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Introduction

“A problem is a chance for you to do your best.”
-Duke Ellington

The industrial domain has evolved rapidly over time through various industrial rev-
olutions, from the steam engine to digitization technology. Throughout these changes,
small and medium-sized enterprises (SMEs) have always played a key role in the global
economy as well as in the French economy. Indeed, they represent 90% of french com-
panies with employability of 6.3 million employees, and 43% of added value [France-
industrie, 2020]. Despite these impressive statistics, french SMEs, like most SMEs
worldwide, face several difficulties on the road to their digital transformation |Omri
et al., 2020]. The digital transformation in SMEs is limited by the unavailability of
resources and the particular SMEs organization [Omri et al., 2019]. Compared to multi-
national enterprises (MNEs), SMEs present a lack in terms of the available resources.
MNEs have the privilege of possessing all the required resources (human, technological
and financial resources) for a development project. Thus, MNEs are better able to lead
the research and development domain than SMEs. This lack reflects the growing gap
between small and large groups. The consequence of this gap is the low competitiveness
of SMEs [Omri, 2020]. In this context, the digitization process and the integration of In-
dustry 4.0 technologies seem essential for the development and growth of SMEs [Moeuf,
2018, Omri et al., 2020]. However, many obstacles limit their transfer to Industry 4.0
[Mittal et al., 2018].

This thesis work is part of a collaboration between the SCODER company and the
FEMTO-ST institute. SCODER is a french SME installed near Besangon and spe-
cialized in ultra-precise stamping for automotive applications. The addressed problem
proposes upstream research, innovative, brings together several topics of the institute.
It has been tackled head-on in all disciplines by proposing an original approach driven
by industrial needs. Concretely, the subject is about developing an approach facilitating
the integration of Industry 4.0 technologies within SMEs. This project deals with many



disciplines such as data acquisition, data analysis, and cost optimization. These disci-
plines are widely studied in the literature. However, it remains a crucial research gap in
this context: data quality management in digitization projects. For that, our interest is
specifically focused on data quality management in SME cases.

The starting point of the proposed approach is based on a preliminary bibliography
study reinforced by field observations. This study allowed to define the required pa-
rameters for the Industry 4.0 integration within SMEs. These parameters (see Figure
1) can be summarized in three points: data structuring, knowledge management and
performance improvement at the right cost.

-~
Mm -
[ ]
based data '
quality knowledge

improvement

Figure 1 - Required parameters for the integration of Industry 4.0 within SMEs.

e Data: SMEs have a large amount of data in the form of monitoring logs and know-
how. However, only a small amount of this data is digitally recorded. And even
this tiny quantity presents several quality problems. Therefore, the real challenge is
to valorize these data and extract knowledge from them while taking into account
these quality problems.

e Knowledge: The advantage in SMEs is that operators are close to the process,
which allows them to identify their needs and prioritize them in terms of urgency.
The staff’s versatility allows them to analyze each problem regarding its impact
on the entire production process. Thus, the valorization of this knowledge is an
essential element for successfully integrate Industry 4.0 within SMEs.

o Performance at right cost: The ultimate goal of the Industry 4.0 concept is to
improve industrial performance and maximize profits. However, the economic jus-
tification for these improvements is little discussed. Thus, it is essential to propose



a methodology for enhancing industrial performance at the right cost to promote
the Industry 4.0 integration within SMEs.

In this context, the prognostics and health management (PHM) concept seems ade-
quate for Industry 4.0 integration within SMEs [Omri et al., 2020]. PHM is an emerging
concept in the industrial domain that brings together several disciplines for performance
improvement. The interest of the PHM lies in the fact that it is a concept that starts from
data through analysis and ends with a decision for performance improvement. Thus, we
propose in this thesis to adopt the PHM concept as a solution to facilitate Industry 4.0
integration within SMEs. However, the PHM concept is not widely applied in the SMEs
domain [Omri et al., 2019]. Thus, additional efforts are required to adopt this concept
in SME cases, especially concerning the available data quality. Therefore, a large part of
this work has been devoted to developing these points and proposing adequate solutions
to facilitate digital transfer in SMEs through an adapted data-oriented PHM approach.
All the work carried out in this thesis is validated and encapsulated in Scoder Data
System (DS2) software. DS2 is an application developed during this thesis and aims to
facilitate the Industry 4.0 integration within the SCODER company. Thus, a part of
this manuscript is devoted to the presentation of this software.

This thesis is articulated in five chapters:

Chapter 1 underlines the SCODER industrial problem statement in the Industry 4.0
context. The industrial problem statement emerges from a concrete use case, material-
ized by a stamping line in the SCODER factory. It addresses the challenge of imple-
menting industry 4.0 technologies within SMEs. Thus, this chapter’s main contributions
consist of identifying the barriers that limit the Industry 4.0 implementation within
SMEs. Based on these barriers, an adapted PHM approach is proposed to implement
Industry 4.0 within SMEs. This approach is applied in the SCODER company, and the
research gaps were identified. One of the most critical gaps in this domain is the data
quality management issue, which consists of this thesis’s backbone.

Chapter 2 consists of state of the art on data quality management. Thus, an overview
of data quality definitions, dimensions, and metrics is presented. Moreover, the most
encountered data quality problems in the PHM context are studied and presented as the
proposed approach’s focal point. To improve data quality, an overview of the adopted
improvement techniques is proposed. Based on this literature review, we identify the
data quality improvement within SMEs as the central research gap, which we suggest
filling in the next chapter.

Chapter 3 deals with the data quality improvement issues in the SMEs context. One
possible solution consists of formalizing the operators’ know-how and its utilization for
data quality improvement. For this purpose, human knowledge types are defined, and



their integration modes in the data management process are discussed. Based on this
study, a closed-loop (data quality - knowledge) is developed for data quality improvement
and human knowledge enrichment. The proposed approach is applied in the SCODER
case study to validate it and assess its applicability.

Chapter 4 deals with the data quality cost optimization. To do, the data quality
impact on the fault detection task of the PHM process is formalized. This formalization
is used to propose an empiric metric to quantify this impact. Based on this empirical
metric, different scenarios for data quality cost optimization are proposed. One of these
scenarios is applied to the SCODER company to improve the industrial performance at
the right cost.

Chapter 5 consists a global validation step of this thesis work. The developed ap-
proach is applied in the SCODER company. To facilitate the implementation, all the
steps of this methodology have been encapsulated in SCODER Data System (DS2) soft-
ware. Thus, this chapter has been devoted to present this software and its functionalities
through a real case study of metal coils assignment optimization. The installation steps
are described, and the obtained results are reported.

Finally, this manuscript ends with a conclusion of this thesis work and discusses the
research lines considered as perspectives to this work.
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Contributions

This chapter underlines the SCODER. industrial problem statement, which
emerges from a concrete use case, materialized by a stamping line in the SCODER
factory. It addresses the challenge of implementing industry 4.0 technologies
within SMEs. Thus, this chapter’s main contributions consist of identifying the
barriers that limit the Industry 4.0 implementation within SMEs. Based on these
barriers, an adapted prognostics and health management (PHM) approach is pro-
posed to implement Industry 4.0 within SMEs. This novel approach is applied in
the SCODER company, and the research gaps were identified. One of the most
critical gaps in this domain is the data quality management issue, which consists
of this thesis’s backbone.

1.1 Introduction

The fourth industrial revolution is derived from advances in digitization and data analy-
sis disciplines to make plants smarter and more efficient. However, an adapted approach
for Industry 4.0 implementation in small and medium-sized enterprises (SMEs) has not
been yet discussed. This research gap is due to SMEs’ specificities and the lack of a
clear methodology that respects these specificities. This chapter proposes general defi-
nitions of SMEs and the Industry 4.0 concept while focusing on their characteristics and
inadequacies. To deal with these inadequacies, we propose to adapt the prognostics and
health management (PHM) process and use it to implement Industry 4.0 in SMEs and
thus facilitate their digital transformation. The proposed SME-oriented PHM approach
is applied in the SCODER company, which is a French SME. The conducted literature
review combined with this real-world application allows identifying the research gaps
that need to be filled to implement Industry 4.0 within SMEs successfully.

The remainder of this chapter is organized into four sections. Section 1.2 presents this
thesis’s scientific positioning regarding the Industry 4.0 implementation within SMEs.
Section 1.3 introduces the SMEs characteristics. Section 1.4 presents the Industry 4.0
concept while discussing the barriers that limit its integration within SMEs. Sections
1.5 and 1.6 introduce the PHM concept as a key-enabler to implement Industry 4.0
in SMEs. The first results of applying this approach in the SCODER company are
detailed in Section 1.7 while presenting the different research gaps that need to be filled to
successfully implement Industry 4.0 within SMEs using an SME-oriented PHM process.
Finally, Section 1.8 concludes this chapter.

1.2 From the SCODER case to a general SMEs problem

This section highlights the SCODER industrial issue within the context of a digitization
project led by the SCODER company to integrate Industry 4.0. The industrial problem
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statement emerges from a concrete use case, materialized by many cutting and stamp-
ing lines. It addresses the challenge of integrating industry 4.0 technologies within an
SME with limited resources (financial resources in particular). Thus, the thesis deals
with two major challenges: the proposition of a methodology to integrate Industry 4.0
within SMEs and the consideration of the limited resources within SMEs, requiring the
optimization of installation costs.

1.2.1 Presentation of the SCODER company

SCODER is founded in 1954 by toolmakers from Besancon. Then, in 1988, the company
joined the R. BOURGEOIS group, world number 3 in cutting engine plates [SCODER,
2021]. In 1998, SCODER moved to its current premises in Pirey (see Figure 1.1). In
2006, the company created a subsidiary in the Czech Republic for the assembly of pri-
mary parts cut in Pirey. The company now has around 120 employees spread over three
production teams in Pirey, and about 30 in the Czech Republic [SCODER, 2021].

FIGURE 1.1: Presentation of the SCODER company.

The company has a rich experience of more than 60 years in cutting and certifications
to ISO 9001 and ISO TS 16949 standards. In addition, it has a fleet of machines made
up of presses ranging from 75T to 800T. This allows the company to offer many intricate
parts to the automotive industry. This sector represents 95% of the company’s produc-
tion. Thus, SCODER produces different types of cut pieces for various uses. SCODER
is also specialized in the design and production of cutting tools. This asset allows the
company to control the entire process. Initially, the company carries out a co-design
with the customer to optimize the cost and the quality of the product. The tools are
designed, manufactured, and developed in the company’s workshops. Besides, the com-
pany performs maintenance on its cutting tools. The company also assembles some of
the parts it cuts. It is carried out by welding robots of different technologies (MAG,
PLASMA, TOPIG). The latter tends to become universal both in terms of quality and
safety [SCODER, 2021].



1.2 From the SCODER case to a general SMEs problem 11

1.2.2 Presentation of the studied system

The thesis’s research object is a sheet metal cutting line, shown in Figure 1.2, of which
more details on the press used are shown in Figure 1.3.

FIGURE 1.2: Presentation of a cutting line.

This cutting line is installed in the SCODER plant in Pirey, and it is used for high-
precision cutting of parts intended for the automotive sector. Such production line is
composed of three large blocks: (i) Mandrel, (ii) Rectifier, and (iii) Press.

Ramislide}

Shank
Back up plate

Punch holder

Guide post Bushings {upper side)

Punch Plate

Guide post
Strippers
Metal Stiip Packing

Die Block
Blank

Die holder

{lower side) Bolster Plate
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FIGURE 1.3: Presentation of a die-cutting press.

The centerpiece of this production line is the press. Indeed, it is responsible for the
cutting operation. A press is a machine used for the deformation of sheet metal. Figure
1.3 shows the different components of a mechanical press. Usually, a press is composed
of a base, a frame, guide columns, motors for the generation of force, and systems for the
management and control of the deformation phase. The fixed part of the die is clamped
on the base, while the movable element is connected to the press housing base. The
frame is used to counterbalance the force imposed on the mold, while the columns or
guides ensure perfect alignment of the die parts.
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1.2.3 Problem and objectives

In this paragraph, we present the problem of this study. Indeed, a cutting line is exposed
to several production anomalies that result in production shutdowns or quality problems.
To ensure stable production in terms of productivity and part quality, one track is to in-
stall Industry 4.0 technologies within these cutting lines. However, an adapted approach
for Industry 4.0 implementation in small and medium-sized enterprises (SMEs) has not
been yet discussed. This research gap is due to SMEs’ specificities and the lack of a clear
methodology that respects these specificities. Thus, the SCODER company’s motivation
to install Industry 4.0 technologies as part of its digital transformation leads to express
a research problem raised by the daily concerns of the workshops. This research problem
concerns:

e The identification of the SMEs’ characteristics and their limits regarding the inte-
gration of Industry 4.0.

e The proposition of an adequate approach to integrate Industry 4.0 within SMEs.

The remainder of this chapter is dedicated to studying the SME characteristics and
the barriers that limit their integration of Industry 4.0 technologies.

1.3 Small and medium-sized enterprises

The industrial domain has evolved rapidly over time through the various industrial revo-
lutions, from steam engines to cloud computing technology [Wang et al., 2018]. Through-
out these changes, SMEs have always played an essential role in global business. However,
there is no standard definition of SMEs.

1.3.1 SME definition

SME’s definition varies from country to country. In China, SMEs are defined, according
to the Law of the People’s Republic of China on the Promotion of Small and Medium-
sized Enterprises [China.org.cn, 2021|, as companies that "have a relatively small size
in personnel and scope of business." The standards for classifying small and medium
enterprises are formulated by the relevant departments of the State Council. Identifying
a company as a micro, small or medium-sized enterprise depends on a series of variables
such as the industry it belongs to, its operating income, its total assets, and its number
of employees [Guo et al., 2019]. In Canada, SMEs are defined as all firms that employ be-
tween 1 and 499 people and whose turnover does not exceed C$ 50 million |[Canada, 2021].

In this work, we adopt the French definition of SMEs, which is governed by the Law
on the Modernization of the Economy of August 4, 2008 (Application Decree No. 2008-
1354, Article 51) [France-industrie, 2020]. SMEs include companies with more than ten
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employees and fewer than 250 employees and with annual turnover less than 50 million
euros or a total balance sheet not exceeding 43 million euros.

According to the 2019 SBA Fact Sheet [SBA2019, 2021], the French manufacturing
sector generated weak SME added value growth of only 0.7% in 2014-2018. SME em-
ployment declined by 1.3% in the same period, and the fall was even steeper in large
firms, at 7.1%. Conversely, the added value of large firms rose by 13.6%. In 2017-2018,
SME added value dropped by 1.0%, while employment increased by 1.4%. This sluggish
overall manufacturing performance can be explained by a decline in production, most
notably in the manufacturing of durable consumer goods.

In 2012, Louis GALLOIS submitted his report to the French Prime Minister on the
competitiveness of French industry [Louis, 2012]. He noted that SMEs suffered from
significant weaknesses, including lack of equity capital, difficulty opening up wealth, fear
of management, and fear of investment risk. These weaknesses are accentuated by the
industry’s performance over the last ten years. Between 2007 and 2012, the number of
SME failures has increased from 3,100 per year to 4,600 per year. Over the same period,
SMEs saw their gross margin shrink by more than six percentage points, from more than
25% in 2007 to less than 19% in 2009.

However, SMEs should not merely be considered by the statistics relating to their
definition. They represent organizations with specific characteristics that we describe in
the following subsections.

1.3.2 SME characteristics

SMEs are a special type of companies that are widely studied in the literature [Moeuf
et al., 2018, Omri et al., 2019, Mittal et al., 2018, Omri et al., 2019]. In this paragraph,
we propose analyzing these studies to identify these companies and their particular en-
vironment by differentiating them from big corporations. Based on this analysis, the
different opportunities and challenges faced by SMEs are identified and discussed. In
[Mittal et al., 2018], the authors propose eight clusters to characterize SMEs. These
clusters are finance, technical resource availability, product specialization, standards, or-
ganizational culture, employee participation, alliances, and collaboration. In the same
context, Moeuf et al. [Moeuf et al., 2018| propose to study the SMEs managerial char-
acteristics. Thus, the authors propose to situate the SME within companies’ growth
process and detail the coordination modes that govern these companies. In [Omri et al.,
2019], the authors propose to aggregate these clusters into resource-based, organization-
based and methodological characteristics.

In this thesis, we propose to adopt the clustering proposed by [Omri et al., 2019].
For that, SMEs characteristics are discussed according to three clusters: resource-based,
organization-based and methodological characteristics (See Figure 1.4).



14 Chapter 1

SMEs characteristics
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FIGURE 1.4: The proposed SMEs characteristics clustering.

Resource-based characteristics:  Resource availability is one of the essential fea-
tures that can be used to describe a company. In this context, Subrahmanya [Sub-
rahmanya, 2015] classifies these resources into four main categories (physical, human,
technological, and reputational). We here focus on human and technical resources. One
should note that technological resources are highly dependent on financial resources. For
that, financial resources are described as a part of the technological entity.

e Human resources: In [Subrahmanya, 2015|, authors affirm that unskilled work-
ers join SMEs for a short period, and when they are fully equipped with the "re-
quired skills", they leave to join large enterprises. Consequently, advanced tasks
cannot be supported by SMEs. Moreover, the received opportunities by SME em-
ployees are very different from those in multinational enterprises (MNEs) [Mittal
et al., 2018]. SME employees are known to be "jack-of-all-trades" [Bublitz and
Noseleit, 2014|, which prevents them from developing high skills in a particular
domain [Dombrowski et al., 2010|. However, this polyvalence can result in a better
understanding of the overall production process and its interactions.

e Financial and technological resources: Financial resource availability is an
essential factor for the development of any company. In this context, SMEs are
reported to be financially constrained [Mittal et al., 2018]. They are often owned
by families, which implies several weaknesses related to small businesses, such as
the lack of guarantees and investors’ absence. These risks are at the root of SMEs’
capital constraints compared to MNEs |Jasra et al., 2011].

This lack of funding leads to difficulties in adopting new technologies and the
upgrading of existing ones [Dangayach and Deshmukh, 2005|. In this context, only
5 % of equipment in companies are digitally controlled [Waurzyniak, 2015]. This
problem is mainly related to the lack of adequate measurement technologies to meet
the manufacturing environment’s needs. In this context, SMEs can be considered
as underserved markets [Helu et al., 2015].

Organization-based characteristics: In this paragraph, we highlight the organiza-
tional characteristics of SMEs. The firm’s organization is less formal, and communication
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between management and staff is close and informal [Durst and Bruns, 2018]. Also, or-
ganizational culture is generally insufficiently flexible in experimenting and considering
new initiatives [Van de Vrande et al., 2009]. From the documentation point of view, the
information about the production process is limited in operators’ know-how without any
documentation. In a case study of two SMEs, Boden et al. [Boden et al., 2012] reported
that only very little documentation is available in these companies.

Moreover, it never goes into details on how things are implemented. The information
process is not digitized, but it is based on documents edited by operators [Omri et al.,
2019]. For that purpose, the corporate memory (if it exists) is created manually by work-
ers. Besides, SME owners are accused of being "strategically myopic" and lacking the
"long-term vision" [Wang et al., 2007|. As a result, medium and long-term strategies are
rare in SMEs. Moreover, SME’s decisions are not as informed and based on the owner’s
feeling, which involves high levels of uncertainty [Salles, 2006].

When it comes to collaborations and alliances, SMEs lack alliances with universities and
other research institutions, which prevents them from knowing these institutions [Mittal
et al., 2018]. Moreover, SMEs manage a limited list of product which reduce the number
of suppliers, and consequently, they depend strongly on them [Singh et al., 2007].

Methodological characteristics: Due to the limited technical and financial re-
sources, SMEs’ research and development domains are not very advanced. Still, their
hard work leads to highly specialized products that can differentiate SMEs from their
competitors [Julien and Ramangalahy, 2003b|. The lack of awareness and resources com-
pared to MNEs makes SMEs’ survival difficult [Lee et al., 2010]. MNEs strictly obey
ISO standards; however, the presence of these standards in SMEs is rare. It is partly
due to the resources required to prepare and pass the certifications [Brown et al., 1998|.
Therefore, SMEs need to consider the industrial standards. Study [Blind and Mangels-
dorf, 2012] conducted in electrical engineering and machinery micro firms in Germany
showed that SMEs are interested in accessing the knowledge gained by MNEs. Still, they
think that standardization may disclose their essential information to the competitors.

1.3.3 Synthesis on SMEs characteristics compared to MINEs

Based on the previously discussed attributes, this paragraph proposes a synthesis of
SMESs’ characteristics compared to MNEs. Table 1.1 summarizes the main differences
between big companies and SMEs according to the previously defined clusters (Resource,
Organization, and Method).

Compared to MNEs, SMEs present a lack in terms of the available resources.
MNEs have the privilege of possessing all the required resources (human, technological
and financial resources) for a development project. Moreover, international relations and
inter-organizational cooperation are more developed within MNEs [Omri et al., 2019].
Thus, MNEs are better able to lead the research and development domain than SMEs.
This lack reflects the growing gap between small and large groups. The consequence of
this gap is the low competitiveness of SMEs [Omri, 2020]. This sounds like the alarm
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TABLE 1.1: SMEs characteristics based on their comparison with MNEs.

# Attribute Cluster Big companies SMEs

1 Technology Resource Developed Medium

2 Finance Resource Available Limited

3 Workers Resource Skilled Polyvalent

4  Communication Organization Formal Informal

5  Owners Organization Multi-national Family

6  Decision Organization Informed Based on feeling
7  Collaboration Organization Developed Medium

8  Products Method Multiple Specialized

9  Certification Method Exist Rare

bells on the state of SMEs. This essential locomotive needs an overhaul more than ever
to continue to shine and create wealth. In this context, the digitization process and the
integration of Industry 4.0 technologies seem essential for the development and growth
of SMEs [Moeuf, 2018, Omri et al., 2020]. However, many obstacles limit their transfer
to Industry 4.0 [Mittal et al., 2018].

The next sections present the state of the art of industry 4.0 implementation within
SMEs while discussing the identified barriers and challenges.

1.4 Industry 4.0

The emergence of several digital technologies has characterized the rise of the 21st cen-
tury. These technologies have invaded our daily life, and the industrial field is not
immune to this invasion. In this context, the term Industry 4.0 has been introduced as
a concept for the implementation of these new technologies in the industrial field [Moeuf
et al., 2018]. However, there are many other definitions for this concept.

1.4.1 Industry 4.0 definitions

Industry 4.0 refers to the 4" industrial revolution, which aims to connect all objects and
stakeholders along the factory’s value chain. New technologies such as IoT [Dijkman
et al., 2015], massive data analysis [Babiceanu and Seker, 2016], or Cloud Computing
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[Xu, 2012] have recently entered industrial companies and promote the emergence of
new concepts of process management, new services, and new products [Moeuf et al.,
2017|. Consequently, several initiatives have emerged to manage these technologies. As
an example of these initiatives, we cite "smart manufacturing" in the United States, "in-
ternet+" in China, "industry of the future" in France, and "industry 4.0" in Germany.
The term "industry 4.0" seems to be gaining ground internationally [Moeuf, 2018|. For
that, we propose to adopt this term throughout this manuscript.

The Industry 4.0 concept was introduced at the Hannover Fair in 2011 following a
discussion between industry representatives, researchers, trade unions, and the state.
The German telecommunications association BITKOM found in 2013 more than 100
different definitions of the Industry 4.0 concept |Bidet-Mayer and Ciet, 2016]. Thus, it
still difficult to give a consensus definition of Industry 4.0. In [Sahal et al., 2020], Sahal
et al. define the concept of industry 4.0 as a general framework that enables enterprises
with new elements of tactical intelligence using new technologies such as the Internet
of Things (IoT) and big data. In the same context, [Trappey et al., 2017| define In-
dustry 4.0 as a general concept to make manufacturing smarter using techniques and
technologies such as the Internet of Things, cloud computing, and big data. Moreover,
industry 4.0 can be defined as "a new approach for controlling production processes by
providing real-time synchronization of flows and by enabling the unitary and customized
fabrication of products" [Kohler and Weisz, 2016]. For [Schumacher et al., 2016], In-
dustry 4.0 refers to recent technological advances where the internet and technologies
(such as embedded systems for example) serve as the basic support for the integration
of physical objects, human actors, smart machines, product lines and processes across
organizational boundaries to form a new type of smart grid and agile value chains.

Among all the existing definitions, we, therefore, select the one adopted by Moeuf
et al. [Moeuf, 2018]: "Industry 4.0 is an approach to industrial management aimed at
real-time synchronization of flows and the unitary and personalized manufacturing of
products at the request of customers".

The objective of the Industry 4.0 concept is to make production methods more in-
telligent through the networking of machines and people [Moeuf, 2018]. Manufacturers
can make strides toward Industry 4.0 through three pillars of thought: digitization,
sensorization and optimization [Deng, 2021].

e Digitization: Before sensorization and optimization can occur, existing opera-
tions must be digitized to provide visibility over everything as it happens in real-
time. This allows fault detection in real-time. Digitizing workflows allows labor
and products to be monitored and actioned on immediately |Toth et al., 2018].

Delays cost time and money, and digitization helps eliminate this by providing
immediate alerts and notifications when operations go contrary to schedule. It
also creates a treasure trove of data that can be used to optimize operations. It
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allows the building of accurate cost models and enables manufacturers to focus on
areas of inefficiencies and productivity improvement.

e Sensorization: The first step towards machine inter-connectivity is sensoriza-
tion. IoT is leading this charge, which eliminates human monitoring and frees
up resources for more critical areas. Sensors are cost-effective ways to measure
variables such as temperature, moisture, air quality, motion, and vibration, among
others. This enables equipment to auto-detect issues, which leads to auto-triggers
and auto-configuration from a software and hardware perspective. For example, the
implementation of non-contact temperature sensors allows for the auto-adjustment
of roller speeds when gluing two cardboard pieces together at a cardboard manu-
facturing facility. This data can then be utilized to improve the bonding conditions
and durability of the final product.

e Optimization: Admits all the data collected from digitization, sensorization,
and integration. Transitioning this data into finding the hidden gems is the next
priority. Optimization of manufacturing data comes through analytics, simulation,
predictive and preventive maintenance, etc. Ultimately, the goal is to reduce costs
and improve quality.

The improvement and automation of technology don’t require the complete removal
of humans from the process; it’s quite the contrary. Unique facilities require unique
analytics and toolsets. This creates opportunities for industrial engineers, data
scientists, manufacturing engineers, and statisticians and needs a new breed of
data-driven manufacturing experts to derive improvements and optimization.

As mentioned above, the digitization process and the integration of Industry 4.0
technologies seem essential for SMEs’ development and growth. However, many obstacles
limit their transfer to Industry 4.0 [Mittal et al., 2018|. The next section presents the
state of the art of Industry 4.0 implementation within SMEs while focusing on the limits
and challenges.

1.4.2 Industry 4.0 implementation in SMEs

SMEs sustainability depends on their ability to satisfy their customers effectively [Li
et al., 2016]. However, they still cannot benefit from the industry 4.0 technologies because
they suffer from many problems limiting their adoption of such technologies [Omri et al.,
2020|. In this context, many studies have been carried out in recent years to address this
problem [Masood and Sonntag, 2020].

Figure 1.5 shows the annual evolution of publications dealing with Industry 4.0 and
SMEs. In this section, we propose to review these publications while focusing on the ad-
vances in this domain and identifying barriers that limit the implementation of Industry
4.0 in SMEs.
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FIGURE 1.5: Annual publications dealing with Industry 4.0 and SMEs [Masood and
Sonntag, 2020).

State of the art

The Industry 4.0 implementation in SMEs is a new topic that has gained more inter-
esting in recent years [Masood and Sonntag, 2020]. One of the earliest works in this
field was proposed by Wiirtz, and Koélmel [Wiirtz and Kolmel, 2012] where the authors
pointed out the potential problems of implementing smart factories in small businesses.
This study has inspired many subsequent works that have developed to analyze these
problems and to propose adequate solutions to them [Rauch et al., 2018] [Sevinc et al.,
2018] [Moeuf, 2018] [Moeuf et al., 2017] [Moeuf et al., 2018] [Mittal et al., 2018].

One of the first methodologies to implement Industry 4.0 was proposed by Wang et al.
[Wang et al., 2016]. This methodology is based on five steps: preparation, analysis, idea
generation, valuation, and implementation. However, these steps are disconnected from
SMEs’ reality and characteristics which limit their performance in real-world applications
[Masood and Sonntag, 2020]. In the same context, the authors of [Wank et al., 2016]
have proposed a similar conceptual methodology without taking into account the SMEs’
specificities. Contrary to these studies, a real case study on three SMEs was proposed in
[Jung and Jin, 2018|. The results were encouraging, but the authors stated that limited
financial resources restrict the implementation of new technologies in SMEs. Therefore,
the authors propose to overcome this problem by using low-level implementation. In the
same context, the authors of [Pérez et al., 2018| highlight the issues linked to SMEs’
acceptance for several technical reasons. To overcome this problem, many studies have
been conducted to improve the awareness of the latest technologies in SMEs [Masood
and Sonntag, 2020].

In [Kusiak, 2018], the authors report the benefits of implementing Industry 4.0 tech-
nologies: cost reduction, improvements in quality, efficiency, flexibility and productivity,
and competitive advantage. However, SMEs can still not benefit from these technologies
due to many barriers, as noted above. The following paragraph details these barriers to
propose a new SME-oriented approach for Industry 4.0 implementation.
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Barriers limiting the Industry 4.0 adoption in SMEs

Industry 4.0 is a set of cutting-edge technologies requiring specific resources that make
its implementation within SMEs a problematic task. In [Omri et al., 2019, the au-
thors review the SMEs domain and propose to classify the constraints that limit the
development of such technologies within SMEs into two main classes: Resources-based
constraints and Organization-based constraints. Moreover, Miiller et al. [Miiller and
Voigt, 2017] conduct a study on German SMEs. They affirm that standardization, per-
sonnel resources, financial resources, and a belief in digitization are unique constraints
for SMEs to integrate advanced technologies. In [Mittal et al., 2018], the authors claim
that three main limitations hamper industry 4.0 implementation in SMEs: financial re-
striction, knowledge limitation, technology limitation. Based on an empirical study of
37 SMEs in Italy, Thailand, Austria, and the USA, Orzes et al. [Orzes et al., 2018]
propose to group the significant barriers of Industry 4.0 implementation in SMEs in six
main groups: economic and financial, cultural, competence and resources, legal, tech-
nical and implementation process. Miiller et al. [Miiller and Voigt, 2017] deployed the
design interaction strategies for the introduction of Industry 4.0 in German SMEs and
interviewed 68 experts, including 41 chief executive officers (CEOs) in firms dealing in
mechanical and plant engineering, electrical engineering, and automotive suppliers, and
concluded that standardization, personnel resources, financial resources, and a belief on
digitization are unique constraints for SMEs. All these limitations are in line with the
SMESs’ characteristics discussed in Section 1.3.3. We propose to study the restrictions
that limit the implementation of Industry 4.0 within SMEs: Human, Organizational,
and Resources factors.

Resources factors: As mentioned earlier, SMEs are characterized by limited financial
resources, which impact their ability to acquire advanced technological resources. In this
context, Mittal et al. [Mittal et al., 2018] conclude that SMEs are financially constrained,
which affects their ability to adopt advanced manufacturing technologies. Moreover,
SMEs ’ limited resources have influenced the research and development field among
small enterprises [Julien and Ramangalahy, 2003a]. Based on an empirical analysis of
632 SMEs, the authors of [Kennedy et al., 2003] assert that SMEs are not involved in
the deployment of advanced manufacturing technologies derived from Industry 4.0.

Organizational factors: SMEs are characterized by central management, where the
owners are involved in all the decision-making process from the strategic level to the
operational level [Bridge and O’Neill, 2012]. Thus, the first challenge in implementing
Industry 4.0 in an SME is to convince the manager of these technologies’ effectiveness.
Moreover, a study of 600 Australian manufacturing SMEs proposed in [Terziovski, 2010]
has shown that SMEs lack the innovation culture and strategy to succeed. Thus, the
Industry 4.0 concept seems to be stranger to their environment. Also, communication
in SMEs is generally informal and very close between workers [Durst and Runar Ed-
vardsson, 2012|. Hence, information that concerns the manufacturing process is not
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documented since it is kept in the mind of the manager and key workers [Omri et al.,
2019]. Nevertheless, a reliable digitization process inside companies requires a certain
level of documentation that guarantees no loss of knowledge |Yew Wong and Aspinwall,
2004].

Human factors: The human aspect is a crucial factor in the success or failure of Indus-
try 4.0 [Masood and Sonntag, 2020]. In this context, Subrahmanya et al. [Subrahmanya,
2015] claim that unskilled workers join SMEs for a short period, and when they are fully
equipped with the "required skills", they leave to join large enterprises. Consequently,
advanced tasks cannot be supported by SMEs. Moreover, the received opportunities
by SME employees are very different from those in MNEs [Mittal et al., 2018]. SME
employees are known to be "jack-of-all-trades" [Bublitz and Noseleit, 2014|, which pre-
vent them from developing high skills in a particular domain [Dombrowski et al., 2010].
From an accessibility point of view, Industry 4.0 technologies are sufficiently complex to
exceeds the user’s capacity [Kothamasu et al., 2006]. This disadvantage creates a kind
of mistrust between humans and these technologies, which limits their adoption within
small organizations.

To sum up, the integration of Industry 4.0 technologies is required for the develop-
ment and growth of SMEs [Moeuf, 2018, Omri et al., 2020|. However, many obstacles
limit their transfer to Industry 4.0 [Mittal et al., 2018]. These obstacles revolve around
the lack of a clear methodology for Industry 4.0 integration within SMEs. In this con-
text, the PHM concept seems adequate for Industry 4.0 integration within SMEs [Omri
et al., 2020]. PHM is an emerging concept in the industrial domain that brings together
several disciplines for performance improvement. The interest of the PHM lies in the
fact that it is a concept that starts from data through analysis and ends with a decision
for performance improvement. Thus, we propose in the following sections to adopt the
PHM concept as a solution to facilitate Industry 4.0 integration within SMEs. However,
the PHM concept is not widely applied in the SMEs domain [Omri et al., 2019]. Thus,
additional efforts are required to adopt this concept in SME cases, especially concerning
the available data quality and cost.

1.5 PHM concept as key-enabler to implement Industry 4.0
in SME

The increased amount of data in the industrial field requires appropriate treatment to
meet the challenge of zero defect manufacturing [Wang, 2013|. In this context, data-
driven PHM of industrial systems has attracted the attention of researchers and indus-
trialists during the last decade [Koulali et al., 2018|. Their works concern many fields
such as the manufacturing, energy, and transportation industries [Kwon et al., 2016].
This section reviews these studies while presenting the conditions for implementing a
data-driven PHM in the industrial domain.
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1.5.1 The PHM paradigm

Prognostics and health management is a science that studies the health state of equip-
ment and predicts its future evolution [Omri et al., 2019]. This concept allows better
control of the systems and implementing suitable maintenance strategies [Pecht, 2009].
In [Omri et al., 2019], the authors define PHM as "a set of tools that can be used in
cascade or separately to monitor the health state of a system, predict its future evolu-
tion and/or optimize decisions". In [Pecht, 2010], the authors affirm that PHM can be
implemented using model-based or data-driven approaches. The first approach consists
of building analytical models directly related to the physical processes that influence
the health state of systems. Thus, a good comprehension of the physical process of
components degradation and interaction is required. The second approach consists of
using historical monitoring data to model the system’s evolution until a failure occurs.
In this case, the understanding of the system’s physical process could not be necessary,
but results only depend on the quality of historical data.
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FIGURE 1.6: The traditional PHM cycle.

Traditionally, the PHM is decomposed into three main steps (observation, analysis,
and decision), which are detailed in 7 steps from data acquisition to the Human Machine
Interface (HMI) as shown in Figure 1.6. This configuration of the PHM process assumes
that the studied system is already defined and that the necessary detection and analysis
resources are available. Most of the existing PHM works do not cover how to determine
the PHM system and assumes that the PHM will improve its performance [Adams et al.,
2017]. However, there are many systems to be studied in the industrial domain with
different impacts on the production system. Moreover, in SMEs’ case, available resources
are generally limited, and their allocation needs to be optimized to maximize the PHM
study’s benefit. In [Adams et al., 2017], the authors state that choosing the most suitable
PHM project is a challenging activity. Thus, a clear estimation methodology is therefore
needed. This methodology can be based on PHM indicators and their expected evolution
after the application of the PHM. Moreover, the financial impact of the PHM depends
on the available resources and data. Unless useful data (or the related resources) are
available, a PHM project may be insignificant.
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1.5.2 Towards predictive manufacturing: The evolution of PHM

As mentioned above, manufacturing systems have evolved throughout four industrial
revolutions. This industrial evolution has been accompanied by a change in the manu-
facturing functions such as the maintenance one [Lee et al., 2014a]. This function was
evolved from "repair work" to PHM (See Figure 1.7). For a long time, maintenance
is considered as repair work where machines are not maintained except in the case of
breakdown [Takata et al., 2004|. Since there is no available data for the machines, the
prediction of the breakdowns was impossible. A little more time later, developments in
the maintenance paradigm give birth to a new concept called time-based maintenance
(TBM). TBM is based on the breakdowns historical of the machine to introduce pre-
ventive maintenance planning. However, this strategy ignores much information (since
it does not exist) that can affect machine degradation. Because of these drawbacks
and the evolution of the data technologies, the TBM was replaced by a more sophisti-
cated maintenance method which is condition-based maintenance (CBM). The CBM is
based on preventive actions taken after the apparition of failure symptoms [Xu et al.,
2018|. Thus, CBM allows analyzing data coming from machines to avoid failure [Jar-
dine et al., 2006, Lei et al., 2018|. Despite this significant evolution in the maintenance
paradigm, many disadvantages have been entrusted to the CBM. The drawbacks concern
the cost-effectiveness and the scope; in fact, this method becomes useless and expensive
in the case of non-critical components. Moreover, CBM ignores many aspects such as
safety, reliability, and the economic part. As a result, the CBM concept has evolved
to give birth to the PHM discipline [Omri et al., 2019]. PHM goes beyond CBM scope
and integrate many aspects such as logistics, security, reliability, mission criticality and
cost-effectiveness [Vogl et al., 2019].

1.5.3 The evolution of data-driven industrial PHM Standards

PHM process involves different domains and applications, making it challenging to de-
velop a general approach for PHM installation in enterprises. In this context, Vogl et al.
[Vogl et al., 2014], assert that until now, there was no consistent guide for conducting a
PHM study, and even the standardization of specific methods for PHM was ineffective
since each application had its requirements. As the PHM paradigm has evolved from a
maintenance function to a more global framework, documentation in this field has also
evolved from a general maintenance context (FD X60250 standard) to a closer PHM con-
text (ISO 13374). Many international institutes and organizations have worked in this
domain and proposed standards and guidelines for PHM process implementation. These
organizations include the Air Transport Association (ATA), the international organiza-
tion for standardization (ISO), the international electrotechnical commission (IEC), the
society of automotive engineers (SAE), and the united states army (US Army) [Guillén
et al., 2016].

During the first and second industrial revolutions, no standards were identified in
the context of asset maintenance and management, and even the few existing docu-
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FIGURE 1.7: The evolution of maintenance paradigm within the industrial revolutions.

ments were only applied in the military domain. One of the first standards in this area
is X60104 (1981), which defined maintenance contracts’ requirements. Then, the ISO
3952-1 was published to introduce the symbols system and facilitate machine compo-
nents documentation by modeling their interaction. Besides, the F'D X 60250 standard
(1983) presents technical maintenance documentation for users and recommendations
for its implementation. Later in the 2000s and with the emergence of data technologies,
maintenance documentation has evolved to follow the technological revolutions. In this
context, the ISO55000 standard has introduced the concept of asset management and
widen the maintenance scope to integrate related activities such as the planning, design,
implementation, and review of asset management activities. 15015926 was published
to represent process plant life-cycle information via a data model with a consistent con-
text for data definitions. In the same context of data management standards, the ISO
13374 series (Condition monitoring and diagnostics of machines) was introduced. This
standard is presented in 4 parts:

e [SO 13374-1 aims to provide the basic requirements for open software specifications
to facilitate data transfer among various condition monitoring software, regardless
of platform or hardware protocols [[SO, 2003].

e The ISO 13374-2 goes beyond the data transformation and provides requirements
for a reference information model and a reference processing model for an open
Condition Monitoring and Diagnostics (CM&D) architecture [ISO, 2007].
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e The third part of the ISO 13374 standard (ISO 13374-3 [ISO, 2012]) defines the
communication requirements for any open CM&D systems to aid the interoper-
ability of such systems [[SO, 2012].

e The ISO 13374-4 [ISO, 2015] details the requirements for the presentation of in-
formation for technical analysis and decision support in an open architecture for
condition monitoring and diagnostics.

To facilitate the uses of these standards, the Machinery Information Management
Open Systems Alliance (MIMOSA) publishes an open CMD information specification
known as the MIMOSA Open Systems Architecture for Enterprise Application Integra-
tion (OSA-EAI) [Mathew et al., 2006], which is free for download and compliant with the
requirements outlined in ISO 13374-1 and ISO 13374-2. Based on the feedback of this
standard, MIMOSA has elaborated another documentation (MIMOSA Open Systems
Architecture for Condition Based Maintenance (OSA-CBM)), which is the most used in
both the research and industrial domains [Thurston and Lebold, 2001].

1.5.4 Industrial PHM applications

The PHM concept has been widely applied in the industrial domain [Koulali et al.,
2018|. In this context, Toshiba collaborates with NEC to develop an IoT-based PHM
system. Thus, data are collected from Toshiba’s devices and saved in data centers man-
aged by NEC. Then the Toshiba maintenance team analyzes the data to respond to
the customer’s requests [Kwon et al., 2016]. A similar collaboration has been developed
between Nidec and IBM. PHM services are proposed by IBMs based on the collected
data from Nidec’s machine [Kwon et al., 2016]. In the automotive industry, cars from
General Motors, Tesla, BMW, and other manufacturers are equipped with application
programming interfaces (APIs). The APIs allow applications built by third parties to
use the collected data. This enables the development of applications for IoT-based PHM
that add value by increasing connectivity, availability, and safety [Kwon et al., 2016].
The construction and mining industries benefit from developed connectivity technolo-
gies to control their equipment since working sites are generally isolated. In this context,
Komatsu [Kwon et al., 2016] developed a data-driven PHM module to monitor and diag-
nose their construction equipment via satellite communications. In [Gao et al., 2018], the
authors assume that PHM is a multidisciplinary activity that requires significant time
and effort, making it very expensive. Feldman et al. [Feldman et al., 2008] apply the
PHM concept to an electronics Line-Replaceable Unit (LRU) in the Boeing 737 aircraft.
The results are obtained for 300 flights and shown that the PHM cost for each LRU is
700 $ (value is in 2008 U.S. dollars). These studies prove that PHM implementation
requires a significant investment, which seems very expensive for an SME.

1.5.5 Research issues and assumptions

Based on the previous literature review, the advantages of Industry 4.0 are identified.
However, it is still challenging to implement Industry 4.0 within SMEs since there is no
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clear methodology. Thus, many authors have proposed a set of research gaps in this area
[Mittal et al., 2018] [Masood and Sonntag, 2020].

In [Mittal et al., 2018], the authors claim that most established Industry 4.0 models,
frameworks, and toolkits are developed for, or by, large MNEs, limiting their adoption by
SMEs as they do not take into account the peculiarities of small companies. Moreover,
the authors pointed out that there is no generic methodology to evaluate an SME’s
readiness to adopt Industry 4.0 technologies. Based on these research issues, Masood
et al. [Masood and Sonntag, 2020] proposed a set of research questions that can be
summarized in three points:

e Challenges related to the adoption of Industry 4.0 by SMEs.
e Industry 4.0 key technologies and their benefits for SMEs.

e Empirical method for assessing the characteristics of SMEs and the benefits of
Industry 4.0 regarding these characteristics.

Based on these research issues, we propose to develop an SME-oriented methodology
for the implementation of Industry 4.0. To do this, we propose to adopt a prognostics
and health management (PHM) concept as a key-enabler to implement Industry 4.0 in
SMEs. Recall that the PHM is not the only solution but, it is only a concept that we
adopt in this Work. This choice is justified by the fact that PHM is widely applied in the
industrial domain with a clear methodology [Vogl et al., 2014]. Moreover, the PHM ap-
proach is similar in its principles to the three Industry 4.0 pillars discussed in Section 1.4.

PHM principles

Act
> Observe >> Analyze >> (Decision) >
>Digitization >>Sensorization>> Optimization >

Industry 4.0 pillars

FiGURE 1.8: PHM - Industry 4.0 analogy proposal.

Figure 1.8 shows an analogy between the PHM principles and the Industry 4.0 pillars.
The digitization and sensorization pillars from the Industry 4.0 can be grouped in the
PHM approach’s observation step. Indeed, The analysis and act steps can be grouped
in the optimization pillar.

Generally, the development and deployment of PHM within an industrial organiza-
tion is a very complex task. In [Guillén et al., 2016], Guillen et al. affirm that there is
a gap in PHM documentation. Establishing general methodological approaches to guide
the design and implementation of the PHM process is hence needed. Moreover, up to our
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knowledge, there are no documentations dedicated to SMEs. In [Kennedy et al., 2003],
the authors concluded that SMEs are not involved in deploying advanced manufacturing
technologies. Thus, SME constraints are studied and discussed in the next section to
propose a generic PHM implementation strategy.

The following section will be devoted to present the PHM concept while detailing
the proposed SME-oriented PHM approach to implement Industry 4.0 within SMEs.

1.6 An adapted PHM approach for Industry 4.0 implemen-
tation within SMEs

Considering the previously detailed constraints, the best appropriate way to implement
Industry 4.0 technologies within SMEs is to follow a PHM process adapted with SMEs’
characteristics [Omri et al., 2020]. Thus the digitization phase should start with existing
data [Omri et al., 2019]. Before collecting new data, it is necessary to digitize the current
data. Since SMEs do not have many resources (financial resources in particular) to in-
stall sophisticated data acquisition devices. It is recommended to use simple acquisition
systems and use non-expensive storage solutions. Thus, smartphones and tablets are
the simplest solutions when they are coupled with existing and free mobile applications.
Free cloud solutions could be used to ensure real-time acquisition, but this solution calls
into question the confidentiality and security of the collected data [Omri et al., 2020].
Once the company’s ordinary data is digitized, potential valorization applications are
discussed. A matrix that links each data group to the valorization application with its
associated benefit can help to set priorities for the data analysis phase. One should note
that the SME world is not accustomed to sophisticated processes such as data-driven
PHM, so it is better to think about working quickly with existing data to provide useful
results and prove the project’s feasibility quickly. This step can convince the managers,
implicate workers, and introduce Industry 4.0 culture into the company at the same time.

We propose a set of best practices that should be followed to successfully integrate
Industry 4.0 within SMEs using an SME-oriented PHM process (See Figure 1.9). The
main phases of this approach are detailed in the following.

1.6.1 Data inventory

Data inventory is a deep analysis of the circulating data around the manufacturing
process. More particularly, data inventory is a quest to collect information about the
existing data [Omri et al., 2020]. These information concern different elements present
in Table 1.2.

In addition to the process of collecting information about the data, data inventory
also aims to regroup data around potential PHM projects and identify the missed data
to accomplish these projects. To do this, a list of necessary attributes for each system
can be defined. This list depends on the nature of the studied system. In [Cheng et al.,
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FIGURE 1.9: The extended PHM cycle [Omri et al., 2020].

TABLE 1.2: Attributes of a Data Inventory Quest.

Information Description

Title Dataset name
Features Dataset attributes
Purpose Data creation aim
Type Text, images, numbers

The owner of the data
Location of the data
The volume of the data
The format of the data
Data transfer

Update frequency
Restrictions

Production team, Marketing team
ERP, Server

1 GB, 1TB

Papers, CSV files

Data usgae per team

1 hours, 1 day, 1 week
Confidentiality, Accessibility

1.6.2 Scope identification

e The available digital data.

e The data to be collected or digitized.

2010], the author proposes a set of variables that can be collected to make a PHM study
on eight different domains (see [Cheng et al., 2010] for more details). This list can help
define the needed variables for each system and then compare them with the existing
ones to identify the missed variables.

Since available resources in SMEs are limited, it is man