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Abstract Since its introduction in 2011, industry 4.0 has been coined the “fourth
industrial revolution” following mechanization, industrialization and IT/automation
as the first three, and represents the current trend of automation technologies (cyber-
physical systems, Internet of things, cloud computing, etc.) in the manufacturing
industry, with their potential for disruption of the manufacturing paradigm as we
know it. However, the effect and role of industry 4.0 on the design and development
of the new products to be manufactured in industry 4.0 facilities is not clear. This
research presents a literature review to: (1) understand the concept of industry 4.0
from an implementation (state of practice) viewpoint, (2) learn about approaches
and considerations currently deployed for developing products to be produced in
manufacturing plants progressively transforming into industry 4.0 environments.
Results reveal that the potential of industry 4.0 is underexploited within product
design and development, especially in the conceptual stages lacking methods, tools,
and approaches. While later stages of the product development (production plan-
ning, ramp-up) have received some attention in regards with optimizing production
operations, several publications acknowledge its potential to benefit earlier process
stages.

61.1 Introduction

The fourth industrial revolution commonly referred to as industry 4.0 [1] is believed
to have a profound impact on various industrial sectors, especially the manufac-
turing domain [2, 3]. Industry 4.0 represents focus on end-to-end digitization of all
physical assets and its integration into digital ecosystems with value chain partners
[4]. Industry 4.0 is characterized by emerging technologies such as the Internet of
things, additive manufacturing, mobile Internet, wireless sensor networks, big data
analytics, cloud computing, cyber-physical factories, nanotechnology, interconnec-
tivity of machines, robotics and artificial intelligence [5]. Since a majority of the
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discussion in the context of industry 4.0 is focused around manufacturing aspects
[6], the role and scope of industry 4.0 s innovation potential in the product devel-
opment process is still largely unexplored, particularly in regard to product design
decisions. Wettach et al. [7] assert that the digital transformation sparked by industry
4.0 is meant to be a lot more than a technology-driven change. Over the past few
decades, industries have frontloaded their modeling, simulation and design explo-
ration activities with the intention to improve knowledge early on, make informed
decisions already in conceptual stages of the product development process [8] and
use this knowledge in manufacturing. Manufacturing plants all over the world, in
diverse sectors, are now being upgraded in accordance with industry 4.0. To take full
advantage of these investments, it is essential to comprehend the interconnectedness
between and the effect of industry 4.0 on the product design and development process.
Thus, this paper conducts a systematic literature review (SLR) for: (1) clarifying the
concept of industry 4.0 from an implementation (state of practice) viewpoint; (2) for
attaining an overview of the methods, tools and considerations currently employed
for product design and development in the context of industry 4.0. The governing
research questions are; (1) What are the key components of an industry 4.0-enabled
manufacturing facility? and (2) what method, tools and considerations are design
teams employing while designing products to be produced in these factories? Addi-
tionally, the authors will reflect upon and foster the ongoing discussion of the role
of product design and development in the current industrial transformation.

61.2 Research Approach

The approach employed for carrying out the SLR is based on guidelines presented
in [9, 10]. The review process can be divided into two stages: planning and execu-
tion. The planning stage encompassed defining the search topic, scope, choosing
and justifying the choice of database(s), formulating search string(s), defining
inclusion criteria and planning analysis procedure. The execution stage involved
searching and collecting literature, iteratively pruning through resultant literature,
reviewing the references in the collected literature to identify further relevant studies
(cross-reference) followed by classification of research into relevant categories and
summarization of the review findings.

61.2.1 Data Collection and Analysis

An overview of the literature review execution is depicted in Fig. 61.1. The source for
collecting literature is divided into two categories: source 1 and 2. In order to under-
stand the concept of industry 4.0 from a state of practice viewpoint, the perspectives
of global actors were gathered by reading their blog posts, opinion papers, maga-
zines and feature articles. Company specific research literature is gathered using
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Fig. 61.1 Overview of the literature review execution (inspired from [14])

Google Scholar, Scopus and company webpages all of which is collectively termed
as source 1. To learn about methods, tools and considerations currently employed
while designing products for industry 4.0 environments, Scopus database is used
due to the wide range of peer-reviewed scientific literature it offers and its proven
relevance in the field of research which constitutes source 2. To identify further
relevant studies, backward search [11] was conducted by reviewing references of
the papers previously gathered (cross-reference). Other relevant databases such as
Web of Science or EBSCO are excluded from the current review since the study is
initial in nature. In addition, [12, 13] is referred to gather background knowledge on
traditional approaches to conduct manufacturing, assembly, cost assessments during
product development.

The search stringused in source2 is as follows; (TITLE-ABS-KEY (“product devel-
opment” OR “product innovation” OR “product design” OR “engineering design”
OR “preliminary design” OR “concept* design” OR “concept* develop*” OR “early
design” OR “initial design” OR “fuzzy front end” OR “design space exploration”)
AND TITLE-ABS-KEY ({Industry 4.0}OR {fourth Industrial revolution}OR {design
for industry 4.0} OR {cyber physical system} OR {cyber-physical system}) AND
TITLE-ABS-KEY (“manufactur*” OR “production” OR “smart manufactur*” OR
“digital manufactur*” OR “flexible manufactur*”)) AND (LIMIT-TO (LANGUAGE,
“English”)) AND (LIMIT-TO (DOCTYPE, “cp”) OR LIMIT-TO (DOCTYPE, “ar”)).
The search string forces the result to involve three domains namely, product design
and development, manufacturing process and industry 4.0, resulting in literature with
overlapping research domains. Search operators “AND” and “OR” are used due to
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the fragmentation of literature in the area in addition to wildcard character “*” to
retrieve variations of a word. The search resulted in 335 hits with 1 duplicate hit
which was eliminated. Only conference and journal papers in English were consid-
ered. The screening process involved three steps as shown in Fig. 61.1. To be qualified
as relevant, the papers had to consider design aspects with regard to manufacturing
during the product development process in the context of industry 4.0. Papers not
addressing product or production system or related design aspects in connection
with manufacturing were excluded. Literature from source 2 was exempted from
this criterion to grasp the concept of industry 4.0 in its entirety. Every paper from
the finalized set was fully read, summarized in one or more sentences, mapped into
relevant categories followed by trend analysis.

61.3 Review Findings

61.3.1 Industry 4.0 and Its Key Components

Since the German initiative “Industrie 4.0” appeared in 2011 [1], marking the dawn
of the fourth industrial revolution, it has received increased attention from several
industrial sectors. In 2013, the “Industrie 4.0 working group” published first recom-
mendations [15] for the implementation of industry 4.0, detailing its vision, enablers
and some application scenarios. Despite its popularity, companies still struggle to
grasp the idea of industry 4.0 [16] with diverse perceptions of the concept [17] and
manifold review papers [18, 19]. Besides, very few real-life examples of industry
4.0 exist [20] with most being lab-scale or novice industrial implementations. Three
key and commonly accepted components of industry 4.0 have emerged in litera-
ture as: cyber-physical systems (CPS), Internet of things (IoT) and smart factory.
CPS is the integration of computation, networks and physical processes in which
embedded computersmonitor and control physical processes through networkswhile
physical processes in turn affect computation through closed feedback loops [21].
CPS enables an important feature of industry 4.0 which is the fusion of the phys-
ical and virtual worlds [17]. IoT is the network used to connect smart components
(e.g., sensors, actuators, logistics and tablets) in a factory allowing data transmission,
interaction and cooperation for synergistic operation [17]. Smart factory is a context-
sensitive manufacturing environment that assists machines and humans in execution
of complex tasks efficiently [22]. Hence, industry 4.0 is an umbrella term encap-
sulating digital technologies and the aforementioned concepts aimed at enhancing
current industrial operations [20] while meeting challenges such as growing sustain-
ability requirements, fluctuating market demands, shorter development times as well
as increased appeal for customized products and integrated lifecycle solutions like
product–service systems [23]. In an industry 4.0 environment, smart factories consist
of CPS that are capable of autonomously exchanging information, triggering actions
and controlling each other over IoT infrastructures [17]. Smart products in these
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factories are uniquely identifiable, can be located at all times, are aware of their
current status/history and can navigate routes to achieve target state [15]. Further-
more, industry 4.0 aims to realize end-to-end digital integration of engineering across
industrial value chains and business processes, a digital model-driven process from
start to end [23]. Empirical evidences for the implementation of industry 4.0 concept
is presented in [20].

61.3.2 Role of Design in the Realm of Industry 4.0

Figure 61.2 (left) illustrates the most significant economic opportunities of industry
4.0 according to a global survey [24] interviewing experts within six nations.
Amongst others, production optimization is seen as one of the main economic bene-
fits. Furthermore, [6] acknowledges thatmost of the research in the context of industry
4.0 is concentrated around improving manufacturing operations while some publica-
tions [6, 7, 17, 25] admit the importance of design for the successful implementation
of industry 4.0. Regarding design, both design of production systems as well as the
design of products to be produced in these systems are of interest. Patil et al. [26] and
Bertoni et al. [27] assert the need to alter our product design and development strate-
gies, which, in the context of industry 4.0, are meant to support continuous improve-
ment over the entire product lifecycle using real-time product data. For example,
unlike the traditional way of developing products in discrete generations, ABB and
Tesla collect data from their products in use to release new features via software
updates [28]. The role of design in actualizing industry 4.0 is further emphasized
by [7] which claims that “without design, industry 4.0 will fail” and presents six
areas where design accelerates successful digital transformation in manufacturing.
Likewise, [29] urges the need to combine knowledge from different disciplines and
create sharing platforms since exclusive reliance on traditional engineering is no
longer sufficient with design practices at the core of the digital revolution. Research
also reports that investing in technology alone cannot meet the challenge of this
digital transformation [30] and that industry 4.0 is meant to be a lot more than a

Fig. 61.2 Most significant economic opportunities of industry 4.0 based on a global survey [24]
(left) and categorization of papers gathered from source 2 based on publication year (right)
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Fig. 61.3 Illustration showing the number of papers categorized based on the application domain
(left) and research focus (right)

technology-driven change [7]. Since the product design and development process
defines the value chain for a company to a large extent, design is believed to play a
major role in fully benefiting from the fourth industrial revolution [25].

61.3.3 Manufacturing Considerations during Product Design
and Development in the Context of Industry 4.0

This section presents analysis of papers from source 2. The product development
process as presented by Ulrich and Eppinger in [12] is taken as a reference due to
its generality. Figure 61.3 (left) shows categorization of literature based on appli-
cation domain. The single most popular field is automotive (12 papers) followed
by aerospace (8 papers). The majority (34 papers) fall under the general category
in which research conducted does not belong to a specific domain. A deeper look
reveals that these papers are published by research organizations and universities
depicting the research topic’s popularity. Other industrial sectors such as shipping,
chemical, railways and construction industries (6 papers) are beginning to show
interest in addition to electronics and food sectors (14 papers). From a time perspec-
tive, Fig. 61.2 (right) shows a constant rise in the number of publications focusing
on product design and development in the context of industry 4.0, with exponential
growth over the past four years. Figure 61.3 (right) shows the classification based on
the “focus” of papers.While the focus of themajority (22papers) is centered onmanu-
facturing costs, material, process and assembly assessments, research reviewing and
proposing overall process frameworks/architectures for industry 4.0 implementation
(13 papers) have received significant interest. Similarly, papers focused on design
features for facilitating aspects such as customizability, robustness, smartness have
attracted good attention (12 papers), although presenting only initial studies. Like-
wise, production planning, analysis andmanagement approaches have received good
attention (11 papers). The category concerning conceptual design of products has
received the least attention (4 papers) while other aspects such as factory optimiza-
tion, quality improvement, additive manufacturing, sustainability were the focus of
12 papers.
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Fig. 61.4 Categorization of papers based onmethods/tools/approaches employed (left) and sources
of feedback (right)

Considering the methods, tools and approaches used in the analyzed papers (see
Fig. 61.4, left), it is seen that a vastmajority are employing traditionalmethods such as
design for manufacturing/assembly (DFMA) (20 papers) and design for X (DFX) (5
papers), either directly or withmodifications to suit industry 4.0 factory features such
as flexibility [31], cyber-physical systems [32], customizability [33], recyclability
[34]. Likewise, considerable papers present generic methods (16 papers) in addition
to specific methods (10 papers) to support development of industry 4.0 solutions.
These methods involve technologies such as augmented reality [35] virtual reality
[36], digital twins [37], cloud-based platforms [38], while some of these methods
support specific design aspects such as integrability between product design and
manufacturing [39], design of product quality monitoring systems [40], intelligent
product design with CPS feedback [41], CPS user interface design [42], IoT-based
systems [43].

15 papers were assigned to “other” category, which involved methods featuring
simulations, automated/smart/generative design, knowledge feedback, product life-
cycle management (PLM) and manufacturing execution system (MES) tool-based
approaches as well as review papers. Further categories (7 papers) involved methods
based on design for additivemanufacturing (DFAM), failuremode and effect analysis
(FMEA), overall equipment effectiveness (OEE) and total productive maintenance
(TPM). It is interesting to note that only one paper [6] presents a method contributing
to conceptual design. Considering the source of feedback or information used in the
presented methods (see Fig. 61.4, right), it is observed that the majority (20 papers)
use insights generated through simulations (in, e.g., CAE, digital twins, CAD, DSS)
or based on common data management tools (PLM, PDM, ERP, MES) (11 papers).
Similarly, several (11 papers) utilize manufacturing professionals’ knowledge, main-
tenance department logs as well as information from supply chain management to
serve as feedback sources. Publications (9 papers) featuring feedback from work-
shops, literature review, surveys and building information modeling (BIM) were
assigned to the “other” category. Interestingly, some publications (7 papers) capi-
talize on sensor-based data from product in use or production. Alternative sources
for feedback include customer requirements and market trends (3 papers).
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61.4 Discussion

Industry 4.0 creates promising opportunities for producing low-volume, on-demand
custom products, and realizing end-to-end digital integration of engineering across
value chains [15], while enhancing the digital flow of information between product
developers, manufacturing engineers, and global suppliers to accelerate innovation,
reduce risk and seek competitive advantage. Concepts such as concurrent and simul-
taneous engineering as well as collaborative design have existed for several years
[44]. Claims like “80% of the manufacturing costs of a product is determined by
product design” were popular amongst research publications already since the 90 s
[45]. Likewise, DFX methodologies have been widely practiced by design teams
for cost reduction while guiding designs to meet quality criteria related to robust-
ness, reliability, serviceability and manufacturability, to name a few. Amongst these,
DFM and DFA were the most popular methods since it directly addresses manu-
facturing and assembly costs [12]. The review analysis reveals the prominence of
thesemethods even today, which are used either directly or withmodifications (based
on research and development) to suit industry 4.0. However, these methods do not
encompass comprehensive features to foster the overall industry 4.0 “ideology.”
For example, they lack aspects such as, assessment of the relationship between
complex industrial systems and product design features, utilization of IoT sensor
data or product lifecycle data for identifying new design features [43], thorough
design space exploration schemes to guide relevant design features, orchestration of
industry 4.0 elements to support trade-offs, to name a few. Their role in industry 4.0
will be determined via the interoperability with new solutions based on industry 4.0.
The authors recognize a need for research in this regard to deal with the complexity
triggered by the fusion of physical and digital worlds within smart factories, to guide
design and support decision making during the product development process. Of
the publications proposing specific methods for the design of and for industry 4.0
solutions, several employ model-based engineering principles suggesting promising
prospects for future research pursued in this direction. Additionally, the review high-
lights two promising concepts in the context of industry 4.0: product generation
engineering (PGE) [46], which suggests that new products are almost always based
on one or more existing product generations [6] and technical inheritance, which
proposes to identify, transfer and use targeted information from product lifecycle to
develop next generation products [47]. The past decades have seen a rise in the use
of computer tools to virtually develop, simulate, test and validate design solutions.
This is in agreement when considering sources of feedback or information in the
reviewed papers where a majority utilize simulation-based sources. It is interesting
to note that approaches still depend on the knowledge, experience and the intuition
of manufacturing professionals. Information gathered in this manner, besides being
asynchronous also consumes effort to collect and analyze. The authors argue that
with increasing access to digital flow of information from different stages of the
product lifecycle, there is a need for data-driven procedures to provide a quicker and
synchronous stream of information for aiding product development process in real
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time. Singh et al. [8] exemplify the possibility of leveraging digital thread (which is
defined as a data-driven architecture linking product lifecycle data [8]) to produce
efficient design of the next generation of products. Most importantly, the review
identifies a lack of research aimed at conceptual stages of product design in the
context of industry 4.0. Although simulation-, value-, and data-driven design frame-
works [23, 48–50] assist conceptual design assessments, these struggle to deal with
the complexity of manufacturing process performance and industry 4.0 aspects. The
authors assert a need for further research in this regard.

61.5 Conclusion

The paper presents results of a systematic literature review investigating key compo-
nents of industry 4.0 and surveying its role in the product design and development
process. Despite its popularity, companies struggle to grasp the concept of industry
4.0 in its entirety with many understanding the focus to be optimization of manu-
facturing operations. The review shows that research within product design and
development in the context of industry 4.0 is scarce of which most are focused
on later stages such as production system design and planning with very few in
the earlier stages. The authors argue that current design approaches are not fully
capitalizing on digital flow of information from different stages of the product life-
cycle, which are increasingly synchronous. Furthermore, the authors acknowledge
the need to consider aspects beyond manufacturing process, material and assembly
procedures and focus on for example, identifying appropriate design features based
on IoT sensor data, examining the relationship between complex industrial systems
and product design to facilitate early trade-offs, building methods to support devel-
opment of lifecycle solutions based on digital thread, and creation of designs with
reduced failure rates in production to enable low-volume consumer-centric products,
to name a few. The presented trends and analysis summary aim to highlight the role
of design in digital transformation as well as foster the ongoing discussion on the
research topic.
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