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Abstract. The Industry 4.0 concept represents a paradigm shift where physical 
objects are seamlessly integrated into information networks. This promises to 
enable a more effective infrastructure in which the design, development, manufac-
turing and support activities that represent the key parts of a product’s life cycle 
are closely integrated through the presence of real-time information and big data, 
arising from sensors, Cyber Physical Systems, Internet of Things and social net-
works. The challenge is to understand how to use this extensive information in 
order to enhance product value and to improve industrial productivity. Since in-
formation must be displayable, reusable and available in real-time, the fourth in-
dustrial revolution is already well-aligned with lean thinking, which promotes 
information visualization, including the just-in-time delivery of materials and 
information, as well as the zero defects ideal to quality management. Moreover, 
Lean thinking forces the development of human resource capabilities, through the 
adoption of scientific problem solving and continuous improvement approaches. 
These approaches must continue to underpin the leadership and employee devel-
opment activities required in light of Industry 4.0. Through a systematic literature 
review, this paper describes the current state of the art in order to understand how 
lean thinking should be implemented in the context of the smart factory, and pro-
vides an initial contribution to the emerging debate around the roles of “Lean 
Thinking in the Digital Era”. 

Keywords: lean thinking, digital era, Industry 4.0, smart manufacturing, produc-
tivity, lean 4.0. 
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1 Introduction 

Today, consciously or not, industries have to compete in a data-driven world, 
where the volume of available data is continuously increasing thanks to the devel-
opment of technologies such as digital platforms, sensors, mobile phones, etc. [1]. 
In this context, the range of applications and opportunities has grown exponential-
ly, provided that industries are able to capture data intrinsic value. Data come 
from different sources, have different formats, affect different parts of the value 
chain and are essential to learning and knowledge-creation. The big challenge is 
ensuring that users get the most from the data, i.e. using it to increase the probabil-
ity of making the right decisions, in the right context and for the right reasons. 
Indeed most companies are capturing only a fraction of the potential value of data 
and analytics and the biggest barriers companies face in extracting value from data 
are organizational, since companies struggle daily to incorporate data-driven in-
sights into day-to-day business processes [1]. This problem statement presents a 
series of questions that need to be answered by carrying out research in this field: 
Who is in charge to manage data and data sources within companies? What kind 
of analysis and models should be implemented to learn from the information con-
tained in Big Data? Which manufacturing system may ideally include data-driven 
insights into day-to-day business processes? How does the concept of productivity 
change in the digital context? 
Lean thinking is still the most powerful philosophy to optimize operations 
throughout the entire manufacturing enterprise, focusing on continuous process 
improvements driven by customer demand, on rooting out production inefficien-
cies and engaging all the employees in the application of lean principles and ac-
tions like value creation, waste elimination, respect for people and continuous 
improvement [2] [3]. Specific attention should be paid to product and process 
development where lean thinking promotes the creation, use and reuse of 
knowledge for learning purposes [4]. Developing products and manufacturing 
processes is much more effective when based on formal and properly managed 
knowledge that prevents the company from taking wrong decisions and leads to-
wards a better definition of customer value [5]. For the sake of knowledge formal-
ization and learning, the access, interpretation and use of data will become in-
creasingly more paramount for competitive advantage during the fourth industrial 
revolution. And the lean principles of doing what is needed, how it is needed, 
when it is needed [6] seem to translate here into enabling a system to provide the 
information that is needed, when it is needed, where it is needed, and in the right 
format (how it is needed). This is certainly not an easy task in such a chaotic “big 
data ocean”. Hence, it would seem natural to find a way to understand how lean 
thinking can serve as enabler of Industry 4.0 and the digital era.  

The paper is organized as follows: in Section 2 the research statement is out-
lined, explaining the rationale of the research and introducing the framework of 
Industry 4.0 and smart manufacturing, by exploring what kinds of information are 
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available thanks to sensors, Internet of Things (IoT), social networks, IT platforms 
and so on. In Section 3 we present the state of the art regarding lean thinking in 
the digital era. Finally, a critical analysis on the findings is discussed in Section 4, 
with the objective of creating a common understating on existing studies, delineat-
ing open issues and research directions in the field of “Lean in the Digital Era”. 

2 Research Design 

Lean thinking in the digital era drives the rational of this research, which starts 
with this initial framing paper and will continue with more in depth reasoning and 
fact-based findings in due course. The overall objective of the study will be to 
understand how data and analytics tools could underpin lean thinking (and vice 
versa) in order to ultimately deliver customer value centric products, by fulfilling 
customer requirements and increasing industry productivity. As a first contribution 
to such a debate, this paper starts the illustration of the current research status on 
lean thinking and Industry 4.0, through a systematic literature review, in order to 
provide an overview, synthesis and a critical assessment of previous research, 
challenge existing knowledge and identify and define novel research problems and 
research questions [7]. The paper presents the illustration of the existing literature 
by querying the main academic databases, around the keywords “Industry 4.0”, 
“Smart Manufacturing” and “Lean”, [8], as will be illustrate in the Section 3.  

2.1 Industry 4.0 in the data-driven world 

In the recent years, the volume of available data and information has grown ex-
ponentially, coming from digital platforms, wireless sensors, social networks and 
mobile phones. In the meanwhile data storage capacity has increased and its cost 
is drastically lowered. Computer power opened the way to the development of 
new and sophisticated algorithms [1]. We are entering a new industrial era, called 
Industry 4.0. This term has been coined at the 2011 Hannover Fair by Siegfried 
Dais (Robert Bosch GmbH) and Henning Kagermann (Acatech) [9] and it repre-
sents a politically established target for the production industry, intending to apply 
the principles of Cyber-Physical Systems (CPS), internet and future-oriented tech-
nologies and smart systems, with enhanced human-machine interaction paradigms 
[10]–[12]. It is currently being operationalized in different national initiatives, 
some examples are “Industry 4.0” in Germany, “Industry 2025” in Switzerland, 
“Smart Manufacturing” in USA, “Industria 4.0” in Italy, “Norge 6.0” in Norway, 
“Usine du Futur” in France and “High Value Manufacturing” in UK. Thus, its 
name has not yet been consolidated at an International level. Each of these nation-
al initiatives has led to the creation of various entities and programs, to leverage 
on technologies that allow easy integration of interconnected intelligent “things” 
inside the shopfloor with the objective to build smart, adaptive and resource effi-
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cient factories which can integrate the business processes and values in the whole 
supply chain [9]. The technological basis for the Industry 4.0 is the Internet of 
Things (IoT), first proposed in 1999 by the MIT [13]. In IoT, physical objects (i.e. 
the "things") are remotely sensed and controlled for a tighter integration between 
the physical and digital worlds, creating networks of “things” able to autonomous-
ly collect and flow data to other objects through the internet thanks to an embed-
ded connectivity at electronic and software level [14]. Thanks to such radical 
technological developments, IoT is now mature and can be exploited cost-
effectively at an industrial level within the so-called Industry 4.0. This consists of 
the use of intelligent manufacturing technologies linked to be able to communicate 
and deliver copious amounts of sensed data in real-time to allow having better 
predictability and optimization capabilities with respect to the production plant 
and higher customization levels in the products [15], [16]. Therefore, Industry 4.0 
is anticipated to be one of the keys to facing the turbulent and unpredictable mar-
ket contexts currently faced by many manufacturing companies, characterized by 
shorter product lifecycles, frequent introduction of new and customized products, 
and shorter delivery lead times [17]–[19]. Industries and companies in front of this 
new challenging context feel that they may take advantages from data and analyt-
ics, but some questions arise and some points should be clarified. 

3 Lean Thinking in the Digital Era: Literature Review 

3.1 Review method 

The paper focuses on the discussion based on the findings retrieved from a sys-
tematic literature review of the state of the art of lean thinking in the digital era 
[8], [20]. We perform the literature review of scientific articles by filtering articles 
according to the keywords “Industry 4.0”, “Smart Manufacturing” and “Lean”, 
which are the basic concepts of our research framework. Since the concept of 
“Industry 4.0” is connected to national initiatives with no recognized consolida-
tion at an international level (as mentioned in the previous paragraph), we choose 
to extend our search to include other related terms, in order to capture documents 
that do not explicitly belong to the “Industry 4.0” domain but are factually related 
to parallel initiatives. We know that concepts are not only expressed using specific 
terms, they are also described and paraphrased. This is of particular importance 
when looking at emerging phenomena or new research areas, as these are general-
ly still establishing a specific terminology to talk about the research domain in its 
various aspects [7]. It is worth pointing out that this paper aims at giving an ex-
haustive systematic literature review around the above mentioned keywords, 
though the paper is part of an on-going broader literature review, that will include 
additional keywords, as discussed in the conclusion in Section 4.  
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Scientific documents are selected through the most popular scientific works 
search engine (Scopus, Google Scholar, Web of Science, Science Direct, Wiley 
Online Library, World Wide Science, Base, Emerald) and we stop the research 
when repetition of materials reaches a significant value [8]. 

We perform two different searches, combining “Industry 4.0” AND “Lean”, 
and “Smart Manufacturing” AND “Lean”. The terms are searched for in the titles, 
abstracts and keywords. Among the results, we perform a first selection of scien-
tific documents filtering the language and the subject. In terms of language only 
English documents are taken into account in this research. Regarding the subject, 
we select papers belonging to these subject areas: business, management and ac-
counting, computer science, economics, econometrics and finance, engineering, 
chemical engineering, mathematics, energy and environmental science, earth and 
planetary science, decision science, neuroscience and social science. By applying 
these filters, we deal with a total of 458 documents (including articles, proceeding 
papers and master theses). In this number, some articles appear more times as they 
appear in different search engines. After the first selection of documents, we per-
form three stages of filtering, following [20]: screen titles, read abstracts and 
screen full texts. After filtering, irrelevant papers are rejected, and we deal with a 
total of 42 documents. Table 1 illustrates the number of documents found in each 
search engine, for both the keywords combination. 
 

Table 1. Documents’ sample 
 Industry 4.0 AND Lean Smart Manufacturing AND 

Lean 
Scopus 19 54 
Google Scholar 18 19 
Web of Science 31 38 
Science Direct 52 7 
Wiley Online Library 17 7 
World Wide Science 26 35 
Base 18 74 
Emerald 34 9 
Total (458 documents) 215 243 
 

3.2 Descriptive analysis 

The search and filtering selection process results in 42 scientific documents. 
We find 24 proceeding papers, 14 Journal articles, 2 book chapters and 2 Master 
theses. Among all the documents, 21 documents appear as result of different data-
bases. The most repeatedly found document is [21], that appears as result in five 
different databases (Scopus, Web of Science, Science Direct, World Wide Sci-
ence, Base). 
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In Figure 1 we illustrate the distribution of the 42 papers over time. Since we 
do not use the publication year as a filter, the oldest document we find has been 
published in 2010, [22]. We can observe that after 2012 there is a significant in-
crease in publications: this is aligned with the introduction of the Industry 4.0 
concept [9]. 

 

 
Fig. 1. Distribution of papers over time. 

3.3 Information extraction  

Analysing the documents identified with the research methodology described in 
the previous paragraph, we perform an initial analysis to delineate the state of the 
art of the defined research framework, to highlight if and how lean thinking and 
Industry 4.0/smart manufacturing are connected, to identify which arguments are 
mainly investigated and to point out which gaps exist. 

To investigate which topics are discussed by the selected documents, we fix a 
priori a list of keywords in order to divide documents by arguments. These key-
words are relative to specific lean topics (e.g. human resources, value stream, 
learning, requirements, productivity) and to particular Industry 4.0 aspects (e.g. 
Cyber Physical Systems, Internet of Things, big data). We search also for other 
keywords that, basing on our experiences, could be relevant for this research, such 
as Information and Communication Technology (ICT), Product Lifecycle Man-
agement (PLM), business models, data analytics and data scientists [1]. Results 
are reported in Table 2. Developing our literature analysis, we found that similar 
keywords have been obtained as results also in [23], where the authors, doing an 
opposite process, generate representative Industry 4.0 and lean thinking keywords 
through a text analysis.  

Observing the results summarized in Table 2, we see that one third of the se-
lected documents writes about ICT, comprising computerized technologies, such 
as CAD and CAE systems, that preceded the introduction of the Industry 4.0 and 
are already seemingly integrated into lean manufacturing environments. This is 
confirmed by the fact that most of the articles speaking about ICT result from the 
“Lean” AND “Smart Manufacturing” search. 
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Table 2: Lean and digital topics recurrence in publications. Documents 
that are not directly cited in the text are reported with first author and year. 

Topic Articles Conference  
Proceedings 

Other Tot 

ICT [22] 
[V. G. Smelov, 2014] 
[I. Veza, 2016] 
[M. S. Amalnik, 
2015] 
[R. Mason-Jones, 
2006]  

[27][S. Ulonska, 2013] 
[ M. Lanz, 2014] 
[N. Gjeldum, 2016] 
[E. Rauch, 2016] 
[S. W. Doh, 2016] 
[P. Dallasega, 2016] 
[B. Mrugalska, 2016] 
 

[D. Ivanov, 
2017] 

14 

Human  
Resources 

[10][25] 
[P. Edwards, 2016] 
[S. V Sibatrova, 2016]  

[24][27] 
[Hanna Theuer, 2013] 
[I. Giuliano, 2014] 
[M. Boscoianu, 2015]  
[D. Kolberg, 2015] 
[S. W. Doh, 2016]  
[R. J. Eleftheriadis, 2016]  

[M. T. M. 
Ramadan, 
2016] 

13 

Value [25] 
[V. G. Smelov, 2014] 
[S. E. Chick, 2014] 
[I. Veza, 2016]] 
[S. V Sibatrova, 2016]  

[I. Giuliano, 2014] 
[G. Ringen, 2014] 
[U.  Hurt, 2015] 
[E. Rauch, 2016] 
[S. W. Doh, 2016] 
[B. Wang, 2016]  

[M. T. M. 
Ramadan, 
2016] 

12 

Requirements [11][25][26] 
[T. Chen, 2017]  

[24][S. Ulonska, 2013] 
[A. Ojamaa, 2013] 
[R. J. Eleftheriadis, 
2016][ J. Um, 2015] 
[E. Rauch, 2016] 

[Hanna 
Theuer, 
2013] 

11 

Productivity [10][25] 
[I. Veza, 2016] 
[T. Chen, 2017] 

[23][M. Lanz, 2014] 
[H. Huang, 2015] 
[S. V Sibatrova, 2016] 

[M. T. M. 
Ramadan, 
2016 ] 
[O. 
Gunaydi, 
2016] 
[D. Ivanov, 
2017] 

10 

Cyber-
Physical 
Systems  

[10][11][26] 
[S. V Sibatrova, 2016]  

[27][D. Kolberg, 2015] 
[S. W. Doh, 2016] 
[R. J. Eleftheriadis, 
2016][Z. Stojkic, 2016] 

 9 

Internet of 
Things 

[10][11][25] 
[S. V Sibatrova, 2016]  

[23][M. Lanz, 2014]   6 

PLM [V. G. Smelov, 2014] 
[M. S. Amalnik, 
2015] 

[27][S. Ulonska, 2013] 
[N. Gjeldum, 2016] 
[E. Rauch, 2016]  

 6 

Data  
Management 

[R. Mason-Jones, 
2006] 
[S. E. Chick, 2014] 

[S. Ulonska, 2013] 
[A. Ojamaa, 2013] 

[M. T. M. 
Ramadan, 
2016 ] 

5 
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After ICT keywords, the most recurrent keywords are related to lean thinking: 

human resources (13 documents), value (12 documents), requirements (11 docu-
ments) and productivity (10 documents). Among these topics, biggest attention is 
given to human resource. As reported in [24], investing in the latest technology 
alone will not provide the required systems capabilities, but it is crucial to invest 
in knowledge and people skills. It is interesting to see that none of the human re-
source related documents explicitly mention data scientists and only two of them 
discuss data analytics ([10], [25]). In particular [25] discusses a hybrid lean-agile 
approach in the automotive sector. [10] speaks about “Control and Human Fac-
tors”, including scenarios as total productive/preventive maintenance, statistical 
process control and employee involvement. In particular, the authors underline 
that IoT assists in integration of different value adding processes by combining 
information and data from different machines. In spite of this, the authors do not 
clarify which human resource activities must be involved in the analytics process-
es. Another big challenge that emerges from Table 2 is the definition of value. 
Companies have to understand what value means for them and how to measure it. 
In the new data-driven context, they need to understand how data can influence 
industry productivity and performance and how to quantify this. These concepts 
are so far scarcely studied, as we see from Table 2 there are few connections be-
tween “Value”, “Productivity” and the data world, i.e. “Cyber Physical Systems”, 
“Internet of Things” and “Data Management”. Among the common results, [10] 
indirectly writes of productivity, saying that financial benefits could be measured 
as a reduction or elimination of redundant wastes. [11] underlines that lean manu-
facturing system’s performance can be integrated into CPS control algorithms, 
suggesting that Just-In-Time was the highest performing system. But the authors 
conclude their work by pointing out that further studies are needed to analyse the 
influence on performance variables and to investigate the necessary capital in-
vestment to actually implement Industry 4.0 on the shop floor.  

Few papers, among those selected, explicitly talk about “Cyber Physical Sys-
tems” (9 documents), “Internet of Things” (6 documents) and “Big data” (3 doc-
uments). For example, [24] focus on automated manufacturing, discussing organi-
zational capabilities and tools required to enable transformation into Industry 4.0. 

Learning  [21][24][N. Gjeldum, 
2016][S. J. Blochl, 2016] 

 4 

Data  
Analytics 

[10][25][J. Um, 2015]  [O. 
Gunaydi, 
2016] 

3 

Big Data  [10] 
[S. V Sibatrova, 2016] 

[J. Cao, 2016]  3 

Business  
Model 

[V. G. Smelov, 2014]   1 

3D Printing [T. Chen, 2017]   1 

Data Scientist    0 
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However, the authors write that the dominant technologies within Industry 4.0 are 
expected to be I(C)T, electronics and robotics, never talking about data, CPS or 
IoT. They write that it is important to execute value-creating activities with the 
correct information input and suggest that the use of prototypes enable rapid learn-
ing minimizing mistakes. These prototypes can be produced combining Computer-
aided solutions and Virtual Reality. [26] describes work on a common, unified 
communication interface in order to digitise lean production methods and how 
CPSs have been used to encapsulate and retrofit workstations. Nonetheless in [26] 
the technological bases of Industry 4.0 (such as Big Data and IoT) are never men-
tioned. Among the papers talking about data technologies, [10] is particularly 
interesting, since the authors explicitly state when CPS, IoT and Big Data can be 
used as solutions for lean principles implementation. Nonetheless, they observe 
that some researches in Industry 4.0 are purely theory-oriented and not readily 
adaptable to a real-life application. Also [11] tries to explain the potential ad-
vantages that lean could achieve in combination with CPS and IoT, supporting the 
fact that Industry 4.0 must be integrated into the comprehensive lean theory 
framework. However, they also state that the Industry 4.0 initiative has a high 
probability to fail if it is not put into the right context by considering fundamental 
manufacturing principles. [26] says that there is a need for research to understand 
how CPSs can be integrated into existing production environments and to realize 
what processes they can support.  

We observe also that there are few links between lean practices, Product 
Lifecycle Management (PLM) and the digital world, since only 6 documents dis-
cuss PLM. It is interesting to notice that, among these articles, no one is directly 
connecting with IoT and Big Data and only [27] writes about CPS. Furthermore, 
none of them are concerned with data management and data analytics. 

We can conclude that although there is an extant body of literature dealing with 
lean thinking and the digital era, the fundamental Industry 4.0 technologies, big 
data and PLM principles are seldom mentioned, suggesting that the research 
stream is still in its infancy. 

4 Conclusion and future research 

This paper is intended to start a broader discussion on how lean thinking can 
and should be integrated in the digital era. Since the 1990s, the widespread adop-
tion of lean thinking within and across industries has contributed to a truly lean 
world [28]. More recently, the digital era allows us to deal with lots of infor-
mation, arising from sensors, CPS, IoT and social networks. The challenge is to 
understand how to use these technologies in order to build on the fundamentals of 
lean thinking and create even more value and to improve industrial productivity. 
In particular, information must be displayable, reusable and must be provided to 
the right person, in the right format, at the right moment. Lean thinking has vast 
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potential in the digital era since it promotes information visualization, the just-in-
time delivery and achieving more with less, for example using no more infor-
mation than is required. Moreover, lean thinking has an impact on human re-
sources (customer involvement, employee involvement, leadership development) 
and on problem-solving techniques, to manage information in a proper way, 
knowing what, how, when and why information must be available. Therefore, the 
integration of digital technologies with lean manufacturing seems reasonable and 
beneficial. Nonetheless, a number of fundamental issues remain unaddressed. 
Further research must be carried out to address the following areas: 
• To investigate the machine-human interaction and to understand how to inte-

grate new professional functions such as data scientists in the current manufac-
turing environment [1]. Although software can run algorithms to explore data, 
there is still a need for human resources to be able to manage different chal-
lenges: to understand the context from which the data arises, to interpret the 
data and sometimes to translate data languages and to choose suitable analyses 
methods. In “data driven” problems (unsupervised learning), data scientists 
must be able to extract hidden information from data and use them to better 
explain or solve situational problems. In “problem driven” situations (super-
vised learning), data scientists must be able to find a way to extract data from 
suitable sources and to use them to test hypotheses. In both cases, data scien-
tists must be able to provide the right knowledge, to the right person, in the 
right moment and with the right language and should be able to speak with 
other specific industrial resources (business partners, designers, employees, 
etc.). Automatically this means implementing lean thinking, which aims to 
provide the right amount of information, to the right person, in the right mo-
ment and in a displayable and reusable format. 

• To understand how to define the industrial productivity in the context of digi-
talized lean, and to understand how to measure it. 

• To understand when data are useful or even necessary during the product life 
cycle. In particular IT tools connected with PLM should contribute to collect, 
manage, share and make available all information of the products (and in prin-
ciple also services) along the whole life cycle. It should be natural that existing 
software solutions must be integrated with suitable statistical tools and algo-
rithms able to perform analyses to extract value and re-usable information 
from different data sources such as sensors, CPS, IoT and social networks. 
This literature review is a starting point for a more exhaustive systematic re-

view, where we want to study in depth the connection between lean thinking and 
digital technologies. We will perform a more comprehensive analysis, completing 
the keywords research adding other main keywords such as “data”, “digital”, “big 
data” and “human”. Qualitative analysis should be replaced by a quantitative anal-
ysis, following for example what was carried out in [23], with more emphasis on 
specific aspects such as human skills integration and technology-human interac-
tions, interconnectivity of data and product life cycle management, and the defini-
tion of the industrial productivity in a digitalized lean world.  
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Further and deeper studies will be conducted to complete the literature review 
adding some specific industrial cases, in order to observe how industries are 
changing and enhancing their productivity applying lean digital thinking. 
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