologies. Such technologies, for
example, resource identification technology, multi-source
multi-sensor information fusion technology, and man–
machine interaction technology, can help in decision optimi-
zation of the assembly processes and the intelligent operation
of the assembly system [45].

There are multiple operational decisions, which need to be
taken to manage operations for IoT-enabled A4.0 systems.
Objectives for such decisions will be to improve flexibility
[46], quality [2, 45], and customization ability [2] of the as-
sembly process while ensuring optimal utilization and
balancing across stations. For example, in A4.0, every assem-
bly task can be monitored to detect any possible error or non-
compliance on a real-time basis. Thus, product quality can be
significantly improved, replacing statistical fault analysis with
single item control [2]. Worker activity can be continuously
monitored to track the assembled components and the task
duration, further ensuring quality and providing opportunity
to optimize the assembly cycle time [2]. A reconfigurable
assembly system as part of A4.0 can have modules such as
robots or flexible fixtures. Such modules can be added or
removed depending on the products to be assembled and ca-
pacity required, thereby providing flexibility and customiza-
tion ability [10]. The operational decisions, aligned with the
strategic and tactical decisions, can help achieve the above
potential performance improvements. Figure 3 depicts major
enabling technologies for enhanced assembly operations plan-
ning capabilities. We outline some of these operational plan-
ning and decisions capabilities in A4.0 below:

4.1 Real-time sequencing of mixed models in the A4.0

An enormous quantity of data can be collected in the assembly
systems from the equipment, the processes, the individual
parts, and the individual products. In addition, the diversity
of the data can be immense. Such big data about the assembly
task with updated measurements and status on real-time basis
can be used to generate optimal or at least near-optimal as-
sembly sequences. For example, the assembly control system
(ACS) can implement real-time optimization models and ma-
chine learning algorithms to automatically configure the A4.0.
Thus, assembly line self-scheduling and self-balancing can be
defined in real time, utilizing the optimal product sequence
and task assignment, considering the skills of the available
workers, the inventory level of the different components,
and the availability of the installed pieces of equipment [2].
Self-sequencing of mixed models in A4.0 should also take
into account the time to reconfigure workstations and feeding
lines for product changeovers.

Augmented reality (AR) exploits smart glasses to impose a
real image perceived by a human being, over virtual holo-
grams artificially created by a software [2, 10, 47]. The bene-
fits of AR could be appreciated by comparing it with the
alternative situation of retrieving meaningful information
from a computer screen which is separate from the real work
piece and parts (that may be positioned and oriented different-
ly). This is particularly beneficial for manual assembly tasks,
as it prevents distracting the view from the real work piece and
parts while performing the assembly.
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Augmented reality (AR) and mixed reality (MR) and other
related technologies improve the real surrounding environ-
ment of a human with virtual, e.g., computer-created, objects
that coexist in the same space of the real environment to max-
imize the cognitive capabilities of an operator through the
integration of these objects [2]. AR provides the operator with
a feedback in real time concerning the ongoing activity he is
currently performing without any shift in the eye trajectory.
AR operates in real time in the human environment, and it
allows people to interact both with real and with virtual ob-
jects [47]. The above technologies can facilitate remote mon-
itoring, machine monitoring, process/workflow monitoring,
and virtual inspections. AR and MR can thus help monitor
the optimally sequenced A4.0 processes and can help in fur-
ther improving assembly processes and in optimizing assem-
bly sequences with potential reduction in assembly time and
increased flexibility [48].

Thus, there will be a need to test and validate to what extent
real-time data from assembly processes can generate an opti-
mal assembly sequence and how can AR and MR help further
improve it. Another aspect of AR and MR that will affect the
operational level is worker training. Training is a costly and
time-consuming activity. By utilizing AR, one can boost the
process of training, shorten the learning curve of newly hired
personnel, and save on important resources like expert people.

4.2 Dynamic matching of workers with assembly
operations

Based on the optimal sequence of the mixed model A4.0 sys-
tem and the work content of the scheduled products, workers
with matching skills and experience can be assigned to the
specific assembly tasks. In typical current assembly lines,
workers work away from robots, whereas in A4.0, they shall
work with cobots. This may have a profound effect both on
the efficiency and the learning processes. The mutuality of
human capabilities and cobot abilities must be matched
intelligently.

Similarly, all tools required for the assembly tasks can also
be made available at the right station at the right time. In such
an environment, the required tools for assembly are gathered
and made available before the workers start, so as to prevent
delays when the assembly job arrives at the station [49]. Once
the tasks are completed and quality is verified, the worker can
either stay at the same station or move to another station,
where he or she is assigned.

Such dynamic matching of workers with assembly opera-
tions should ensure that all the required assembly tasks are
completed on time with the required quality by the workers
with the desired skills while trying to minimize the overall
number of workers required. Challenges can arise if some
quality problems are detected and the worker needs to rectify
such tasks while he or she may be assigned to another task at
the same time. Without fast and efficient correction in case of
failures and disturbances, a tremendous increase of overhead
capacities, deemed as “hidden factory,” would be required in
order to keep rework times short and keep up with promised
delivery dates [13]. Hence, the real-time decision, in case of a
quality problem, will be to decide whether the assigned work-
er will rectify the problem as soon as it is detected or do the
rework later. This decision depends on the rework time and
cost and the criticality and urgency of the next assembly task.

4.3 Optimal workplace adjustment considering
product changeovers

As multiple product changeovers may be required during a
shift, workplace designs and workstation configuration need
to change accordingly with each changeover, for example, to
adjust the height of a work station to fit the height of a certain
assembled vehicle [50, 51]. Additionally, ergonomic work-
place adjustment for minimizing the physical load or minimiz-
ing body twist needs to be considered for A4.0. For this pur-
pose, AI is required to decide not only on the necessary ad-
justment (or configuration) but also on the timing of the ad-
justment (when to initiate the adjustment) considering the

Fig. 3 Assembly 4.0 enabling technologies and their enhanced operational areas
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effect of the adjustment on the workflow [50]. While planning
and scheduling the assembly operation, there will be a need to
include the workplace adjustment time. This is necessary to
ensure that all the different products are assembled on time.

4.4 Optimizing human-robot collaboration

To ensure high productivity and flexibility, robots may take
fair share of the work in A4.0, yet the human worker has to
stay in the work area either in supervision role or for the jobs
for which the robots cannot be trained [52]. In this regard, the
safety of humans when robots are around them and interacting
with them becomes an important issue. Thus, processes
should be designed to specify the interaction of humans and
robots in a human-robot environment with the objective of
minimizing assembly times and labor cost, as well as improv-
ing flexibility of the assembly operations while ensuring the
quality of the product and safety of the assembly workers.

4.5 Handling exceptions and knowledge sharing
using assistance systems

Due to increasing complexity, reconfiguration of A4.0 sys-
tems calls for more emphasis on quality assurance and error
proofing [10]. In the eventuality that an assembly step was not
fully carried out during the automatic fabrication process due
to a disturbance, a corresponding virtual tutorial for manual
product completion can be called up. While the worker is
performing the work process according to the instructions,
the individual assembly steps are tracked with object and hand
recognition, and compared to the underlying planned
workflow model. Thus, real-time assistance can be imple-
mented, which will automatically guide the worker through
complex work processes and provide relevant feedback when
errors appear [53]. Assistance systems must be designed in
such a way that they provide workers with the opportunity
to record their expert knowledge and share best-practice ap-
proaches with their colleagues [53]. Though investing in such
assistance systems for A4.0 can be a design choice, the impact
of investing in assistance systems on overall assembly time,
elimination of errors, and thus avoiding defects and recalls
needs to be investigated.

4.6 Optimal maintenance planning of A4.0 systems

Data collected from the assembly line and the assembly pro-
cesses should also enable real-time monitoring of the
assembly-line equipment. Such data can be used to predict
the failure of the assembly line and plan maintenance activi-
ties. Such maintenance schedules can also be utilized to create
the production schedules of the assembly line. Real-timemon-
itoring of the assembly line can also help in deciding whether
to request for AR-based remote maintenance activities, and

plan for scheduled maintenance later [54]. The decisions in-
volved for such maintenance activities will be to optimize the
maintenance frequencies while minimizing costs and ensuring
minimum downtime of the assembly line.

4.7 Overall impact of the operational decisions in A4.0
systems on manufacturing performance

Real-time sequencing will help in handling a greater variety of
products, which can be assembled in the same assembly line,
provide volume and product-mix flexibility, and also enhance
assembly line productivity, as they will reduce planning re-
strictions [55]. Similarly, dynamic matching of workers with
assembly operations will also help in having high variety,
improved flexibility, improved productivity along with high
quality, and reduced costs due to optimal worker allocation.
Optimizing workplace adjustment considering product
changeovers will improve worker health and safety, thereby
contributing to improved productivity. Optimizing human-
robot collaboration will also enhance productivity and flexi-
bility, while handling exceptions and knowledge sharing using
assistance systems that will enhance quality and avoid produc-
tivity loss. In addition, I4.0 technologies enabled by real-time
monitoring and storage are expected to expedite learning
curves, be it the workers’ or the organizations’—learning
curve expediting is of critical importance for growth and fu-
ture innovation. Finally, optimal maintenance planning will
ensure that the assembly line and the supporting equipment
is maintained in the best condition with minimal cost, thereby
improving productivity. Figure 4 summarizes the impact on
performance of operational decisions in A4.0 systems.

Although there are multiple potential performance benefits
of A4.0 systems, such benefits can only be obtained through
well-aligned strategic, tactical, and operational decision-mak-
ing. Moreover, manufacturing companies should assess the
potential benefits and the investments required of A4.0 sys-
tems for their current and future product portfolio and deter-
mine which elements of A4.0 systems will be most suitable
for their context.

Companies with a large variety of assembled products and
multiple assembly lines across their facilities should actively
consider investing in A4.0 systems. As such a decision is
strategic in nature, it is important that a cross-functional team
involving research and development, manufacturing, sourc-
ing, and marketing is created and the decision to invest in
A4.0 systems is taken considering the impact of the assembly
system on product design, the future product portfolio,
outsourcing decisions, etc. Usually, product design and prod-
uct portfolio planning and sourcing decisions are constrained
by the capacity and capabilities of the assembly lines of the
company. A4.0 is expected to provide much needed flexibility
and hence open up much more possibilities of innovative,
customized, and customer-friendly products, which can be
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delivered on demand. It will also have an impact on supply
chain design. Product allocations to specific assembly lines in
different parts of the world will be highly flexible. Depending
on the demand of products in different parts of the world,
production volumes can be shifted across assembly lines, clos-
er to the customer ensuring faster delivery lead times.

5 Tactical issues in A4.0 and their impact

Tactical issues in A4.0 stem from the adoption of new I4.0
technologies. Sections 2 and 3 of this paper thoroughly cover
new A4.0 technologies; a good general review of I4.0 tech-
nologies and other aspects could be found in [56]. Tactical
issues of A4.0 are related to these new characteristics.
Therefore, a brief summary of these characteristics is present-
ed before dealing directly with the tactical issues.
Accordingly, Fig. 5 illustrates schematically the proposed
stages of the tactical model development.

5.1 A4.0 characteristics affecting tactical issues

Bortolini et al. [56] identified the following six main charac-
teristics of A4.0 that affect the tactical planning and decision-
making:

1. Aided assembly—the operator’s assembly process would
be greatly improved and expedited by computerized as-
sembly instructions supplied in real time, augmented re-
ality, and supporting cobots.

2. Intelligent storage management—in order to closely man-
age the inventory and prevent stockouts, the assembly
storage locations will be equipped with abundant sensors.

3. Self-configured workstation layout—new self-adjusting
shelving and workbench moving parts shall optimize their
dimensions and location to fit the activities performed in
the workstation. Self-configuration requires a context-
aware system based on sensors and computer vision.

4. Product and process traceability—to ensure traceability,
data on each individual part and process would be stored
and easily traced if needed. This may include quality
checks and various measurements, such as humidity and
heat during the process.

5. Late customization—increasing late customization in
A4.0 is based on advanced additive manufacturing tech-
nologies and the ability of 3D printers to quickly print
customized parts. These capabilities allow to postpone
the decision on the final type of product model.

6. Real-time control and self-scheduling/balancing—A4.0
control systems are expected to achieve improved real-
time control by the increased use of sensors and improved
communications. Moreover, A4.0 self-awareness in-
cludes self-scheduling, self-balancing, and self-
maintenance planning. A4.0 self-awareness and
decision-making could be facilitated by using digital
twins.

A digital twin is an important characteristic of A4.0 [57].
This concept is related to full simulation/emulation of the
assembly line and its environment, including some real-time

Fig. 4 Performance impact of operational decisions in Assembly 4.0 systems

Fig. 5 Schematic framework of
the proposed tactical model
development and analysis
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data acquisition. A digital twin enables quick decision-making
by running and evaluating scenarios for decision-making and
production optimization [58]. Söderberg et al. [58] show its
contribution to real-time processing decisions related to indi-
vidual part geometry. Uhlemann et al. [59] explain the chal-
lenges of real-time acquisition into a digital twin. Um et al.
[60] explain the advantages of a digital twin in modular as-
sembly lines.

5.2 Tactical issues in A4.0

The aforementioned A4.0 process characteristics affect the
following tactical issues:

& Product variation in assembly systems
All of the above characteristics are about to significant-

ly increase the assembly- line flexibility to changes, and its
ability to produce a wide range of non-standard assembly
parts and products. On the worker’s level, for example,
flexibility is enhanced by computerized assembly guid-
ance and escort, assembly assistance, and assembly self-
configuring technologies. Some papers even talk about
individualized assembly [61]. A4.0 is expected to have
more mass customization than today and a much more
“assemble to order” environment than is found today
[61, 62]. Some of the A4.0 systems will even have various
degrees of “engineered to order” environments.

& Assembly load planning
The new I4.0 technologies are expected to enhance the

throughput and its product variation [63]. As a result of the
product variation, load planning will become more chal-
lenging than it is today. However, the adjustment to ma-
chine failures and real-time responses to events will un-
doubtedly improve the throughput. The real-time data
availability is bound to shorten the planning period, so
that the daily load could be estimated.

& Workforce planning
Once the load is estimated for the assembly system, the

workforce planning could be effectively planned [64].
Planning for absenteeism in the assembly line is always
a consideration. While today the workforce recruitment is
for 120–130% of the active assembly positions [65, 66],
this figure could be reduced significantly by more effec-
tive, skill-based job assignment and reduction of the learn-
ing curve by aided assembly devices for assembly instruc-
tion and augmented reality [67].

& Supply of parts and materials for enabling an efficient
assembly process

The IoT and the physical internet along with the multi-
sensor capabilities provide ubiquitous communications
between shelves, containers and parts, automated guided
vehicles (AGVs), forklifts, conveyors, and other material-
handling devices. The communications update the status

of parts, kits, and products along with material-handling
systems to prevent cases of shortage or cases of large
accumulation of inventory [68].

& Quality control and management
The set of tools for A4.0 quality control and manage-

ment is especially impressive. Smart sensors, gauges, and
cameras are a standard part of each process in the A4.0
system. They continuously collect data, and their data is
continuously analyzed to identify any deviation from the
specification. This helps identify not only the defects or
failures but also the need for maintenance before they
happen. In particular, performance deterioration is identi-
fied in real time and some preventive maintenance can be
applied to prevent failures and downtimes [11]. The in-
spection and documentation of individual products facili-
tate the identification of quality failures, and enable quick
response. In addition, the self-aware sensor parts and ma-
chines control their own self-performance and failures.
Themost interesting technologies in that regard are related
to self-prognosis and self-healing. However, these are
novel technologies that are yet to be tested in real settings.

5.3 Implied A4.0 tactical advantages

The main implications of the aforementioned tactical A4.0
characteristics and improved decisions and their impacts on
cost reduction and profit growth are summarized as follows:

a. Expediting and improving the operator assembly work, by
helping and supporting technologies (such as assembly
instructions, animation and augmented reality, computer-
automated and aided inspections, and cobots).

Impact: increased throughput (even when facing prod-
uct variety), workforce savings, and faster training of re-
placement workers

b. Exploiting the technology enhancements and innovations
for broadening the variety of assembled products while
preserving efficiency. This is achieved in part by setup-
time reductions, by reconfigurable equipment, and by in-
teractive computerized operator’s instruction and guid-
ance.

Impact: cost reductions and increased flexibility to as-
semble a larger variety of products on the same line

c. Optimizing decisions related to inventory acquisition and
transportation based on information generated using real-
time communication between machines and each poten-
tial item to be processed.

Impact: cost reduction
d. Identifying real-time machine failures, product quality

failures, and quick response ability to these failures.
This ability can be harnessed to shorten the machine
downtime, e.g., mean time to repair (MTTR), expedite
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finding ad hoc solutions to such machine failures, and
fixing quality failures [11].

Impact: reducing downtimes and increasing throughput

e. Identifying bottleneck machine in real time, and prioritiz-
ing accordingly. This is particularly challenging and im-
portant when product variety causes the bottleneck to
shift.

Impact: increased throughput

f. Avoiding of shortages of parts and fasteners in the assem-
bly stations [69].

Impact: increased throughput

g. Reducing setup and adjustments between different prod-
uct models.

Impact: increased throughput

h. Deploying self-adjusting machines and infrastructure for
better ergonomic stations [12].

Impact: increased worker health and satisfaction, de-
creasing absenteeism and medical problems, treatments,
and litigations

It is clear that these implications (a. through h.) are signif-
icant, but their quantitative contributions to the overall assem-
bly performance could only be projected or approximately
estimated.

6 Strategic aspects in assembly lines in the era
of Industry 4.0

I4.0 is expected to bring a radical change in assembly process-
es rather than an incremental one. This expected change spans
strategic, tactical, and operational levels and culminates as an
A4.0. All three levels (operational, tactical, and strategic) will
be altered due to the perceptions, methodologies, tools, and
technologies that A4.0 will encompass.

6.1 A mind map of A4.0

In terms of timing, we are at the initial stages leading to the
A4.0 era. In view of the new technologies, there is a big
difference between organizations that are to be built from
scratch versus existing organizations that need to steer their
views, strategies, and operations in view of I4.0 and A4.0. It is
in the latter where the change is more complex and hard. Thus,
it is of great help to widen our view asmuch as possible so that
the readers can see which of the parts are relevant to their case.
Figure 6 is an initial mind map that captures critical aspects of

Fig. 6 A mind map of Assembly 4.0 aspects
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the A4.0. It may be far from being comprehensive, yet it gives
the flavor. Each of these aspects affects the assembly process-
es in some way.

6.2 Relevant strategic dimensions

The plethora of I4.0 technologies, elaborated upon in this
study, are expected to affect the assembly line performance
by consistently increasing throughput and reducing costs.
However, there are heavy costs associated with deploying
these new technologies which are expected to decline with
time. So the decisions whether and when to adopt a technol-
ogy is a strategic one. On the other hand, there are several
strategic issues, on product and process design levels, that
one should consider.

Product design level—Concurrent engineering has been the
standard methodology for product design. Axiomatic design
(AD) constitutes the foundational approach for design [11].
Also reconfigurable machines have many principles rooted
in features and characteristics that pertain to the I4.0 [69].
For example, families of parts, customized flexibility convert-
ibility, scalability, and modularity, among other principles, are
foundational for the reconfigurable machine approach as well
as for the I4.0 era. Moreover, with the advent of I4.0 technol-
ogies, which not only embody the views of the production,
purchasing, marketing, etc. but also encapsulates the varia-
tions in costs, among others, it is expected that product design
will becomemore complex on one hand and data-based on the
other. The designers can better embark on historic data to
decide upon components to include in the design. Thus, new
design methodologies and principles may arise to capitalize
on the vast amount of data and information that is gathered.

Process design level—The process for assembling the
product needs also to be designed and possibly will be affect-
ed by the I4.0 technologies. For that purpose, we will need to
answer questions like how to save on time, waste, labor, and
material using the I4.0 platform or how fast can we alter an
assembly process based on near on-line process alternative?

Yet another aspect is modeling. From a modeling point of
view, the decision-maker will face several decision-making
challenges, as discussed below. Some of the challenges relate
even to the time before the investment in the infrastructure,
and some relate to the challenges after the infrastructure of
A4.0 is deployed.

6.3 Issues to consider before investing in A4.0

In what follows, we discuss the various aspects to consider
before investing in the upgrade to A4.0, regardless if the in-
tention is to partially or completely alter the current state.

1. Level of automation: I4.0 is a myriad of technologies that
one can select a subset of it, according to what fits the

organization at hand. It is not plausible that decision-
makers will alter their organizations 180°. From a high
management point of view, to automate the whole assem-
bly line including feeders of raw materials and storage of
finished goods, all at once, seems to be extremely risky.
Rather, they will decide on experiencing one or a couple
of the aspects proposed. For example, in an assembly
factory, the managers may add one cobot or several cobots
for a test period along the assembly line. Therefore, proper
analytical and engineering models should be constructed
to aid in the decision-making. Moreover, while it is more
plausible to think of this as a discrete scale, Go-No Go
decision, one may model it as a continuum, especially on
a strategic level, so it can help us understand figuratively
to what level and how the various forces are balanced.

2. Positioning of cobots: after obtaining the required intensity
level of adaptation of I4.0 in the assembly line, the
decision-maker should decide upon where to locate the
cobots, taking into account that these resources should be
fixated. The structure of the system and bill of material and
the complexity of work packages will dictate where and
how to allocate to position the cobots for maximal benefit.

3. Return on investment (ROI): this is one of the chief con-
cerns of any decision-maker: to verify that economically,
they are doing the right decision. A major attribute to take
into account here is the ever-shortened life cycle of prod-
ucts. Typically, ROI in the range of 4–8 years is plausible;
however, if the product at hand is expected to “live” for 4–
5 years, the decision-maker seeks an ROI of 1–2 years.

4. Performance measures: in addition to the regular and ac-
cepted performance measures used so far in a design for
manufacturing and assembly (DfMA), e.g., [70–72], a
new set of measures will need to be created and used.
The new measures will better reflect the way of doing
things, in particular, a reality in which the physical is
connected to the cyber. Moreover, they will capture the
dynamic and intense nature of doing things and how these
data must be crunched and used in subsequent stages to
enhance the decision-making process. In addition to reg-
ular measures commonly used in assembly lines, due to
the self-regulating, self-configurability, self-scheduling
nature of the system, more measures that monitor the de-
gree by which the local decision-making oracles are learn-
ing are needed.

6.4 Issues to consider after investing in A4.0

a. Hybrid systems and allocation of orders: Since the transi-
tion of assembly systems to I4.0 is a lengthy process, in
certain shop floors, regular (legacy) assembly systems may
operate in parallel to A4.0 systems. Thus, a hybrid co-
existence situation will prevail. For example, consider co-
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existence in a shop floor of a regular assembly line with
machinery and human operators and a new A4.0 line rich
with 3D-printing stations. Then, a major decision to take is
to determine the optimal allocation of incoming orders:
some orders are more suitable to the fast and new 3D print-
ing line, and some are more suitable to the regular line.
Surely, the size of the order affects the decision. While in
the past, orders less than a threshold value were ignored or
dismissed, with the new reality, these orders can be accept-
ed; thus, market share can be enhanced.

b. Balancing human-cobot work package allocation:
Having a new product to assemble, a key question to
answer is how to allocate the work packages between
human workers and cobots. This is related to the question
of positioning. We also need to make the allocation deci-
sion while taking into account the learning effects of the
worker. However, we will need also to consider the learn-
ing of the machines, which with the help of machine
learning has a learning curve of its own.

6.5 Cyber security

The I4.0 intensive connectivity (including IoT and the cyber-
physical paradigm) brings with it also the cyber security chal-
lenges against the incessant activity of hackers and malware
[73]. While today, supply chains, factories, customers, and
operations are connected, in the I4.0 era, machines, products,
parts, and sensors will be inter-connected and the risks posed
by cyber threats become all the greater and potentially farther
reaching [74]. Cyber security requires implementing a secure,
vigilant, and resilient cyber risk strategy at all communication
levels [73, 75]. Therefore, cyber security is an essential I4.0
ingredient [75]. This applies directly to A4.0, in particular for
a complex technological system producing sub-assemblies or
parts allocated to distributed workstations, possibly belonging
to different organizations.

7 Discussion

This section is divided into three subsections: (1) other aspects
of A4.0 not directly related to operational, tactical, or strategic
categories, (2) barriers for implementing A4.0, followed by
(3) a discussion on the impact of I4.0 technologies on A4.0
systems.

7.1 Other aspects of A4.0

Other aspects to take into account in A4.0 include:

1. Social effect: The aim of the intensive integration of new
A4.0 technology is to increase the automation and

assembly efficiency. Thus, many tasks are expected to
be automated and assembly workers will work more effi-
ciently due to the support by AR, cobots, 3D printing, AI,
etc. Clearly, the A4.0 workforce will be reduced.
However, a new generation of technicians and mainte-
nance workers will be needed. Thus, the expected reduc-
tion in assembly workers is significantly compensated by
the increase in new technicians, maintenance workers,
and experts. Also, A4.0 increased throughput and product
variety shall lead to worker increased productivity. Thus,
in spite of many popular beliefs that machines shall re-
place humans in the assembly lines, the total number of
human technicians, operators, and maintenance people
will remain high, while each person’s productivity and
profitability will increase.

2. Sources of uncertainty: The hallmark of A4.0 operation
(mainly through IoT deployment) is the elimination and
reduction of uncertainties. One way A4.0 is expected to
reduce uncertainty is to plan for robustness. However, the
addition of numerous sensors and digital components in-
creases the probability of failure of one or more of these
components. It is critical to make sure that the information
that is received from the various sources is correct and not
marred by failures and errors of the same sensors that
were supposed to defend against other failures as sensors
can sometimes create false alarms.

3. Human-machine interaction: In A4.0, machines and hu-
man operators are in close proximity; this is especially
true for cobots, but may also be true for other machines.
While the human operator’s veto power (or “shut-down”
power) is axiomatic, the major questions are related to the
information, recommendations, and intervention level of
the machines. Moreover, in some safety situations, the
system shuts down before a human can intervene. Some
related questions that may arise are the following: Who
serves whom? Is the operator who loads, unloads, and
maintains the machine, to reach high utilization, a server?
Or is the machine considered as a service agent that will
help humans, or servicing parts, work in process (WIP), or
materials. Communication is an obvious aspect where the
status of each machine should be “public” information to
all other machines, operators, and agents in the chain.
However, overloading an operator with information is
clearly undesirable and sometimes dangerous.

4. Supply chain aspects of A4.0: IoT and the cyber physical
world are integral parts of I4.0 which aims at realizing
their full potential. So A4.0 (as part of I4.0) is character-
ized by high connectivity and information sharing along
its supply chains. Thus, full information about the assem-
bly components and their fabrication is readily available
online. Moreover, any machine failure in any stage of the
supply chain is detected in real time, and solutions are
planned and executed with no delay. In certain cases,
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where parts production is paused or delayed, the connect-
edness allows to predict the related part shortages, and in
some cases to use additive manufacturing to temporarily
fill the shortage. Such information should be made avail-
able to all members of the supply chain so that the plans
for each individual player in the supply chain can be up-
dated. In the ideal case, all the relevant members in the
supply chain should adopt the technologies. But, this will
require that the benefits obtained by implementing the
technologies are equitably distributed across the mem-
bers, which will encourage members to invest. To con-
clude: this connectedness allows A4.0 systems to stream-
line the part flow into the assembly process.
Communications and connectedness are also important
in the delivery of the final product that comes out of the
assembly system. Also, using blockchain along the supply
chain can allow to trace the processing histories of parts,
components, and sub-assemblies and hence may be inte-
grated in the future A4.0 systems.

7.2 Barriers for implementing A4.0

While we outlined I4.0 capabilities, it is also appropriate to
mention some limitations, constraints, and challenges of these
technologies. For example, the cobot cannot compete with the
human hand in some cases such as putting stickers or taking
them off. Another example is the fixation of a cobot. While a
human has short arms, if needed, it can move on legs and reach
out. Cobot is fixated. It can either move from one place to
another without hands or fixed and one location with arms.
Other limitations characterize each of the other technologies
(e.g., augmented reality, computer vision, etc.) These con-
straints and others are limitations that should be taken into
account before adopting the A4.0 technologies. Interviews con-
ducted by [76] revealed that companies perceive the concepts
of I4.0 as highly complex resulting in uncertainty regarding
benefits and outcomes. Companies can also fail to assess their
own capabilities in I4.0, which restrains them from taking any
coordinated decisions. Moreover, knowledge and skills regard-
ing reconfigurable system design and the application of a struc-
tured and well-documented system design process for assem-
bly systems are lacking in manufacturing companies.

It is also important to note that skills of available workers
must be regularly updated for getting the most benefits of
A4.0 for many operational tasks like dynamic matching of
workers with assembly operations, exception handling, etc.
This implies that companies should either have a relatively
stable workforce or workforce skills inventory should also
be digitized and updated [77]. Specifically, collaborative robot
applications are highly complex systems with a large number
of individual components and range of interdependencies.
This can result in safety-related challenges [78] and pose

barriers for its adoption in an A4.0 environment. For collabo-
rative human-robot applications, for dynamically matching
workers to assembly operations and for designing real-time
assistance systems, there can be challenges related to under-
standing the complete spectrum of human-in-the-loop control,
in modeling human behavior of various types, and in incorpo-
rating these models into the formal feedback control method-
ology to ensure desirable performance outcomes [79]. The
biggest barrier for adopting A4.0 can be challenges associated
with realistic quantification of the potential benefits, thereby
justifying the investments. Simulations of A4.0 systems can
potentially help in quantifying the benefits.

7.3 Expected impact of I4.0 technologies on A4.0
systems

This paper divides the potential impact of I4.0 technologies on
A4.0 systems into the strategic, tactical, and operational
levels, as elaborated above. The three decisional levels of
A4.0 are highly interrelated and connected both from a top-
down and a bottom-up perspective. The first direction of con-
nections is determined by the fact that the decisions taken at a
certain level have a great impact on the lower level, since they
represent a constraint for the latter. For instance, the decision
to purchase and install some cobots for a certain assembly line
(tactical level) determines a relevant impact on the weekly
workforce balancing of this line (operational level), since
some tasks usually performed by operators could be assigned
to these cobots and/or the task manual execution time of
workers could significantly decrease. However, the different
A4.0 levels are also connected by bottom-up linkages. Indeed,
the feedback obtained at a certain level could suggest some
specific decisions to be taken at a higher level, though after
obtaining data for a prolonged time. For instance, quality
problems at the operational level may trigger improvements
in the tactical levels such as re-engineered manufacturing pro-
cesses and improved planning. Another example of an opera-
tional level issue could be delays in product assembly due to a
missing part. The solution to this phenomenon may be an
improved tactical level process planning and scheduling. A
major challenge ahead of us will be to utilize existing rigorous
methodologies like the Production System Engineering (PSE)
[80, 81] tools and methods in A4.0. This would require
adapting them to the characteristics of A4.0. Such an endeavor
requires substantial effort and rigor and warrants a dedicated
research project.

8 Future research

This section addresses future prospects and research related to
A4.0. For consistency, the section is divided to operational,
tactical, and strategic levels.
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& Operational future prospects and research: On the opera-
tional level, future research may be directed at developing
a generic benchmark model for simulating an A4.0 system
to demonstrate how such an assembly system can improve
system performance and handle product variety better
than an existing assembly system. Such a generic digital
twin should have built-in capabilities not only to include
technologies, but also models of their integration, behav-
ior and their impact. Such a generic tool may be also used
as the basis to build specific digital twins. This could be
accomplished by offering generic simulation modules. In
such cases, scenario exploration, via the digital twin sim-
ulation, can lead to achieving better performance. For ex-
ample, consider a digital twin of a mixed-model assembly
line for a single product-platform with its several variants,
and its feeding sub-assembly lines, and materials super-
markets. The digital twin can be used for checking the
effects of various scenarios, for example, finding out the
impact of a combination of new I4.0 technologies, or how
the same assembly line with enhanced digital technologies
copes with additional product lines or platforms. Such
research will help determine what level of automation is
optimal for an assembly line to handle a certain level of
product variety and complexity. Future research should
also consider the impact of changeover from existing as-
sembly systems to A4.0 systems on the existing and future
product portfolio of the company. For example, A4.0 sys-
tems will provide flexibility to have a large variety of
customized products, thereby enhancing the mass custom-
ization ability of the company, which will also make some
existing products redundant. Hence, decision to invest in
A4.0 systems should not be made in isolation with the
product portfolio and the product strategy of the company.
A separate stream of future research can also be directed at
assessing the combined effect of adoption of additive
manufacturing technologies for functional parts and as-
sembly of such parts with those produced by conventional
manufacturing technologies using A4.0 systems on the
operational and business performances of manufacturing
companies. Such a research stream will be particularly
relevant for industries like aerospace and automotive,
where leading companies are investing in both additive
manufacturing technologies and A4.0 systems.

& Tactical future prospects and research: On the tactical
level, future research of A4.0 issues may be directed in
the following directions:

1. Case studies and experience measuring the effect of new
technology integration, gathered empirically

2. Simulations of the new A4.0 environments and their com-
parison to current or benchmark assembly systems

3. Theoretical development of new workforce planning and
scheduling techniques, as well as acquisition and

inventory management techniques that exploit the new
capabilities of A4.0

4. Finding ways to better manage quality andmaintenance in
assembly systems

5. Finding ways to exploit the new technologies to enhance
the assembly of large systems such as aircraft and ship-
building assemblies

6. Creating new standards and maturity models such as the
A4.0 maturity model and the Self-X maturity model (self-
aware, self-prognosis, self-healing, self-assessment).

7. Creating new smart A4.0 timeline analysis tools (under-
standing implication of changes along the timeline) for
warnings, recommendations, and dynamic error
avoidance.

& Strategic future prospects and research: On the strategic
level, in an environment where data is in abundance, some
insights can be derived over time by data and process
mining and these can lead to a radical change in the busi-
ness model. Then a strategic issue of managing the array
of dynamic capabilities should be at focus. Other future
research may be conducted in one of the following areas:

1. Modeling methodologies to visualize, evaluate, and
benchmark future realities in order to make decisions pri-
or to investing in the infrastructure. In A4.0, before con-
structing the assembly line, we will need to evaluate a
priori how that A4.0 line will perform and attempt to
detect bottlenecks and major problems.

2. Create analytical models to help make better decisions as
for the various strategic decisions mentioned above.

9 Conclusion

The aim of this paper is to propose a framework to understand
and assess how the main technological improvements enabled
by I4.0 could be expected to be part of the assembly system,
defining the so-called A4.0. A detailed overview of the latest
promising research trends suggests how most of the direct
impact of I4.0 technologies would be on the operational level
of A4.0 processes. The improvement of this level of A4.0
affects as well the performance of the A4.0 tactical level fos-
tering the quality control, the machine reliability, the logistic
efficiency, and the flexibility to unexpected changes. All these
factors are bound to have an impact also on the strategic level
of the assembly system and process design. Thus, of major
interest is the analysis proposed by this manuscript to assess
how the strategic decision-making is affected both before and
after the implementation of I4.0 technologies to A4.0.

First, a detailed analysis is proposed in this paper to assess
how and to which extent the coalescing technologies of A4.0
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have the potential for increasing different features of such pro-
duction systems, as their productivity, cooperation, and control.
Indeed, these different relevant features have the potential, if
properly managed, to tremendously increase the A4.0 profit-
ability. An original framework is developed and proposed in
this research to suggest the likely connections between I4.0
technologies and the different A4.0 areas which benefit from
their adoption, for A4.0 operational level in particular.
Similarly, a relation diagram is presented to assess the most
plausible impact of A4.0 operational decisions on the perfor-
mance of such production systems. However, understanding
this potential is far from being straightforward, and future re-
search is needed to explicitly turn this potential into reality.

Finally, this manuscript proposes a detailed overview about
how A4.0 future research should be targeted at putting the
human operator back in the center of the production systems
of the future, supporting from a manufacturing perspective the
concept of “human in the loop.” Indeed, the A4.0 worker
should be able to ensure a significantly high quality to the
final product, with a great flexibility to support the personal-
ized production paradigm with no decrease in productivity.
This trend suggests a novel demand in the labor market for
A4.0 automation technicians, maintenance operators, and dig-
ital specialists. The required number of workers could poten-
tially slightly decrease in the next few years, but the required
competences, granted salary, and work added value would
likely increase far more through the adoption of I4.0 technol-
ogies in A4.0 as described in detail by the procedures pro-
posed by this manuscript for the operational, tactical, and stra-
tegic levels of assembly systems.
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