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Resumo 
 
A quarta revolução industrial irá trazer múltiplos benefícios não só para o sector da indústria, 

mas como para a sociedade em si. Apesar da adoção do conceito de Indústria 4.0 parecer inevitável a 
longo prazo, existem diversos obstáculos que previnem a sua imediata implementação nas empresas. 

Na verdade, a grande maioria das empresas não está ocorrente do conceito em si. As PMEs têm 

grandes problemas na implementação deste conceito.  

 

A presente tese tem essencialmente dois objectivos. A sua abordagem inicial foca-se em 

analisar que ferramentas, existentes neste momento na literatura, são adequadas para avaliar a 

maturidade do conceito de Industria 4.0 em PMEs. O segundo principal objetivo é o desenvolvimento 

de um modelo de maturidade de Industria 4.0 que seja adaptado às PMEs. Para alcançar este objectivo, 
três características foram tidas em consideração aquando do desenvolvimento deste modelo: A 

influência dos obstáculos que as PME encontram quando estão a implementar medidas relacionadas 

com Industria 4.0 nas dimensões e sub-dimensões do modelo; o elevado grau de detalhe dos 

requesitos associados aos níveis de maturidade iniciais; oferecer uma abordagem holística na 

avaliação do grau de maturidade deste conceito na empresa. 

 

O modelo proposto é constituído por uma Framework que incorpora os principais atributos do 

mesmo, por um input sobre a forma de um questionário, e dois outputs. Com o intuito de demonstrar a 
aplicabilidade deste modelo, foi feito um case study numa PME de produção não repetitiva, onde o seu 

nível de maturidade de Industria 4.0 foi corretamente calculado.  Para demonstrar às empresas que as 

barreiras de entrada deste conceito podem não ser tão altas como parecem, duas propostas simples e 

baratas de digitalização foram feitas. Por fim, para provar que este modelos é mais abrangente mas ao 

mesmo tempo tem um grau de detalhe maior do que os modelos em que foi baseado, diversas 

comparações foram feitas. 

 
 

 

 

 

 

 

 
Palavras chaves: Indústria 4.0, Pequenas e Médias Empresas, Modelos de Maturidade 
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Abstract 
 

Assuming the multiple benefits that the Fourth Industrial Revolution will bring multiple benefits for the 

industrial sector, this work focusses the adoption of Industry 4.0 and its underlying components. 
Because these benefits can be opportunities as much as threats, we also assume that adopting Industry 

4.0 seems unavoidable in the long run also for SMEs. Changing to adopt Industry 4.0 will entail natural 

struggles and creates difficulties for companies to immediately embrace this revolution. In fact, 

according the current status of research, most companies fail to grasp the essence of this concept and, 

especially, SMEs which have a hard time when it comes to start adopting Industry 4.0.  

 

This work has two main objectives. On one hand, this work focuses on analysing which existing tools 
are able to properly accommodate SMEs for maturity assessment when embracing Industry 4.0. The 

second goal is a contribution for a maturity model for Industry 4.0 assessment with SMEs in mind. In 

the latter, three subsequent objectives are taken into consideration: (i) the influence of the SMEs most 

important hurdles when carrying out Industry 4.0 initiatives; (ii) a higher level of detail in Industry 4.0 

initial levels’ requirements; and (iii) enabling a holistic assessment approach of this concept.  

 

This work proposes a model composed by a framework encompassing a set of attributes found in 

the literature, as well as an input in a form of a questionnaire, and two main subsequent outputs, in the 
shape of net-charts. Also, in order demonstrate this model’s usage, the proposed framework was 

applied to a non-repetitive production SME. This exercise was carried out with two easy and affordable 

digitalization propositions and reveals that, although Industry 4.0 may be a complex concept, its entry 

barriers may not be as high as they may seem.  Finally, a comparison between the proposed model and 

the most significant literature references was carried out in order to revels a higher level of 

comprehensiveness and greater degree of detail of the former.  
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1. Introduction 
Europe is currently undergoing an industrial revolution that goes by the name of Industry 4.0 [1]. 

Regardless of the name used to identify this revolution, there is a general acceptance between 

companies, researchers and institutions, that the Fourth Industrial revolution is here, and it’s here to 
stay. 

This revolution will bring multiple benefits for the industrial sector as well as for the society itself. 

Although the adoption of Industry 4.0 and its components seems unavoidable on the long run, there are 

several struggles that prevent companies to immediately embrace this revolution. SMEs have especially 

a hard time when it comes to approach this concept as Industry 4.0 readiness increases sharply with 

the size of the company [2].  

Since the concept was presented in 2011, by the German government, there are already tools 
– like maturity/readiness models, roadmaps and guidelines – provided by the literature to help 

companies in this difficult task of approaching and implementing Industry 4.0. Any production company, 

regardless of the market, internal organization or size, can take part of it. Only the promptitude that each 

company has to implement this concept is different – as it can be affected by different characteristics of 

the company, like the three presented above.  

On a first approach, the present dissertation analyses the suitability of the already published 

maturity/readiness models for the SMEs, followed by a dissection of the main hurdles that SMEs 

encounter when implementing Industry 4.0 measures. Incorporating both of these analyses and 
assembling six different maturity/readiness models for Industry 4.0, a maturity model for Industry 4.0 is 

developed.  This model contemplates a framework that structures its dimensions, an input in the form 

of a questionnaire, and two different outputs. Furthermore, this model’s applicability is demonstrated 

though a real case study application in a non-repetitive production SME. In this regard, two simple 

digitalization propositions and their influence in the company’s maturity level are presented to support 

the claim that although difficult, the implementation of Industry 4.0 is indeed reachable. Finally, the 

developed model is compared against the most quoted model in the literature to confirm the premise 

that, the former model has a higher degree of granularity in Industry 4.0 initial maturity levels, allowing 
it this way, to be suitable for companies being introduced to this concept, especially SMEs.  

This work starts with a brief description of Industry 4.0 and its predecessor’s Industrial 

revolutions is presented in chapter 2. Still in this chapter, the role of data and its importance in the 

context of Industry 4.0 is described. Lastly, the notions of maturity and maturity models as well as their 

importance in the context of Industry 4.0 is discussed, and the existent maturity/readiness models for 

Industry 4.0 in the literature are presented.  

The main goals descriptions and the approach followed by this dissertation are presented in 
chapter 3, together with a dissection, from the perspective of SMEs, of the hurdles and struggles that 

this type of companies encounter in the endeavour of implementing Industry 4.0 measures. Still in this 

chapter, an analysis of dimensions and different levels of the maturity/readiness models presented in 

the literature is performed.  
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Chapter 4 includes the development process of the framework that dovetails the proposed 

maturity model’s dimensions. The model developed in this dissertation is a synthesis of 6 maturity 

models presented in the literature. Each maturity model is described, and the proposed model’s 

dimensions and sub-dimensions are explained. The next section of this chapter comprehends the 

clarification of the impact that the contextualized hurdles, that SMEs encounter when implementing 

Industry 4.0 initiatives, have in this developed model. This fourth chapter ends with an analysis of two 

different possible ways of increasing the level of detail of a maturity model, as well as, a pictographic 
comparison of the developed maturity model and the six model it was based in. This comparison 

highlights the different level of comprehensiveness that each model contemplates.  

 In Chapter 5, the inputs and outputs that the developed model includes are clarified. The inputs 

come in the forms of questions and answers that are organized within a questionnaire. This model has 

two different outputs. Both of them are represented in the shape of net-charts. The different between 

them is the maturity level’s degree of detail that each of them provides.  

Chapter 6 comprises a demonstration of the developed model’s applicability in a real case 

scenario. Here, the maturity level of Industry 4.0 from a non-repetitive production SME is properly 
measured and presented. The second part of this chapter consists of two simple and affordable 

digitalization propositions in the context of Industry 4.0. Each proposition has its own aim, and they are: 

streamlining a process, and collection of data. Both of the impact processes and consequent 

digitalisations are described, and their influence in the maturity level of the company measured by the 

developed model is illustrated. This chapter ends with a comparison between the model proposed in 

this dissertation and the most quoted readiness/maturity model in the literature, from the research made. 

From this comparison, the premise that the model created in this work is targeted to enterprises entering 

the sphere of Industry 4.0 by granting a higher degree of detail in the initial maturity levels of Industry 
4.0 can be confirmed.   

Finally, the conclusions of this dissertation and the suggested future work are described in 

chapter 7.   

  



 3 

2.  State of art 
2.1 Industrial revolutions  
Over the course of the last centuries, industrial revolutions have shaped the way society works, 

as they have responsible for rapid major changes in its economy by an important change in the 

prevailing types and methods of use of such machines – as defined by Merriam-Webster dictionary. 

Until this day there have been three main industrial revolutions [3]. The first Industrial revolution dates 

back to 1784 where the first mechanical loom was invented, this revolution follows the introduction of 
water and steam powered engines, allowing the creation of mechanical manufacturing facilities [3]. The 

same authors [3] state that almost at the beginning of the 20th century (more precisely 1870), the first 

production line in Cincinnati Slaughterhouse was created. This Second Industrial Revolution was due 

to the introduction of powered mass production, which was based in the division of labour. The Third 

Industrial Revolution started around 1970 and was marked by the introduction of the first Programable 

Logic Controller (PLC), modicon 084 [3]. After these three industrial revolutions, the time for the Fourth 

has come. According to [1], we are currently undergoing and industrial revolution, that goes by the name 

of The Fourth Industrial Revolution. This revolution is different than the others, as is the first time that 
an industrial revolution is being called before its happening [4]. This opens a great amount of 

opportunities to any kind of business that would be interested to engage in this wave, compared to the 

last three revolutions.  

 

2.2 Industry 4.0 and its innovative technologies 
The Fourth Industrial Revolution goes by many names and definitions. In this dissertation, it will 

be straightforwardly named Industry 4.0. Being Industry 4.0 a new concept, which is not only composed 

by several innovative technologies but also by changes in business models and organizations  [5] [6] 

[7], we will assume that Industry 4.0 concept as an innovation itself.  

2.2.1 Innovation and its diffusion  
As defined in the book of Everett Rogers “the Diffusion of Innovations” an innovation is “an idea, 

practice or object that is perceived as new by an individual or other unit of adoption“ [8]. In the present 

work, we will assume that the technologies that allow Industry 4.0 to happen, are innovations, as well 

as the concept itself – indeed, we are currently undergoing the so called “fifth major wave of 

technological innovation”, which is characterized by the widespread use of ICT (information and 

communication technologies), with extensive use of telecommunication, internet and digital networks 
[9]. The former book from Everett Rogers also defines the concept of diffusion as “the process by which 

an innovation is communicated through certain channels over time amongst the members of social a 

social system” [8]. In the present work, we will assume the industry sector to be a “social system” and 

the manufacturing companies that compose this sector its “members”. As it would be an 

oversimplification to assume that the diffusion of new technologies, which emerge from research, is 

spread out and adopted by users in an invariant form, Everett Rogers defines five types of adopters of 

innovations: Innovators, Early adopters, Early majority, Late majority, and Laggards [8]. Because the 
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innovators are companies actually developing and/or deploying technologies, and through the fact that 

Industry 4.0 is a rather new concept [5], the companies that have already boarded the wave of the Fourth 

Industrial Revolution, are considered early adopters. The two first categories of users are referred by 

different names throughout the literature, but from the research already made, Lead Users seems the 

most important [10] [11]. Professor Eric Von Hippel from MIT has attributed two main characteristics to 

this type of users, which are:  

Lead users face needs that will be general in a marketplace – but face them months or years 

before the bulk of the market place encounters them; 

Lead users are positioned to benefit significantly by obtaining a solution to those needs; 

The source [11] attributes a high amount of LES (Leading Edge Status) to Lead Users, which 

is defined by “the degree to which organizations use and apply technology innovation in new and 

different ways to solve problems face by the organization, and the degree to which they perceive the 

benefits of new products earlier than the rest of the marketplace”. Is possible to extract a similarity 

between both definitions – in fact, the distribution of LES is consistent with Rodgers’ bell-shaped 

distribution [11]. The same source [11] found in their research that lead users are more sought out to 
information both in general and specific innovation matters – this important finding highlights the 

importance of this type of adopters in the diffusion process. Schreier et al. [12] states that, lead users 

might perceive lower barriers in the adoption, due to their intrinsic high leading-edge status, as this 

equips them to better evaluate an innovation’s potential performance. Within Industry 4.0 “First movers” 

is another possible denomination for Lead users. It has been stated that, by tackling this concept as 

early as possible, these First movers have an insurmountable advantage over the rest of the market [13] 

–  there is thus an urge to take part of the Fourth Industrial Revolution to benefit from competitive 

advantages and lead the way [13] or at least, not to get left behind.  

2.2.2 Industry 4.0 
Industry 4.0 concept has been widely approached by the literature in the past years. The term 

Industry 4.0 was introduced by the German government as one of the key initiatives of its high-tech 

strategy in 2011 [5]. In October of the following year, a working group set up by the Research Union 

Economy - Science of the BMBF handed over the first ever report of Industry 4.0 [14]. Since this concept 

presentation in Hannover fair in 2013 [14], there have been a number of attempts to define it. Although 

there is still no clear definition of this concept, there is a general acknowledgement of its importance not 

only to the industry sector but society itself [15]. Moeuf et al. in 2017, cited by Buer et al., states that 
recent studies have found more than 100 definitions of Industry 4.0 [16]. Nevertheless, this term revolves 

around “networks of manufacturing resources (manufacturing machinery, robots conveyor, and 

warehousing systems and production facilities) that are autonomous, capable of controlling themselves 

in responsive to different situations, self-configuration, knowledge-based, sensor-equipped and spatially 

dispersed and that also incorporate the relevant planning and management systems” [5]. Hermann et 

al. in 2015 present a more technological definition where “Industrie 4.0 is a collective term for 

technologies and concepts of value chain organization. Within the modular structured Smart Factories 

of Industrie 4.0, CPS monitor physical processes, create a virtual copy of the physical world and make 

decentralized decisions. Over the IoT, CPS communicate and cooperate with each other and humans 
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in real time. Via IoT, both internal and cross- organizational services are offered and utilized by 

participants of the value chain“ [17]. In 2018 a paper was published by Buer et al. [16] which defined 

Industry 4.0 as “the usage of intelligent products and processes, which enables autonomous data 

collection and analysis as well as interaction between products, processes, suppliers and customers 

through the internet”. This latest definition not only takes into consideration the manufacturing processes 

and autonomous analysis, and data collection, but also the interaction of suppliers and customers. In 

fact, Industry 4.0 has multiple focus areas, but horizontal integration of all partners in the value chain, 
and vertical integration of all layers from each one of these partners, seem to be most important ones, 

due to their general acknowledgement by the literature [3], [1], [7], [13], [15]. The source [1] provides a 

definition for both concepts Horizontal and Vertical integration: 
Horizontal integration is the “integration of various IT systems for the support and/or execution 

of the different value processes (e.g. manufacturing, logistics, marketing, engineering, services) both 

within a manufacturing company as well as beyond the company limits up to and including an end-to-

end solution”. 

Vertical integration is the “integration of the different IT systems at different hierarchical levels 

of a production systems at different levels of production systems (e.g. actuator and sensor, controller, 

production management, manufacturing, execution, and corporate planning levels) into and end-to-end 

solution”. 

Apart from both of the mentioned above there are still other objectives presented by the 

literature for Industry 4.0 like, for example: Digital business models and customer access [2], [13]; Life 

cycle engineering across the entire value chain [19]; and Humans as drivers of added value [2].  

As already mentioned, Industry 4.0 is also designated by The Fourth Industrial Revolution and 

will play an important role in the industry sector in the years to come by influencing the evolution of 
technologies and change significantly business models [1]. There are already quite some predictions on 

what the impact of this revolution in the industry sector will be, as is the case of “Industrie 4.0 – 

volkswirtschaftliches Potenzial für Deutschland” by estimating that until 2025 the benefits of Industry 4.0 

will have contributed as much as 78 billion euros to Germany’s GDP [20]. There are also world-wide 

surveys, as is the case of [13] that inquired more than 2000 companies all around the world, and while 

providing the two biggest reasons on why companies are already interested in implementing this 

concept in their business models and organization, states that Industry 4.0 is not a future trend anymore. 
It is expected that Industry 4.0 in the next five years will reduce costs on average in around 3,6% and 

increase the annual digital revenue in 2.9% on average [13]. These forecasts are indeed promising, and 

they are also the reason, why companies want to be a part of this Industrial Revolution, or as stated in 

section 2.2.1, at least not get left behind.  

2.2.3 Industry 4.0 Innovative technologies 
As understood in the latter section, the concept of Industry 4.0 is closely related with 

implementation of technology in fabrics and overall businesses of enterprises [5]. As Industry 4.0 will 

change Business models, it will also influence the evolution of technologies [1]. There are very different 

types of technologies that can be introduced in a company day-to-day business to enable the company 
to embark in the path of Industry 4.0 and these types of technologies go by many names and definitions. 
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The purpose of this dissertation is not to present an intensive literature analysis about each of these 

technologies but to explain what Industry 4.0 is, and what its constituents are, because this concept is 

the target of our analysis with the proposed maturity model. From the research made, there is one paper 

that stood out by providing a very detailed summary of Industry 4.0 main technological concepts. This 

article categorizes these technological concepts in eight different groups: Additive Manufacturing – 3D 

printing, Cloud, Manufacturing Execution Systems (MES), Internet of Things (IoT) and Cyber Physical 

systems (CPS), Big Data, Sensors, e-value chains, Autonomous Robots. In annex A it is possible to see 
the description for each concept assembled from the literature reviewed by Bibby et al. [21]. This article 

seems to be in accordance with the literature in seven of the groups’ descriptions. Through the research 

performed in the current dissertation, the concept of “Internet of Things and CPS” should be divided into 

two different categories. This claim is based on the works of [1], [15], [22], [24]. These works give an 

extra importance to each of these concepts. David Siepmann referrers to CPS as the base technological 

concept for Industry 4.0 implementation, and IoT as a separated building block associated with this 

technology (for the record, this work also considers Cloud Computing as another one) [22]. Lele A., in 

his book published in 2019 [23], considers IoT as one of the “salient features” of Industry 4.0 while 
considering CPS as systems (technology). Hercko et al. in 2015 and Hermann et al. in 2106 both 

consider in their works CPS and IoT as two different components of Industry 4.0 [15], [24]. Lastly, 

Kaggerman et al. defined CPS as “CPS include embedded systems, production, logistics, engineering, 

coordination and management processes as well as Internet services that directly collect physical data 

with sensors and, using actuators, influence physical processes, are connected with one another via 

digital networks, use available data and services worldwide and have multimodal human-machine 

interfaces. Cyber physical systems are open socio-technical systems and permit a number of innovative 

functions, services and characteristics.” [5]. Although the same source does not provide a definition for 
IoT, in its work, Kaggerman et al. present a figure that clarifies the difference between both concepts – 

this image can be seen in annex A [5]. This figure presents the two concepts that at the time were 

separated (Internet of Things and Internet of Services) but are currently considered as one Internet of 

Things [15]. Through an analysis of this image, it is possible to extract that CPS is essentially the 

connection between the smart product and the service/product provider (taking into consideration 

everything that can be allowed through that connection) and IoT is basically what allows the connection 

of everything with everything.  
 

2.3. Design principles of Industry 4.0 
As referred in the latter section, there is still not a clear definition of Industry 4.0 concept. 

Hermann et al., goes further by stating that a generally accepted understanding of the term doesn’t exist 
[15]. Design Principles explicitly address this issue since they provide a systematization of knowledge 

and describe the constituents of a phenomenon [25]. Until 2015, there was no literature providing Design 

Principles for this concept [17]. In that same year, Hermann et al. published a paper that assigned to 

“Industry 4.0” six Design Principles (Interoperability, Virtualization, Decentralization, Real-time 

Capability, Service-Orientation, Modularity), and four key components (Cyber-physical-systems, 

Internet-of-Things, Internet-of-services, Smart Factory) [17]. It is worth noticing that in this paper the 



 7 

Design Principles (DP) were presented as a whole, i.e., without any sub-category. One year later, the 

same authors set the same task of defining DP for I4.0. This time, Hermann et al. recognized 3 key 

features (Cyber-physical-systems, Internet-of-Things, Smart Factory) and 4 Design Principles 

(Interconnection, Information transparency, Decentralized decisions, Technical assistance) to Industry 

4.0 [15]. In this run defining this concept, the notion of Internet of Services was dropped (and possibly 

incorporated into IoT, since, by definition, it also incorporates IoS). Moreover, in this work, three of the 

four chosen DP have sub-categories as can be seen by the figure presented below.  
 

 
Figure 1 - Industry 4.0 Design Principles [15] 

The research performed by Hermann et al. aimed at identifying central aspects of Industry 4.0 

as well as deriving Design Principles [15]. The process that these authors followed, consists of four 

steps: Identification of relevant literature; Quantitative text analysis; Qualitative literature review; 

Nominal group workshop [15]. What is important to understand from their research design is that the 

Design Principles of this concept were extracted from already published literature, which implies that 

Hermann et al. did not define DP by themselves, but through an agglomeration of 130 articles, books 

and publications. The definitions of each DP proposed by Hermann et al., by assembling quotes from 

different authors, are presented below. To consult which authors were considered in each definition, 
please read [15]:  

Interconnection: Machines, devices, sensors, and people are connected over the IoT. 

Wireless communication technologies play a prominent role in the increasing interaction as they allow 

for ubiquitous internet access. Via the IoE, interconnected objects and people are able to share 

information, and this forms the basis of a joint collaboration for reaching common goals. There are three 

types of collaboration within the IoE: human- human collaboration, human-machine collaboration, and 

machine-machine collaboration. The introduction of common communication standards enables the 
Smart Factories of I4.0 to flexibly adapt to fluctuating market demands or personalized (lotsize-1) orders. 

As the number of participants in the IoT grows, monetary and political interests will lever the number of 
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harmful attacks on Industry 4.0 production facilities and, consequently, increase the need for cyber 

security. 

Information Transparency: Enabled by the increasing number of interconnected objects and 

people, the fusion of the physical and virtual world enables a new form of information transparency. 

Through linking sensor data with digitalized plant models, a virtual copy of the physical world can be 

created. Context-aware information are indispensable for IoT participants to make appropriate decisions. 

Examples for information from the virtual world are electronic documents, drawings, and simulation 
models. Examples for physical world information are the position or conditions of a tool. To analyse the 

physical world, raw sensor data must be aggregated to higher-value context information and interpreted. 

In order to create transparency, data analytics’ results need to be embedded in assistance systems that 

are accessible to all IoT participants. For process-critical information, real-time information provision is 

important.  

Decentralized Decisions: Decentralized decisions are based on the interconnection of objects 

and people as well as transparency on information from inside and outside of a production facility. The 

combination of interconnected and decentralized decision-makers allows the use of local with global 
information both for better decision-making and increasing overall productivity.  IoT participants perform 

their tasks as autonomously as possible. Only in case of exceptions, interferences, or conflicting goals, 

tasks are delegated to a higher level. From a technical point of view, decentralized decisions are enabled 

by CPS.  

Technical Assistance: In the Smart Factories, the main role of humans, shifts from an operator 

of machines towards a strategic decision-maker and a flexible problem solver. Due to the increasing 

complexity of production, where CPS form complex networks and make decentralized decisions, 

humans need to be supported by assistance systems. These systems need to aggregate and visualize 
information comprehensively to ensure that humans can make informed decisions and solve urgent 

problems on short notice. Currently, smartphones and tablets play a central role when it comes to 

connecting people with the IoT. Wearables are predicted to become increasingly important in future as 

soon as current challenges such as their energy supply are overcome. With further advances in robotics, 

the physical support of humans by robots is regarded as another aspect of technical assistance, as 

robots are able to conduct a range of tasks that are unpleasant, too exhausting or unsafe for their human 

co-workers. For an effective, successful, and safe support of humans in physical tasks, it is necessary 
that robots interact smoothly and intuitively with their human counterparts and that humans are properly 

trained for this kind of human-machine collaboration.  

These described design principles allow a common understanding of Industry 4.0, which is 

needed for a reasonable scientific discussion on the topic [15]. From this point on, when Industry 4.0 

term is used in this dissertation, these four design principles should be always taken into consideration.  
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2.4. Data as a pillar of Industry 4.0 
 2.4.1 Data and Information 
Often in the literature related to Industry 4.0 the terms “Data”, “Information”, “Knowledge”, and 

“Understanding” are used. These terms need to be well defined in order to avoid miss interpretations or 

meaning overlaps. In this dissertation, the definitions adopted of these terms are presented in the book 

named “Ackoff’s Best” written by Russel Ackoff himself. In this book, data is defined as “… symbols that 

represent the properties of objects and events.”. The next layer is represented by information which 

consists of “… processed data, the processing directed at increasing its usefulness.”, this means that 

information can be seen as contextualized data [26]. The same author compares both terms with the 
statement “Like data, information also represents the properties of objects and events, but it does so 

more compactly and usefully than data. The difference between data and information is functional, not 

structural”. This latter assertion fundaments the statement that information can be interpreted as 

contextualized data, since both are composed by the same “objects and events” but the way they are 

used is different. From information, it is possible to answer questions like “who, what, when, where, how 

many...” [26]. In this regard, the term “Knowledge” is defined by the same author as being “… conveyed 

by instructions, answers to how-to questions.” [26]. In the last layer of this reasoning the notion of 

“Understanding” can be found. This term is described by Russel Ackoff as “Understanding is conveyed 
by explanations, answers to why questions” [26]. In this work, whenever these terms are used, they 

relate to these descriptions.  

 2.4.1.1 Knowledge creation 
Regarding the concepts mentioned in the latter paragraph, this dissertation focuses specifically 

in the extraction of useful insights from data. In this regard, the creation of knowledge from data and 
information is what enables these insights to be extracted. Concerning knowledge creation, Nonaka et 

al. in 1995 published a book where they state that: “Knowledge creation takes place continuously and 

at all levels of the organization.” [27], and it can sometimes even “… take unexpected forms” [28]. In 

their book, they ground these statements with an example of knowledge transfer between two very 

distinct enterprises: Osaka-based Matsushita Electric and Osaka international hotel – for further detail 

please consult [28]. One year before, the same author proposed a model for Knowledge creation. 

Stephen Gourlay referred to it as having a “paradigmatic status” due to the great number of authors that 

have used it throughout several disciplines [29]. As stated by Ikujiro Nokata himself in 1994, the purpose 
of his publication is to “…bring together the epistemological and ontological dimensions of knowledge 

creation to form a "spiral" model for the processes involved.” [27]. This model, called the SECI model, 

is composed by 4 stages: Socialization, Externalization, Combination, Internalization [27] – a 

representation of this model, as well as a description of each phase can be seen in annex A. For the 

assessment of the knowledge creation process in an enterprise, this model will be used in this 

dissertation.  

 2.4.2 Data in the context of Industry 4.0 
The term Industry 4.0 was presented in the year of 2013, at the Hannover fair, by a working 

group entitled as “Platform 4.0” [14]. In their publication in April 2016, the same working group defends 
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that “Data is becoming more and more important for today’s and tomorrow’s business models in 

conjunction with Industrie 4.0.” and that “Regardless of the size of the business enterprise, data now 

represents a considerable economic value for many businesses.”. In fact, Rosmiati et al. defends that 

information is the most valuable resource that a company can have [30]. In the context of Industry 4.0, 

the consulting firm PricewaterhouseCoopers [13], consider that data lies in the heart of this Fourth 

Industrial Revolution. In fact, one of the technological concepts of Industry 4.0 is “Big Data” – see 

definition in annex A. In this regard, McAfee et al. published an article in the Harvard Business Review, 
that defends the usage of Big data in businesses by stating that “Using big data leads to better 

predictions, and better predictions yield better decisions” [31]. In the same article, the authors argue that 

“Data driven decisions tend to be better decisions. Leaders will either embrace this fact or be replaced 

by others who do.” [31].  

In their publication, Lichtblau et al. in 2016 state that “There is not one single source of truth, 

data is held in decentralized silos” [6]. This statement shows the importance of data sharing within a 

company. Sanders et al. in 2016 goes further by defending the importance of data sharing as referring 

to it as waste: ”Inappropriate transfer of information between manufacturers and suppliers is a significant 
source of waste.” [32]. Currently, efficiency related advancements are focused especially in individual 

firms, rather than in the whole supply chain [19]. For that matter, Industry 4.0 will fill this gap by providing 

benefits for the entire value stream [1]. In fact, the study performed by [2] concluded that “It's almost 

impossible for a company to reach a higher level of Industrie 4.0 readiness on its own without the help 

of partners.”.  

One of the main technologies related to I4.0 that can be implemented in businesses are 

Information Technologies (IT) [6]. In addition to what was mentioned last paragraph, Verkatraman 

defends that IT solutions are not only about increasing efficiency anymore [33]. Aligned with the concept 
of Industry 4.0, this author also agrees that “IT changes the way we do business” [33]. By linking IT’s 

“potencial benefits” with the “degree of change in organizational routines”, Verkatraman proposed a 

model for assessing IT-enabled business transformation [33]. This model consists of 5 levels and its 

representation can be seen in annex A. The first two levels “Localized Exploitation” and “Internal 

Integration” are related to the increase of efficiency in a Business (Exploitation phase). The second 

section of this model contains the last three levels “Business Process Redesign”, “Business Network 

Redesign”, and “Business Scope Redesign” (Exploration phase). This section is related to the increase 
of effectiveness, once, by exploring new ways of redesigning the business as it is, it is possible to provide 

new products/services to the end customer. This model is used in this dissertation to define the different 

stages of “change” that companies experience in their businesses while trying to implement Industry 

4.0. 

 

2.5. Concept implementation’s hurdles and mistakes  
Industry 4.0 is a very broad concept, it can include all aspects of an organization, from the shop-

floor to the top management, and everything in between [5]. Due to its very wide scope, Industry 4.0 

has an adjacent complexity in its approach and implementation. Indeed, the literature already provides 

a lot of struggles that companies have, when implementing this concept in their day-to-day business 
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and their long term strategic plan. It is important to differentiate the definition of hurdles and struggles, 

with mistakes. On the one hand, mistakes can be interpreted as errors, gaffes that companies make 

when trying to implement Industry 4.0 [34]. Struggles or hurdles, on the other hand, are challenges and 

obstacles that companies need to overcome, in the implementation of Industry 4.0 [7] [14]. The strategic 

consulting firm, Boston Consulting Group has proposed 4 main chronological mistakes that companies 

do, when implementing Industry 4.0 [34], and they are:  

• Pursuing small gains while ignoring opportunities for major returns from more 
promising targets;  

• Digitizing processes without addressing underlying inefficiencies;  

• Disregarding behavioural root-causes of process problems;  

• Pursuing high-tech solution without assessing the full cost of their implementation and 
without considering simple alternative, that would do the job as well or better but for 

less money.  

 
Being the former reference a consulting firm article, it should be analysed taking into account 

the author’s goal – selling more projects to the client. One of the mistakes mentioned is the acquisition 

of more expensive and known technologies, without considering lower possibilities and to digitize 
processes that are still inefficient and have waste. Not entering in this last field with a high degree of 

detail, digitalizing a process should allow an easier assessment to the waste that a process has, since 

it should extract data from the process [6]. Nevertheless, without a well-defined process, in terms of 

organization and information flow, the process of digitalization might become extremely difficult.  

Another source that mentions mistakes of that companies undertake when trying to implement 

Industry 4.0 for is the work of Schuh et al. in 2017, while providing also hurdles. Focusing firstly on the 

mistake that this source mentions, which is “Pilot projects that are in fact more akin to technological 

feasibilities studies” – this mistake is extremely important, regardless of the size of the company at stake 
[6]. As explained earlier in this chapter, Industry 4.0 is a very broad concept with different pillars (still 

not defined and agreed between all of the researchers). Essentially, Industry 4.0 can be seen as: the 

deployment of knowledge taken from the data conveyed by the underlying technology. Essentially, what 

the implementation of technology allows the company to achieve. This in mainly due to the data that 

technology is able to acquire and process, which before that implementation was not being considered 

or treated the proper way. When the company decides that wants to embark in this endeavour, and 

starts doing pilot initiatives in different areas, the goal should not be if it is possible to introduce a certain 
technology or not [6], but what can that technology allow - which was previously not possible, that is, 

which processes can increase in efficiency or how the information flows, horizontally and vertically (see 

section 2.2.2).  

There are already several obstacles that companies have encountered when implementing 

Industry 4.0 in their factories as well as business models. In annex B it is possible to analyse a bundle 

of some of the problems that were listed by either firms or researchers. As expected, since consulting 

firms are usually responsible for the implementation of these type of concepts in other companies, they 

are the ones that are able to gather the most extensive lists of obstacles – for example, there are 
companies that do surveys that take into consideration more than 2000 companies as is the case of 
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PricewaterhouseCoopers [13]. All of the sources presented in annex B, provide obstacles that are 

related with the introduction of Industry 4.0, but the last entry –  from Bearing Point consulting. As 

Kristian König has stated [35], the first requirement for this implementation is digitalization. Schuh et al. 

2017 [6], refers to digitalization as an enabler of Industry 4.0. In light of these two sources, the work of 

Bearing Point [35], a multinational management and technology consulting, that provides a list of usual 

hurdles that companies face with digitalization, was taken into consideration, since it provides a list of 

hurdles that companies do when implementing digitalization measures. After an analysis of these 
hurdles it is possible to conclude that most of the hurdles presented in this work are similar to obstacles 

presented by the other consulting firms, related to Industry 4.0, that are presented in annex B [2], [13]. 

The academic sources also state some hurdles that companies have when implementing this concept, 

but as foreseen, they are fewer examples provided. In the next chapter, the importance of each hurdle 

to the SMEs will be analysed, while categorization of them will be done.  

 

2.6. Maturity Models 
2.6.1 Maturity and Maturity Model definition 
At this moment, literature provides multiple tools to ease and help the implementation of Industry 

4.0. These tools do not provide an easy way to overcome the hurdles mentioned above, but when used 

properly, can help companies avoiding them. The most important tools for this implementation seem to 

be road maps and Maturity models. Each one of these types of tools have different goals and are used 
in different phases of this process. They can be connected because a road map most of the times 

require the usage of a maturity model [18], [36].  

To evaluate maturity, organizational assessment models are used, which are also known as 

stages- of-growth models, stage models, or stage theories [37]. A maturity model is a useful tool to 

assess enterprises and organizations and to illustrate the path ahead in order to achieve a more 

structured and organized way of doing business [37]. The basic goal of a maturity model is to describe 

stages or paths to reach maturity and to describe the characteristics of each stage or level as well as 

the logical relationship between successive stages [35] [36]. Not only can this technique provide an 
approach to audit and benchmark any company, but also a way to measure its progress against 

previously set objectives and understand its strengths and weaknesses regarding the model’s 

concerned discipline [39]. All of which can play an important role at easing management decision making 

and strategy definition [39].  

There are several definitions for the term “maturity” currently in the literature. However, many 

of these definitions fit into the context in which each maturity model was developed for [38]. Through a 

literature analysis, Diogo Proença, in his doctor thesis [38], assembles 12 different definitions of the 
term “maturity”, which can be found in annex C. For example, Paulk et al. [40], define maturity as a 

specific process to explicitly define, measure, manage, and control the evolutionary growth of an entity.  

In the same work mentioned above [38], the author provides another table that assembles 

different definitions of the term “maturity model”. Furthermore, from the research performed, Diogo 

Proença set forth some characteristics that need to be horizontal to all of the maturity models, which 
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are: the involvement of all stakeholders (users and developers); the inherent dynamic nature, having a 

development method behind (that allow a systematic approach); the maturity model’s traceability [38]. 

Regarding this artefact’s implementation Pöppelbuß et al. divide maturity models in three 

different types, which are presented below [37]: 

Descriptive: A maturity model serves a descriptive purpose if it used as a diagnosis tool where 

the current capabilities of the entity under assessment are appraised with respect to a given criteria; 

Prescriptive: A maturity model serves a prescriptive purpose if it suggests specific and detailed 
courses of action, that is, guidelines for improvement measures while identifying desirable maturity 

levels; 

Comparative: A maturity model serves a comparative purpose if it allows for internal and 

external benchmarking through the comparison of maturity levels of similar business and organizations; 

The same authors propose general design principles for maturity models based on the 

extensive review of maturity model-related literature [37]. This review generated an output in the form 

of a framework. This framework serves the purpose of assisting practitioners and researchers with 

comparing existing models, through the organization of the design principles correspondent to each of 
the three types of maturity models mentioned above. In annex C, it is possible to see this framework. 

From this framework, it is possible to extract that a prescriptive model needs to have all of the DP of a 

descriptive model and its own DP. And a descriptive model has to contemplate all DP of any comparative 

maturity model plus its specific DP. As a conclusion, the comparative type of maturity model is the 

simplest, followed by the descriptive type. And the prescriptive type is the most complex type of all 

maturity models. 

 2.6.2 Maturity Models in Industry 4.0 
In the context of Industry 4.0, maturity models are especially important, as they contribute to the 

dissemination of the concept and provide companies with a broader understanding and implementation 

proposals to deal with this revolution [36]. It is important to realise that, throughout the whole process, 

these implementations require the concerned company to be itself transformed regardless of the 

maturity level that the company is in. Nevertheless, throughout the path towards Industry 4.0, this 

company’s assessment process, should happen in stages for a successful outcome [6]. As already 

explained, the usefulness of maturity models lies in the indication of an organisation maturity level [18]. 

Also, to carry out Industry 4.0 initiatives in organizations, a systematic approach is needed [6]. As 

mentioned in this chapter, a maturity model can be integrated into a roadmap, since it can be one of the 
phases that same roadmap has [36]. In this way, the combination of both these tools, provides this 

needed systematic approach to implement Industry 4.0 in companies. This dissertation focuses on the 

development of a framework to incorporate attributes of current maturity models for Industry 4.0, not on 

roadmaps nor on the relation of roadmaps and maturity models.  

This type of assessment tool has essentially two different assessment approaches – which 

consist in levels of readiness and maturity. Schumacher et al. 2016 discriminate between maturity and 

readiness: “readiness assessment takes place before engaging in the maturity process, whereas 

maturity assessment aims for capturing the as-it-is state whilst the maturing process” [19]. In other words, 
a readiness level represents how prepared is the company to enter that established level. A maturity 



 14 

level symbolizes how the company is at the moment that is being assessed, that is, which requirements 

does the company fulfil in the maturing process – which are associated with a level of maturity. However, 

from the literature research performed, the term “readiness” does not appear as much as the term 

“maturity”. In fact, the definition used by Schumacher et al. in 2016 for “readiness” seems to be based 

on the definitions of maturity exemplified in annex C [19]. Nevertheless, defining a company’s maturity 

level is important, since only after the global maturity level is correctly assessed, should a company be 

able to start thinking about the goals for each area or department [36]. 
As proposed by Schumacher et al. 2016 [19], the maturity of an enterprise from the perspective 

of Industry 4.0 can be described as: 

“the state of advancement of internal and external conditions that support Industry 4.0’s basic 

concepts, such as horizontal and vertical integration of manufacturing systems and enterprises, as well 

as the digital integration of engineering across the entire value chain”.  

The literature already provides maturity models for Industry 4.0. In the following table (Table 1), 

where the readiness/maturity models for Industry 4.0 that were found in the literature are presented. 

Only models that are focused in Industry 4.0, and which its sources or development process are clear, 
are taken into consideration and presented in this table. These models can serve for either a scientific 

purpose, a practical purpose or both. The practical purpose of a maturity model, especially for Industry 

4.0, intends to allow the company to perform a rigorous self-assessment, uncovering which maturity 

level is the enterprise in, as well as to reflect whether the already defined strategies make sense in the 

unveiled roadmap for Industry 4.0 implementation scenario. The scientific purpose of a maturity model 

also helps to collect data about the current maturity level of manufacturing companies and their Industry 

4.0 strategies, as well as to extract potential success factors – which are important for a further analysis 

in order to correlate these factors with sectors or types of companies, allowing a better understanding 
of what is needed to embark in The Fourth Industrial Revolution [19]. 

 
Table 1 - Industry 4.0 Maturity/Readiness 

Model’s name Source Nº of dimensions Nº of levels 

IMPULS Industrie 4.0 Readiness 2015 [2] 6 6 
Industrie 4.0/Digital operations self-

assessment 2016 

[13] 7 4 

Reifsgradmodell Industrie 4.0 2016 [36] 3 10 

3 Stage Maturity Model for SME’s towards 

I4.0 2016 

[41] 4 5 

Industrie 4.0 Maturity Index 2017 [6] 4 6 

Maturity model for assessing I4.0 2016 [19] 9 5 

Guideline Industry 4.0 2016 [42] 2 5 
Industry 4.0 Selbstecheck  [43] 4 5 

The Connected Enterprise Maturity Model 

2014 

[44] 4 5 
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Defining and assessing Industry 4.0 maturity 

levels – case of the defence sector 2018 

[21] 3 4 

Industry 4.0 Readiness Assessment [45] 3 4 

An Industry 4.0 readiness Assessment tool [7] 6 4 

Industry 4.0 Readiness check [46] 4 5 
 

Before using these models for our analysis, it is important to understand the difference between 

levels of maturity and model’s attributes, in order to obtain a clear comprehension of the differences 
between each model. Attributes essentially decompose the maturity model into easily understandable 

sections [38]. Maturity models do not use a single attribute, and many even use more than one attribute, 

such as, dimensions and sub-dimensions (when the maturity model subject is too complex and needs 

to be further decomposed) [38]. The table above also presents the number of the same type of attribute 

from each maturity model: Dimensions. Dimensions are the amount of areas, related to this concept, 

within the company that the model is taking into consideration – like organization, technology, product, 

operations, Supply Chain, etc. Levels are the number of steps or stages that the company needs to go 

through until a full implementation of Industry 4.0 – for example: new comers, outsiders, beginners, 
experienced, leaders. In this regard, it is particularly interesting to realize that the number of dimensions 

throughout the researched maturity models can vary immensely – from 2 to 9 dimensions. This is due 

to the fact that some models are more specific and production/technology oriented, focusing only in a 

few areas (for example: Guideline for Industry 4.0 [42]; Industry 4.0 Selbstecheck [43]), and others deal 

more with people and the organization itself. There are therefore more dimensions to pay attention than 

what is considered by production/technology-oriented models, as showed by, e.g., Maturity model for 

assessing I4.0. For example, the model Guideline Industry 4.0 2016 is very focused on technology 
(having only 2 dimensions) [42]. By contrast, the Maturity model for assessing I4.0 2016 from 

Schumacher et al. has 9 dimensions, showing its holistic assessment approach of Industry 4.0 [19]. 

What it is more similar throughout these maturity models is the number of maturity stages or levels, 

being 5 the most common number of steps. In fact, by analysing the 13 maturity models in table 1, it is 

possible to realise that the maturity levels vary from 4 to 6. This is the same conclusion reached by 

Diogo Proença when analysing 22 different maturity models [38]. Nevertheless, the author also defends 

that maturity models use various maturity levels, which leads to the non-existence of a standard number 

of maturity levels [38]. 
 The Software Engineering Institute presented the Capabiblity Maturity Model for Software 

version 1.1 in 1993 [40]. Although nowadays there are several Capability Maturity Models for numerous 

areas, this institute proposes 6 overall maturity levels which are presented bellow [47]. In November of 

2010 a Technical report was issued by Carnegie Mellon University where these levels are more detailed, 

for further understanding please refer to pages 24 through 30 from the previous document [48]. 

Maturity level 0: Incomplete – Ad hoc and unknown. Work may or may not get completed 

 Maturity level 1: Initial – Unpredictable and reactive. Work gets completed but its often 
delayed and over budget. 

 Maturity level 2:  Managed – Managed on the project level. Projects as planned and 

performed, measured and controlled. 
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 Maturity level 3: Defined – Proactive rather than reactive. Organization-wide standards 

provide guidance across projects, programs and portfolio. 

 Maturity level 4: Quantitatively Managed – Measured and controlled. Organization is data-

driven with quantitative performance improvement objectives that are predictable and align to meet the 

needs of internal and external stakeholders. 

 Maturity level 5: Optimizing – Stable and flexible. Organization is focused on continuous 

improvement and is built to pivot and respond to opportunity and change. The organization’s stability 
provides a platform for agility and innovation. 

  

Before describing each maturity model of Industry 4.0 considered in this dissertation, and after 

appreciating the differences between the model’s attributes and levels of maturity, it is important to 

understand how these tools are used in the companies. An assessment is a systematic method for 

obtaining feedback on the performance of an organization and identify issues that affect performance 

[38]. In the same work, the author states that these assessments are of extreme importance as 

organizations are constantly trying to adapt, survive, perform and influence despite not being always 
successful [38]. To better understand what they can or should change to improve the way they conduct 

their business, organizations can perform organizational assessments [38]. The same author described 

three possible assessment methods: 

Self-assessment: There are guidelines and forms for an organization to perform self-

assessment; 

Third-party assisted: A third-party helps the organization in applying the assessment method; 

Certified-professionals: Organizations can apply for certifications, in which case, a group of 

competent assessors will perform the assessment; 
All: All of the above; 

 

As proposed by Schumacher et al. 2016, in order to assess a maturity level of a company, a 

three-step procedure should be used [19]. Each phase is described below: 

Phase 1: In this phase, each field of the model should be measured, regarding the company’s 

maturity. This measurement should be done with a questionnaire in the assessed enterprise, where 

each question or group of questions are related to each maturity item. This phase can be considered as 
the development of the input of the model. 

Phase 2: With the information collected in phase one, in this phase is calculated the maturity 

level in each dimension. This phase will provide the output of the model, which is the maturity level itself. 

Phase 3: The third and last phase is the representation of the output of the model. There are 

several ways to represent this output, but their usage will be discussed in chapter 5. 

After an understanding of the phases and types of maturity assessment, as well as their 

meaning and importance, we perform an analysis of each model and their way of using. According to 

Schumacher et al. [19], the most important feature when developing a maturity model is to have a sense 
of the easiness of use because maturity models tend to fail when they are too complex, becoming almost 

not applicable.  
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The models from Table 1, will be detailed to briefly to understand the different approaches 

followed:  

  IMPULS Industrie 4.0 Readiness 2015 [2]; The authors of this readiness model propose 6 

dimensions as well as levels of readiness which are grouped in 3 different classes – the first two levels 

are considered the “Newcomers”, the third level the “learners”, and the last three levels are incorporated 

in the definition of “Leaders”. Nevertheless, there is no statement regarding whether or not the group 
“Newcomers” is a part of Industry 4.0, since this model is about readiness and not about maturity. This 

model is currently, from the survey made, the most quoted model in the literature. It refers a 

comprehensive set of obstacles that companies need to overcome and provides guidelines to achieve 

higher readiness levels. 
 

  Industrie 4.0/Digital operations self-assessment 2016 [13]; This is a maturity model aimed 

for the digital maturity of companies. This model is used as a consulting tool and its input is an online 
self-assessment. It contemplates four maturity levels, and each of them represent a milestone – “Digital 

novice”, “Vertical Integrator”, “Horizontal Integration”, “Digital Champion”. This model appears to have 

7 dimensions, although it is not very clear if they are dimensions or just questions related to Industry 

4.0, since there is no description of the model’s development process or the choice of its dimensions. 

Besides providing a maturity model, this work also assembles a list of hurdles that companies have 

when implementing Industry 4.0. This list comes from one of the biggest surveys ever made, where 

more than 2000 companies took part of it [13]. 
 

  Reifsgradmodell Industrie 4.0 [36]; This article contains the maturity model with the most 

number of maturity levels of Industry 4.0. These 10 levels, at first, seem to allow this model to have the 

double level of granularity than all of the other models, but, in fact, the only example provided in this 

work only shows three stages of development, in level 1, level 5 and level 10 (the maximum). The 

question if this amount of detail is needed or not is not clarified. This model considers three dimensions. 

This is the only model considering “data” as a dimension. The fact that data is one of the most important 

pillars of Industry 4.0 is generally accepted in the literature, but only this model directly assesses it. 
Meaning that the other models assess it in a different way, for example, what does data allows 

processes/products/organizations to do or what kind of data technologies are there.  
 

  3 Stage Maturity Model for SME’s towards I4.0 [41]; This maturity model has 4 dimensions 

and 5 maturity levels, and although there is no description of each dimensions, the levels are duly 

explained.  Being the aim of this work SMEs, it presents some hurdles that this type of companies 
encounter when implementing Industry 4.0 initiatives. This work is based on a tool presented in the 

literature from the same authors of “Maturity model for assessing Industry 4.0” which is called “Strategic 

guidance model” [3]. This tool is essentially a roadmap for the implementation of Industry 4.0 and it 

contemplates 3 stages “Envision”, “Enable”, “Enact”, which are translated by this paper to “Vision”, 

“Roadmap”, “Projects”, respectively. 
 

  Industry 4.0 Maturity index [6]; This is a, more complex than the normal, maturity model that 
is based on two main pillars: “Corporate structure” (4 dimensions) and “Corporate processes” (5 areas). 
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The “corporate structure” can be related to the type of models that are being assessed in this dissertation. 

The “Corporate processes” are the areas within the company that the maturity model is going to be used. 

Each dimension (or structural area) has two main principles, and the company’s maturity of that 

dimension is related to a combination of both. The authors propose 6 levels of maturity divided in two 

different groups. The first 2 levels are integrated within “Digitalisation” and the last four levels are 

considered into Industry 4.0. This work only provides one hurdle that companies have when 

implementing Industry 4.0 initiatives.  
 

  Maturity model for assessing Industry 4.0 [19]; By having nine dimensions, from the survey 

made, this maturity model is the one with the most dimensions, allowing it to cover several areas of the 

Industry 4.0 in the assessment of this concept in enterprises. It uses five levels of maturity. The same 

work assembles some obstacles that companies need to overcome to embrace Industry 4.0 and 

provides a real case application of these model in an industrial Enterprise, proving its applicability. For 

the creation of this model, up to 72 works on maturity models were taken into consideration. It is focused 
on the organizational aspects while trying to transform abstract manufacturing concepts of Industry 4.0 

into items that can be measured in real production environments. 
 

  Guideline Industrie 4.0 [42]; This work presents the guiding principles for the implementation 

of Industry 4.0 in small and medium sized businesses. Being a technology-oriented model, it only has 

two dimensions which are "Product" and "Process", it provides a definition of each assessed field 

considered in the Toolbox making the work very transparent. This maturity model divides each of its two 
dimensions in 5 levels of maturity. This questionnaire, that can be considered as a very simple model 

created to help SMEs to implement Industry 4.0, provides several examples of technologies to enable 

the implementation of Industry 4.0, although no hurdles that this type of companies might encounter.  
 

   Industry 4.0 Selbstecheck [43]; This maturity model for Industry 4.0 seems to be based on 

the previous model [42]. It considers the same two dimensions as the [42] model, but it adds more 

questions and it organizes them into sub-dimensions, allowing these dimensions to have different 
categories inside them. Besides that, it contemplates two more dimensions which are “Organization” 

and “Work”, where both of them also have categories of questions that can be perceived as sub-

dimensions. This model contemplates 5 levels of maturity. In contrast with the previous model, no 

description of the items or the creation of this model were found, as well as, the choice of the 

categorization of these items into sub-dimensions, or presentation of hurdles.  
 

  The Connected Enterprise Maturity Model 2014 [44]; This work contains a technology 

focused assessment in four dimensions. It is a part of a five-stage approach to implement Industry 4.0 

“Assessment”, “Secure and upgraded network and controls”, “Defined and organized working data 

capital”, “Analytics”, and “Collaboration”. This maturity model provides a detailed description of each of 

these steps but does not present any detail about its items or development process of this model. There 

is also no mention of hurdles. 
 

  Defining and assessing Industry 4.0 maturity levels – case of the defence sector 2018 
[21]; Although this model only contemplates 3 dimensions in it, they are very well connected amongst 
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them. “Factory of the future” stands for the types of technologies that are there to implement in a factory, 

then how do “People & Culture” use and interpret the use of it, and finally, which “Strategy” is there to 

achieve the end goal. The first mentioned dimension has eight sub-dimensions, where each one of 

these fields is directly related to a specific technology or technological field, as, for example, in Big data, 

or sensors. There are four maturity levels considered, and each sub-dimension needs to have a 

minimum “score” to be positioned in each level. In the same work, an application of this model to 12 

companies, all of them from the same sector, i.e. defence. For this application, 14 experts were chosen 
to help the process, supporting the claim that most companies do not have the ability to assess their 

own Industry 4.0 maturity [19].  
 

  Industry 4.0 Readiness Assessment tool [45]; This work contains a readiness model that 

was developed based on an assessment of the introduction of Industry 4.0 in 60 SMEs. The present 

model has only three dimensions, but each dimension has several sub-dimensions – adding up in a 

total of 20 assessed items. It contemplates only four levels of readiness which are quantitative, that is, 
each sub-dimension is rated from 1 to 4, and no requirements for each step are established. 

Nevertheless, the work only contains the “base version of the assessment tool”, and, due to this, the 

authors assume that the developed tool does not provide concrete values or answers. Also, this work 

explains that each company can arbitrarily personalize this tool – with the help of experts – which leads 

to the conclusion that it would be quite hard to benchmark companies using this tool. 
 

  An Industry 4.0 readiness Assessment tool [7]; This works is originated from a collaboration 
between the University of Warwick, Crimson&Co, a global management consultancy firm, and Pinsent 

Masons, an international law firm. The outcome is a very detailed readiness assessment tool that 

comprises 37 sub-dimensions within 6 dimensions. The model has 4 levels of readiness and they are 

defined for each of the sub-dimensions. Alongside with the explanation of each sub-dimension, in each 

core dimension chapter, there is a discussion about some of the tangible metrics found amongst 53 

interviewed companies. These metrics prove the model’s applicability and capability to produce a 

concrete outcome.  
 

  Industry 4.0 Readiness Check [46]; This work is developed from the authors first-hand 

experience of how manufacturers are approaching Industry 4.0. This readiness model has taken into 

consideration in its development process both readiness models of IMPULS and from Agca et al. [2], 

[7]. It contemplates 28 assessment items, where most of them are divided into 5 levels of maturity. It 

does not include any hurdles that companies undertake when undergoing I4.0 initiatives, but, from the 

model's description, it seems to take some of them into consideration, through the authors' experience. 
 

2.7. Suitability of Maturity Models of Industry 4.0 for 
manufacturing SMEs 

All of these maturity models for Industry 4.0 exist to help enterprises to implement this concept 

in their day-to-day business and to embrace the digitalization endeavour in this sense. Although the 
literature already mentions some models with the objective of overcoming growing uncertainty and 



 20 

dissatisfaction in manufacturing companies regarding the Fourth Industrial Revolution, according to 

Schumacher et al. 2016 [19], new methods and tools are needed to provide guidance and support to 

align business strategies and operations. The latter source grounds its statement with the outcomes of 

several strategic workshops, which are 1) the serious difficulty that companies have in grasping the 

concept of Industry 4.0 and 2) particular concepts hereof [19]. While referring this need of development 

of new tools, the same source also states that, a special attention needs to be given to Small and 

Medium Enterprises [19]– which is exactly the contribution that this work wants to achieve. Although the 
latter source does not provide any basis for the previous statement, the research done for this 

dissertation supports that claim, since most of the hurdles and obstacles that companies experience 

when implementing this concept are related to small sized companies – this analysis is done in the next 

chapter.  

Industry 4.0 and its components are associated with clear business objectives [2], [5], [7], for 

example, with the opportunity to enhance the efficiency in the production and management systems, as 

well as possible higher revenues. According to the study presented in the work of Lichtblau et al. in 

2015, these objectives, and the importance of each one of them, depend greatly on the size of each 
company [2]. Because this work is about SMEs, it is of high importance to understand why this type of 

companies would embrace Industry 4.0, and what are they expecting from doing it. IMPULS work 

contains a study that has tackled questions like these [2]. The most important objective for SMEs (20 to 

99 employees, as defined in the same study) is aiming for higher revenues. More than 60% of the 

companies surveyed expected Industry 4.0 to boost their revenues mainly by opening up new business 

models’ opportunities through expanded product, service portfolios, or high customers retention rates 

[2]. The same study also provides the most important objectives for different sized companies: (i) 
medium-sized companies (100 - 499 workers) are counting primarily on increasing efficiency in their 
production system; (ii) for large companies (+500 workers), both of the mentioned most important 

objectives carry equal weight. It is thus very important to realise that each company may have its own 

milestones and end goals. In fact, according to two sources [6], [18], it may happen that the highest 

maturity level is not the best for a certain company. Each company should do an assessment to 

understand, with its own goals, which maturity level is best suited. If the enterprise cannot perform this 

assessment itself, either by lack of resources or because there is not enough knowledge regarding the 

concept, an external auditor should be deployed, which is the most common case according to 
Schumacher et al. 2016 [19].  

Moreover, Lichtblau et al. in 2015 affirm that large enterprises are more advanced in 

implementing Industry 4.0 than small medium sized businesses [2], which confirms this need for special 

attention regarding SMEs. From the research made, only two assessment tools are especially 

developed for SMEs - the “Guideline Industry 4.0” and “3 Stage Maturity Model for SME’s towards I4.0” 

[41], [42]. Nevertheless, none of them provides a holistic approach of the assessment regarding maturity 

levels considering SMEs – as can be confirmed by the description of these models above in Table 1. 

The goal of this current work tackles manufacturing Small Medium Enterprises, as it develops a model 
that is a synthesis of maturity models for Industry 4.0, especially adapted for this type of companies. 
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3.  Dissertation’s research approach 
3.1 Goals of this work 
The present thesis has two main objectives. At first, the thesis had the goal to understand which 

tools existed in the literature to help the SMEs implementing Industry 4.0 – within these tools the focus 

are the maturity/readiness models. To accomplish this objective, a literature review of the 

maturity/readiness models for Industry 4.0 was made, along with an analysis of the characteristics that 

these tools should have to suit SMEs. After this review, it was understood that most of the models fell 
short to help the SMEs in this implementation. The second main goal appeared after this latter 

conclusion. Since none of these models were either broad enough to tackle the concept of Industry 4.0 

as a whole, nor had enough granularity in the initial maturity levels. The decision was made to develop 

a framework that incorporates maturity models for Industry 4.0, while being especially developed for 

manufacturing SMEs. This artefact can be seen as a synthesis maturity model that assembles 6 already 

tested maturity/readiness models for I4.0. Therefore, a maturity model for Industry 4.0 that can be 

applicable in a real case scenario and that is suitable for the SMEs was elaborated. To confirm its 

applicability, a case study in a non-repetitive production Portuguese SME was performed, and its 
maturity level was measured.   

To achieve the first main goal, it is necessary to define what a Small and Medium Enterprise is 

and precede to dissect its usual hurdles. These struggles are related to the implementation of Industry 

4.0 by any type of company, and they are presented in Chapter 2. The second step consists of an 

analysis of the dimensions of the maturity/readiness models, although there are different approaches to 

Industry 4.0 and there is not a concept definition agreed by all researchers, there is a limited amount of 

areas that this concept comprehends. To allow a better understanding of how each model considers the 
phases of the process until the full implementation of Industry 4.0, it is necessary to look at the number 

of steps or levels of maturity that each model has. 

The second main objective of this thesis is only feasible after this analysis process is done – 

the conclusions that arise after these three analyses (Models dimensions, Models levels, and hurdles), 

call out for a development of a new model of maturity for Industry 4.0. A comprehensive framework that 

suits the SMEs is developed in the next chapter. For this model to be suitable for SMEs, it needs to take 

into account their hurdles and struggles, when implementing the concept that is being assessed, and at 

the same time comprise a holistic approach to Industry 4.0, while having enough degree of detail in its 
assessment. A validation of its applicability is performed through a case study in a non-repetitive 

production Portuguese SME. This real-case application defines the company’s maturity level in Industry 

4.0. To help enterprises understand the achievability of the Fourth Industrial Revolution, two simple and 

low-cost digitalization examples are proposed – along with an analysis of their effect on the company’s 

maturity level in the proposed model, and a comparison with how the implementation of these proposals 

would reflect on the maturity level of some of the models presented in the literature.  

The main focus of this chapter is to contextualize the usual implementation struggles of Industry 

4.0 in the SMEs environment, to analyse the maturity models’ dimensions, and to appraise the levels of 
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the maturity/readiness models exhibit in Table 1, chapter 2. After this analysis, the void found in the 

literature is exposed, and a methodology to fill this gap is proposed.  

 

3.2. Definition of Small and Medium Enterprises 
SME’s are indispensable in all economies, they can be described as a driving force of business, 

growth innovation, competitiveness, and are also a very important employer [49]. As previously 

mentioned, the aim of this thesis is to help SMEs to take part in the “wave” that is the Fourth Industrial 

Revolution. Before any type of analysis, it is important to define what an enterprise is, as well as which 

characteristics do small and medium enterprises have. The European commission already provides a 

definition of what an enterprise is: “An enterprise is considered to be any entity engaged in an economic 

activity, irrespective of its legal form. This includes, in particular, self-employed persons and family 

businesses engaged in craft or other activities, and partnerships or associations regularly engaged in 

an economic activity” [50]. Regardless of the core business of an enterprise, there are already some 

data that helps to distinguish enterprises by size. Once again, the EU recommendation 2003/361 

provides an insight into until which extend do SME go and, what type of companies are inside this 

definition and the difference between a micro, small and a medium enterprise [50]: 

Definition of Medium enterprise: “The category of micro, small and medium-sized enterprises 

(SMEs) is made up of enterprises which employ fewer than 250 persons and which have an annual 

turnover not exceeding EUR 50 million, and/or an annual balance sheet total not exceeding EUR 43 

million”. 

Definition of Small enterprise: “Within the SME category, a small enterprise is defined as an 

enterprise which employs fewer than 50 persons and whose annual turnover and/or annual balance 

sheet total does not exceed EUR 10 million”.  

Definition of a Micro enterprise: “Within the SME category, a microenterprise is defined as 

an enterprise which employs fewer than 10 persons and whose annual turnover and/or annual balance 

sheet total does not exceed EUR 2 million”. 

In this present thesis, this definition will be adopted, which means that whenever the term SME 

is used, it is referred to a company that has never more than 249 employees and an annual balance 

sheet not exceeding 43 million Euros.  

There are already some works that tackle the characteristics that SMEs have, as is the case of 

Gélinas et al. 2004 [51]. This work aims to correlate features and characteristics of SMEs to logistics 

integration. To do so, the authors perform a literature research and present a table with the most 

important characteristics of SMEs, and whether they are favourable or not to logistics integration. Once 

the focus of this dissertation are SMEs, it is important not only to define them, but to supply a list of 
characteristics that this type of companies have. The characteristics presented by Gelinas et al. in 2004 

are presented below [51]: 

- The extend of the owner/manager’s involvement (direct contact with operations); 

- Entrepreneur’s objectives of sustainability and growth; 

- Need for independence combined with a low propensity to delegate and consult; 
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- Focus on effectiveness rather than efficiency; 

- Need for autonomy and independence; 

- SME intrinsic flexibility; 

- Simple decision-making process focused on immediate action; 

- The organizational structure of SMEs, which is conducive to internal and external 
interactivity; 

- Under-utilization of information technologies; 

- Strategic planning over a relatively short timeframe; 

- Less formal transfers of information between organizational and operational levels; 

- Less precise division of responsibilities;  

- Small size of production lines, workstations and workshops;  

 

This definition and characteristics are the designations of SMEs that will be used throughout 

this dissertation for this type of companies. 

 

3.3. Contextualization of Hurdles 
The previous chapter, discusses and assembles the hurdles found in the literature, that 

companies have encountered, when trying to implement this concept – annex B. The most extensive 

lists of hurdles that were found in the literature were found being provided by consulting firms, as 

explained in the previous chapter, these firms have a close relation with a lot of companies, making 

them one of the main drivers of this implementation throughout enterprises and sectors. Through the 

usage of their own maturity models, some of these consulting firms have been assessing the maturity 
level in hundreds of companies and implementing Industry 4.0. Apart from this practice, these 

companies also perform several surveys to understand how this concept in affecting the companies and 

what these companies’ prospects are. One example is the work of IMPULS, that took into consideration 

up to 232 companies from April until July of 2015 [2]. Some other companies, as is the case of 

BearingPoint only assess 50 enterprises [35]. PricewaterhouseCoopers performed a survey related to 

the Fourth Industrial Revolution that had more than 2,000 participants in 26 countries and covered 9 

major industrial sectors [13].  

The work of IMPULS is the only one that relates problems with the size of companies. For the 
development of this work, this categorization will be taken into consideration, although the definition of 

SMEs by this source does not match exactly with the previously enunciated definition – as in this study, 

a small and medium enterprise has between 20 and 99 workers [2]. By analysing the table 4, presented 

in the annex B, and combining it with the categorization provided by IMPULS work, it is possible to 

contextualize the hurdles for this type of companies, and to examine if they are contemplated in other 

works.  

The purpose of this analysis is to bundle and to categorize the hurdles to get a better sense of 

what are the main categories of hurdles that SMEs encounter when implementing Industry 4.0 initiatives. 
This analysis is taken into consideration throughout the development process of the model presented 

in the next chapter, section 4.5. Taking these categories of hurdles into regard, is one of the ways to 
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create a model that is adapted to SMEs. With the information contained in annex B (table 4), it is possible 

to analyse which are the hurdles that appear the most in the literature, in order to obtain a top or the 

most common hurdles that appear in the literature. Some of the hurdles have a different description, but 

they essentially represent the same idea. Once this work aims for a development of a maturity model 

that takes into consideration companies’ hurdles, for this consideration, we opted to group these hurdles 

in similar groups – this way, the model is related with the idea behind the hurdles, not the obstacles 

themselves. This grouping of obstacles is essentially to simplify the usage of hurdles in the maturity 
model, developed in the next chapter. In the table below, the hurdles are bundled in different categories. 

The table is divided in two parts, the first part are the categories that Lichtblau et al. define as directly 

related to SMEs, the last two columns are categories that are not directly related to SMEs but are 

important to them nonetheless [2].  

After the categorization of these hurdles, the Figure 14 presented in annex D shows the amount 

of times that each of these dimensions is stated by the considered sources. This way, it is possible to 

understand, which of these categories are mentioned the most in the literature – thus, which hurdles 

appear to be the most important. It is also visible why did both categories “Willingness to change” and 
“Financial Budget” were taken into consideration in the last table. Although the work of IMPULS did not 

relate them directly to SMEs – meaning that these hurdles are the most important to a bigger type of 

company – their importance can be witnessed in the image presented in annex D. Out of six sources, 

they were mentioned in three and four of them, respectively. Moreover, the category of “Financial budget” 

is perceived as a main hurdle for SMEs by Darnley et al. 2018, in a work of implementation of Industry 

4.0 that took into consideration up to 60 SMEs [45].  

The table 7 present in annex D enables an analysis of which categories of hurdles are the most 

present in the literature. The premise that the work of consulting firms are the ones that provide the most 
extensive lists of hurdles is confirmed in Table 7. The importance of a hurdle can be interpreted as the 

amount of times that a category was enunciated in the literature. This deduction is based on the premise 

that, for a hurdle to be enunciated in a work, the authors must have considered important to choose that 

hurdle and not others. It is thus possible to extract from Table 7 the most important categories of hurdles 

that should not be missed out in the development process of an Industry 4.0 maturity model that is 

adapted to enterprises that are being introduced to the concept, especially SMEs. The most important 

categories are “Skilled labour” and “Economic benefit”. Followed by “Financial budget”, “Internal 
Problems”, “Lack of clarity” and “Data security”. These categories are taken into consideration in the 

maturity model’s development process in Chapter 4, helping the model to properly accommodate SMEs.   

 

3.4. Analysis of the maturity models 
3.4.1 Maturity models’ dimensions 
In the previous chapter, an overview analysis of the maturity models considered in this work 

was performed – where the maximum and minimum number of dimensions and levels was compared. 

The Table 1 contains 13 chosen models and the number of dimensions and levels that each has. Still 

in the last chapter, the CMM levels were explained, and a summary of each of the chosen models was 
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done. This section is responsible to analyse how each model defines their maturity levels and to 

understand which of the dimensions were the most considered in these maturity models.  

For the development of this work, thirteen models from the literature were chosen. Naturally, as 

each author has their own perspective of Industry 4.0 and its constituents, each work comprehends 

different aspects of Industry 4.0. There are no wrong models, just different perspectives and applicability 

scenarios that were taken into consideration, when each model was developed. Even if different authors 

perceive the same pillar of Industry 4.0, they might name it differently. It was assumed in this analysis, 
that the name of the dimension is not important, but the idea behind the dimension is what matters, if a 

meaningful model is to be created. In the Figure 15, the analysis of the considered dimensions in each 

maturity/readiness model of Industry 4.0 is shown. 

The first column of Figure 15 contains the idea that each dimension represents, and the first 

line consists of each considered model. There are two types of letters that represent the connection 

between the first column and the first line – the letter “X” and “S”, with black and grey colours, 

respectively. The “X” signifies that the idea of the dimension is considered in a certain model. The grey 

“S” stands for the consideration of that idea in a certain model, but only as a sub-dimension – which 
means that was the importance given by the authors of that specific model was not enough for that idea 

to be considered as one structural part of Industry 4.0. Nevertheless, that idea was still considered in a 

model with the “S”, which makes it relevant to expose that consideration in the image above. The red 

triangles and the yellow entries in the table above present in the cells of either “X” or “S”, signify that the 

idea of the respective dimension or sub-dimension was considered in that model, but under a different 

name.  

From Figure 15 it is possible to extract which dimensions of Industry 4.0 are being considered 

the most by the experts. Some of them are extremely specific, as “Digital business model and customer 
access”, thus, not being considered in more than one model. The purpose of this analysis is to 

understand which of the dimensions are the most considered in the literature. This is important if a model 

is going to be developed, so it is aligned with the work previously done. 

3.4.2 Maturity models’ levels 
After analysing the most important dimensions of Industry 4.0 by taking the maturity/readiness 

models into consideration, is important to analyse their maturity levels. The analysis of the models’ 

maturity levels allows a better understanding of which stages of process until the full implementation of 

Industry 4.0 are considered by these models. Due to this reason, this analysis is decisive in a 
development process of a model. 

In the previous chapter, Table 1 contains the different number of steps that the considered 

models have, and they are: 4,5,6,10. It is assumed that the 10 levels provide essentially the same 

degree of granularity as 5 levels. Thus, there are only three different approaches of levels to consider: 

4, 5 or 6. Four of the models have four steps and other two models have six steps, all of the other ones 

have five. As stated in the previous chapter, most of the models seem to base their levels on the 

Capability Maturity Model work done by Carnegie Mellon university.  

The work of IMPULS affirms that Industry 4.0 readiness increases sharply with the size of the 
company [2]. In fact, Lichblau et al. 2015 categorizes companies that are situated in the initial levels as 
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“new comers” and affirms that 3 out of 4 companies are situated in this category [2]. This leads to the 

SME placement on the initial levels of maturity/readiness. This placement can be seen as one of the 

main constrains that the maturity/readiness models have is that the SMEs are situated in the initial levels. 

This results in an ineptitude of these tools to provide useful insights to this type of companies. This 

happens because most of the models consider 4 or 5 levels of maturity, where their level 0 in the mere 

introduction to this concept and the fifth is a full implementation, as is the example of the models 

presented in [2], [6], [7], [13], [19], [21], [36], [41], [45], [43]. To exemplify the latter conclusion, two 
examples of parts of maturity models are presented. These examples serve for the purpose of 

representing and disclosing the lack of granularity present in the initial maturity/readiness levels of the 

models presented in the literature.  

The first example is taken from the maturity model of the consulting firm 

PricewaterhouseCoopers with only 4 levels of maturity [13]. In the dimension of “Digital business models 

and customer access” the first maturity level stands for “First digital solutions and isolated applications”, 

whereas the second maturity level is achieved when the “Digital product and service portfolio with 

software, network (M2M), and data as a key differentiator”. The lack of granularity in this model is 
extremely clear, since between both levels there are a lot of requirements for the company to fulfil. Even 

if only one requirement was to be chosen, for example M2M communication, there are a lot of levels 

that this requirement comprehend. This lack of detail in the maturity model can be a consequence of 

the choice of dimensions that this model assesses, and the extend that each dimension goes. As 

explained above, dividing the whole process of implementing Industry 4.0 in only 5 levels, is showing to 

be too superficial.  

For the second example, a model with a higher level of granularity (because it has more 

dimensions and more levels of maturity) was picked [43]. In the assessment item related to production 
planning, the level 0 of maturity corresponds to ad-hoc orders of production, the level 1 is achieved 

when the company utilized Excel to predict what to produce, and the level 2 of maturity is reached when 

the company utilizes ERP systems for planning in real time. All of the companies that already plan their 

production but either from the experience of the workers, or from paper-based data are situated in the 

level of maturity 0. Moreover, companies that have ERPs integrated with their production, but the data 

is not in real time, or enterprises that plan their production based on Excel but can already have real 

time data in it, are in the same first level.  
Both of these examples serve to explain the effect that the lack of granularity has in the 

placement of companies in the models’ maturity levels. In fact, companies that have different 

characteristics and different levels of aptitude to implement Industry 4.0 are considered in the same 

level of maturity. Some models provide guidelines for each level of maturity, but if the spectrum of 

companies that are considered in these initial maturity levels is very wide, then, these guidelines might 

not be useful for most of the companies considered in them. 

3.5. Gap exposed from the literature 
After understanding the lack of granularity that maturity/readiness models can have, an analysis 

of the two models that, at first glance, seem to have tried to overcome this issue is performed. The way 

“IMPULS Indrustrie 4.0 Readiness 2015” and “Industry 4.0 Maturity Index” have tried to do this is by 
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“opening” their first level in two different ones [2], [6]. Even if the latter tackles maturity and the former 

broaches readiness, as revealed by their respective names, both of them understood the need to 

increase their granularity, thus detail, regarding their first maturity level. This is the reason why they both 

accommodate six steps to achieve the highest maturity level, instead of just five. With the goal to 

understand the approached used by these models to overcome the lack of granularity, an analysis of 

these models’ initial levels is perfomed: 

 

• Industry 4.0 Maturity index [6]; Its first level is “computerization” – In this stage, different 

information technologies are used separately in different areas of the business allowing for data 

collection and is the first step to achieve “digitalization”. Connectivity is the second level – here, 

the isolated deployment of information technologies is replaced by connected components. The 

levels of maturity of this model are categorized into two different groups, the first two levels are 

contemplated into “Digitalization” and the last four steps are within “Industrie 4.0”. This implies 

that the authors consider digitalization as a pre-requisite of Industry 4.0.  
  

• IMPULS Industrie 4.0 Readiness 2015 [2]; Its first level is called “Outsiders” – in this stage the 

company is unaware and does not meet any requirements of Industry 4.0, which means, for 

example, that there is no usage of ICT, and no data is being collected. The second level is the 

“Beginner” level – Here, the company is involved with Industry 4.0 but only through pilot 

initiatives. There are also some information technology systems in use but only in a few 
production systems and in-company information sharing is limited to a few areas. Both of these 

levels are grouped in a category that goes by the name of “New comers”. For these authors, as 

soon as a company has some information technology systems, it is already inside the Fourth 

Industrial Revolution [2].  

 
Considering the levels of the two models just described, it is possible to derive that the first level 

of the IMPULS model is not comprehended in neither of the Industry 4.0 Maturity Index levels of maturity, 

since there is no use of ICT and data is being collected. It can be considered that this first IMPULS level 
is a step before Industry 4.0 Maturity Index own first level;  

Moreover, the second level of the IMPULS model comprehends both of the first and second 

levels of the Industry 4.0 Maturity Index. This indicates that both models differ in their level of detail. In 

fact, while the requisites that a company needs to fulfil to achieve the second level of maturity of Industry 

4.0 Maturity Index are divided in two (initial) levels, in IMPULS model this leap is comprehended in only 

one level [2]. An example of these requirements can be seen in the two bullet points above this analysis. 

Contrary to what was thought prior to this analysis, only one of the models opened its initial levels, 
Industry 4.0 Maturity Index. The difference between IMPULS model and most of the considered models 

in Table 1 with five levels of maturity is that, it contains the first level which considers companies that 

are completely unaware of Industry 4.0, and the other model do not consider these companies. In 

contrast, Industry 4.0 Maturity Index opens its first maturity level into two however, it does not consider 

any of these initial steps as part of Industry 4.0 [6]. Both of these sources, understood the importance 
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of a bigger detail in their maturity levels, which shows a forward step in the approach of augmenting the 

granularity level of the initial levels.  

It’s possible to deduce from this analysis that a more detailed and supported approach of the 

initial maturity levels is lacking but it is possible, and it should consider the best detail of each maturity 

model for all concerned levels. This approach is important because the current ineptitude of the maturity 

models is also related to the lack of granularity in these models’ levels. From one side this detail and 

supported approach is needed due to the lack of concrete outcomes that SMEs can extract from these 
model, because most of them are in the initial levels, even if, in the SMEs universe, some are way more 

capable of implementing Industry 4.0 than others – because they already have some digitalization or 

are collecting data, but only on paper, for example. From another side, it is important to consider the 

complexity of the transformation that a company undertakes for the implementation of this concept, 

especially for SMEs [6]. In fact, there are some authors that suggest the development of tools that are 

adapted to this type of companies [19], [41]. The literature has already some works that contemplate, at 

the same time, a maturity model and a list of hurdles that companies have when implementing this 

concept, but it is not clear if these models contemplate these obstacles, since no systematic approach 
that correlated the hurdles and the development of the respective models were found in these works. 

To conclude, there is a need for a comprehensive model that, not only has a more detail, i.e. 

granularity, especially in the initial levels than the ones presented in the literature, while keeping its 

holistic approach to the concept, but also considers the hurdles and obstacles that SMEs have when 

implementing Industry 4.0 initiatives. This thesis proposes a methodology with the objective of 

developing a model that is adapted to enterprises that would like to or are in the beginning of the journey 

to implement Industry 4.0, especially SMEs.   

 

3.6. Approach followed in this dissertation  
A methodology to fill the referred gap in the literature is proposed in this last section of the 

current chapter. This methodology can be seen as the research approach that was used in this 
dissertation. This thesis development steps aim for a correct assessment of an SME maturity level in 

Industry 4.0. For this evaluation to be accurate, the used tool needs to be suitable for companies that 

are being introduced to Industry 4.0. For the maturity model to be useful and applicable for SMEs, it 

should take into consideration the already developed and used models, and the hurdles that this type 

of companies have, need to be kept in mind, during its development process.  

The used methodology is composed by five main steps and they are sequential, i.e. each step 

is the basis for the upcoming one. This means that no step started being developed without taking into 

consideration the work done in the previous step. The five steps of the methodology are: Research, 
Defining, Model, Questionnaire, Implementation, which are explained below. 

 

Step 1 - Research: 
First of all, an extensive research of maturity/readiness models for Industry 4.0 was performed 

in order to identify which approaches have already been tested or presented. Some roadmaps for 
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implementation of Industry 4.0 were also looked into, in order to comprehend how these maturity models 

can be used by the companies. This step has been already explained in chapter 2 of this present 

dissertation.  

Once the aim of this work is to help SMEs in the process of implementing Industry 4.0, it is 

possible to summarize the relevant facts for these type of companies, extracted from this research. The 

most relevant facts are: the position where most SMEs are in these models (usually in the initial levels 

of maturity); the general awareness that SMEs have more struggles, compared to big size companies 
when approaching Industry 4.0 (which fundaments their position in these models, compared to big size 

companies); and the lack of tools directed to SMEs (one of the palpable contributions of this thesis is 

related to this last point). 
 

Step 2 - Defining: 
At this stage, the literature research continued however, it was focused on the struggles that all 

types of companies have when approaching Industry 4.0. This struggles/hurdles that are presented in 

the literature come from companies or institutions that have tried to implement or introduce Industry 4.0 

to either their own, or to other companies. After this research, an analysis of this problems converged 

in a definition of the SMEs hurdles regarding Industry 4.0. This contextualization of hurdles in the context 

of SMEs was performed in the sequence of the previous research (Step 1), since there are already 
papers that give a hint on the importance of struggles for each type of Industry 4.0 readiness – as is the 

case of IMPULS readiness model [2]. Thus, through the studies and articles already published, a list of 

the most important hurdles of SMEs was assembled.  

At this moment, literature agrees in some significant problems for SMEs when approaching this 

concept. On the one hand is the uncertainty about the economic benefit that these companies have, 

also related to money; on the other hand, the financial effort for acquiring new technologies and their 

limited budget is very important. Also, the lack of experience, competences or knowledge from the 

human resources about this concept is one of the main constrains. It is evident the existence of a 
correlation between these three hurdles, for example, if the company cannot assess their level of 

maturity, they cannot proceed towards Industry 4.0. One of the options is to pay an external auditor to 

do it for the enterprise, but then, it is needed to pay to this expert, which is linked with another hurdle 

that is the financial budget of the company. Nevertheless, if there was an assurance that, there would 

be an economic benefit in joining this Fourth Industrial Revolution, it might be worth the financial 

commitment. The development of this step started in chapter 2, with the collection of the hurdles for all 

types of companies and finished in the third chapter, together with the contextualization of them to SMEs. 
 

Step 3 – Framework: 
After analysing the literature, it was possible and necessary to create an assessment tool to 

appraise this type of companies. There are two possibilities in this step: either choose a model that is 

the most adequate for the SMEs from the previous research done, or if there is none, to create a new 

maturity model. 
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This dissertation does not create a maturity model from the scratch. This work aims for the 

development of a framework that incorporates a synthesis maturity model. This proposed model can be 

seen as a combination of previously developed models, and it was found enough for the goal of this 

methodology, as shown in chapters 6. The previous step is critical for the development of this model, 

once the assessment of the main hurdles of SMEs allows a more accurate sensibility of what their 

struggles on the implementation of this concept are, when assembling the already developed maturity 

models into one. This step is tackled in the next chapter, where not only this model is presented, and its 
dimensions and sub-dimensions characterised, but its development process is described.  

 

Step 4 – Model: 
This is the natural step after the creation of a Framework, as it contains a creation of a survey 

to assess the SMEs in Industry 4.0. A maturity model is a tool to assess an organization or enterprises 

maturity in a certain concept, but there is a need to do the actual assessment if conclusions about the 
company state are to be made. A creation of a questionnaire is one possible answer, as is a practical 

usage of a maturity model. In this step, a questionnaire was created in agreement with the maturity 

model developed in Step 3 of this methodology.  

This survey takes into account the hurdles and needs defined in Step 2. The questions that are 

in this questionnaire are related, not to the dimensions of the model itself, but to the sub-dimensions. 

The dimensions are the way the survey is structured, as in, how many areas does this survey covers, 

but the specific questions attribute a level of maturity to each sub-dimension. Depending on the 

complexity and comprehensiveness of each sub-dimension, the number of questions related to it, varies. 
  

Step 5 – Implementing: 
To conclude this methodology, a real application in a company of the maturity model 

questionnaire developed for Industry 4.0 was performed. Only this way is possible to prove the 

applicability of it, and consequently, this maturity model. 

The outcome of this step is an assessment of the company’s maturity level in the developed 
model. To examine the contribution that this model adds to the literature, i.e., its accommodation for the 

SMEs, this assessment, was performed using another model. This allows the comparison of both 

models and conclude, whether this model is different or not from the models presented in the literature 

(even if the developed model was not done from the scratch and its foundations are the other models). 

The process of using the questionnaire in a company, to assess the company’s maturity level, was done 

as an audit, which is explained in chapter 6 taking as example a non-productive production Portuguese 

SME. 
 

Following the proposed methodology, allowed not only the development of a maturity model of 

Industry 4.0 that is suitable for SMEs as well as other types of companies that are in the beginning of 

the implementation journey, but also the implementation of this tool. This implementation allowed the 

company to have its maturity level of Industry 4.0. This level is important if goals for each area of the 

company are to be set [36].   
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4.  Maturity model’s framework 
In this chapter, a framework containing the dimensions of a maturity model that is directed to 

SMEs by aiming to help them adopting Industry 4.0 in their respective businesses, is proposed. In the 

next chapter, the inputs and outputs of this model are explained. This input comes in a form of a 
questionnaire that companies can use to assess (either themselves or with the help of an external expert) 

their maturity level. The output, is shaped as two net charts, and allows companies to visualize their 

maturity level in Industry 4.0. 

This chapter starts with an explanation of the development process of this artefact. It aggregates 

a list and an explanation of the maturity/readiness models that were taken into consideration for the 

development of this synthesis model. Furthermore, an analysis of the model’s dimensions is performed, 

in order to understand the most relevant dimensions across the six chosen models. After this analysis, 
a description of the model’s dimensions and consequent sub-dimensions is performed.  

This chapter ends with an explanation of the influence that the main categories of hurdles that 

SMEs experience when implementing Industry 4.0 solutions have in the development process of this 

model. Still in this chapter, a clarification of the different level of granularity that this model has in 

comparison with the chosen models is made. Lastly, a comparison of the degree of comprehensiveness 

of the proposed model and each of the chosen models is performed.   

 

4.1. Development process of the proposed model 
Developing a maturity model can be a difficult task, due to the number of dimensions and sub-

dimensions involved [52]. To ease this exercise, and to get a fairly grounded model, a combination of 

the dimensions and sub-dimensions is proposed, by considering previously developed models. The 
proposed model can be seen as a synthesis of six of maturity/readiness models for Industry 4.0 

presented in the literature. This way, the proposal of this work is aligned with the relevant literature, 

although its contribution focuses only in a specific area, which is the model’s suitability for enterprises 

adopting Industry 4.0, specifically for SMEs.  

The previous chapters two and three highlight 13 works on maturity models for Industry 4.0. In 

the development process of the current maturity model for Industry 4.0 that considers SMEs, only 6 of 

these works were taken into consideration. The explanation of the reasons to select these models is 

presented below. These 6 assessment tools include maturity and readiness models, as well as some of 
their correspondent questionnaires. Within these chosen models, there are different approaches to this 

concept. These approaches reflect the amount of detail provided by each models’ sub-dimensions. 

Some models focus in the technology used in the production sites as well as in the product itself, while 

other models’ aim is to assess which kind of changes are allowed by these technologies. The six models 

are the following: 

- Model 1: VDMA Industrie 4.0 Forum, Guideline Industrie 4.0: Guiding principles for the 

implementation of Industrie 4.0 in small and medium sized businesses 2016 [42]. At first, this toolbox 

does not resemble a model, but guidelines that SMEs should follow to correctly implement Industry 4.0. 
These toolbox contemplates 5 different steps, which can be perceived as maturity levels in the 
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corresponding sub-section/sub-dimension/assessment items. The assessed fields in this 

questionnaire/toolbox, as well as their importance are described in this work, making the assessment 

very transparent, and clear what is being assessed in it. As shown in Figure 15, this tool only considers 

two dimensions and both of them are technology related. This framework was primarily chosen due to 

its focus on the steps that should be taken by SMEs in order for them to implement Industry 4.0.  

- Model 2: Mittelstand 4.0 Kompetenzzentrum Chemnitz [43]. As already mentioned in chapter 

2, this model seems to be based on Model 1 just referred. Despite being inspired on it, two new 
dimensions are introduced. This model structures its assessment approach in a different way than Model 

1, since it contemplates four dimensions, eleven sub-dimensions (the introduction of these items are 

the structural difference) and corresponding 41 questions. In contrary to Model 1, which presents a 

detailed description of each dimension and the model’s development process, this work only provides 

questions categorized into dimensions and sub-dimensions. Like the previous model, it comprehends 5 

stages until the full implementation of Industry 4.0. However, being it based on the previous mentioned 

model, it has a focus on SMEs, which is useful for the creation of the model proposed in this work. 

Furthermore, it includes details about organization and employees, that the previous model does not 
contemplate which means that this model provides an approach with a broader assessment.  

- Model 3: A. Schumacher, S. Erol, and W. Sihn, “A Maturity Model for Assessing Industry 4.0 

Readiness and Maturity of Manufacturing Enterprises,” in Procedia CIRP, 2016 [19]; This model was 

chosen due to detail and comprehensiveness provided by its number of dimensions – 9 dimensions in 

all – and the amount of different sources considered. Up to 72 works on maturity models were taken 

into account in this case. As the previous two models, the process of implementing Industry 4.0 is divided 

in 5 maturity levels. Furthermore, the work that describes this model an exhaustive explanation of its 

background as well as the methodology used to develop it. Also, this work provides some insights about 
the implementation of Industry 4.0 in companies including SMEs.  

- Model 4: K. Dr. Lichtblau et al., “Impuls INDUSTRIE 4.0 READINESS,” Vdma, 2015 [2]; 

Considered as the most transparent and detailed model in the literature by Pessl et al. [18], this model 

is based on a comprehensive dataset and details about dimensions, items and its assessment approach 

[19]. This model presents a full readiness assessment with six dimensions and eighteen sub-dimensions, 

as well as six very thorough levels of readiness towards Industry 4.0, which represents a very detailed 

vision of this concept. Also, a lot of statistics are mentioned, as well as insights and examples regarding 
its implementation. This is one of two considered sources providing not only a model but also a complete 

questionnaire, highlighting its importance for the development of this dissertation. Moreover, this model 

presents a very detailed list of struggles that companies (including SMEs) have, differentiating its 

importance by level of readiness. 

- Model 5: G. Schuh, R. Anderl, J. Gausemeier, M. Hompel, and W. Wahlster, Industrie 4.0 

Maturity Index – Managing the Digital Transformation of Companies. Acatech STUDY english, 2017 [6]; 

This is a very extensive work that contains a maturity model for Industry 4.0 together with the description 

of its development and fundamentation. It accomodates an accurate characterization of each of its 6 
maturity levels towards the full implementation of Industry 4.0, as well as some examples of companies 

that have already embarked in this journey. Although there is no questionnarie attached to this work, its 
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extensive explanation about each of the four maturity model’s dimensions, eight sub-dimensions and 

twenty-seven sub-dimensions constituintes is very enlightening and is a valuable asset for the creation 

of the current model and questionnaire.  

- Model 6: Agca et al., Crimson & Co, Pinsent Masons, An Industry 4.0 readiness Assessment 

tool [7]. The choice of taking this work into account is based on the its incisiveness of Industry 4.0 and 

its constituents, as well as the collaboration between the academic and enterprises’ spheres. In this 

work, not only its six dimensions are justified, but also the thirty-eight sub-dimensions as well. Moreover, 
this work the second source providing a full model and a questionnaire, which relates each of the 

model’s sub-dimensions with a question. Although it has only 4 levels of readiness, each level is duly 

characterized to the respective sub-dimension under assessment.  

The six other models presented in Table 1 were left out when the development of the model 

proposed in this thesis. The reason behind this decision is the lack of detail about the assessment items 

or the development process of the model [13], [36], [41], [44], [45], [46]. Furthermore, Industry 4.0 will 

not pose an exclusively technological or IT-related challenge to the relevant industries. The changing 

technology will also have fare aching organisational implications, providing an opportunity to develop 
new business and corporate models and facilitating greater employee engagement [5]. For a proper 

holistic assessment of this concept, maturity models should not only focus in the specific types of 

technologies, as [21] model.   

When choosing which models to consider in the development of this synthesis model, it is of 

high importance to understand not only the approach and vision that each model adopted towards a 

certain concept, but also, how and why is each model structured as it is. Different sources might perceive 

the same concepts in a different way. Even if they would comprehend it in the same way, there is a 

possibility that they might call it different names.  
The Models 3,4,5 and 6 were chosen, due to their holistic approach towards Industry 4.0, while 

models 1 and 2 we taken in consideration mostly because of their degree of detail, since these two 

models are essentially questionnaires focused on technology. Nevertheless, model 1 also has an 

exhaustive explanation of its development and each question within its two dimensions, which is most 

useful. Moreover, both of them were also chosen because they represent a contrast with the approaches 

adopted by the other four models.  

These 6 models cover the central domains of Industry 4.0 while adopting different approaches 
towards it. In fact, while Model 1 has only 2 dimensions, Model 3 has 9. Model 2 seems to be based on 

model one, but it has a wider assessment range, due to its 4 dimensions, instead of 2. Although Model 

3 also has a dimension that has the name “Technology”, this model is not only technology oriented 

because it takes into consideration more areas in the company’s spectrum. This model is, in fact, the 

model with the biggest number of dimensions. Model 4 is, from the research done for this dissertation, 

the most quoted model that assesses Industry 4.0, and as well as the previous model. Also, although 

this also has a technology dimension, named “Smart factory” it is not only technology oriented. This 

model defines exhaustively each maturity level and which type of requirements a company should have 
to achieve on each level to move up the maturity scale. On the other hand, Model 5 has a very detailed 
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description of its development process, as well as each dimension, sub-dimension and constituents of 

each sub-dimension, making it very well grounded and understandable.  

After getting an overview of each chosen models, the next step is to understand which 

dimensions are considered in each of them. The figure below presents this analysis. 

 
Figure 2 - Industry 4.0 dimensions considered by the chosen models 

Within the six chosen models (Figure 2), it is possible to extract which company’s dimensions 

were considered to have a bigger importance in the context of Industry 4.0. The column of the left in 

Figure 2 refers to the names representing the assessed dimensions. In the same table, in green, the 

first line refers to the five chosen models. The crosses take place when the respective model includes 
the respective dimension. Also, the coloured cells symbolize that the dimension of that specific model 

has a different name than the one on the same line, although representing the same idea. Once again, 

it is worth to remember that, more important than the name of the dimensions, is the idea behind each 

of them, and that is why is so important to understand the development process of each model and the 

adopted approach. This image represents the first major basis for the development of the proposed 

maturity model of this thesis, since, with this analysis, it is possible to understand which dimensions are 

the most important for each of the chosen models.  

In addition to the sub-dimensions contemplated by the chosen models, the inclusion of the 
hurdles and struggles that SMEs have when implementing this concept was considered important in the 

development of the proposed model. A list of these hurdles provided by the literature can be found in 

annex D table 7, but their contextualization for the SMEs is performed in the previous chapter. The 

combination of these two aspects allows the model to be targeted to companies that have little or no 

awareness of this concept, especially SMEs. This combination of sub-dimensions and hurdles is done 

after a description of the model’s dimensions and sub-dimensions. 

The dimensions and sub-dimensions that this model comprehends, which are described below, 

are inspired in three main aspects: 1 - the analysis presented in the table  4; through this analysis, we 
extract which most important dimensions of Industry 4.0 considered by these sources, should be 

assessed in any a company; 2 - the combination of the outcomes of this analysis with the main 

categories of the hurdles that SMEs experience, through the process of implementing Industry 4.0; 3 -
the need for increase of  granularity level that this model should have in order to be suitable for SMEs. 
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4.2. Description of Model’s Dimensions 
A maturity model is a tool that assesses an organization in areas related to the concept at stake, 

and the different assessed areas can be seen as the dimensions, or attributes, that the model 

comprehends [39]. Furthermore, each dimension can be divided into sub-dimensions. The sub-

dimensions are further transformed into assessment items, like questions for example (this topic is 

clarified in the next chapter). To start the description of this model, the core dimensions are described 

below.  

Technology – What will foster the change? 
As already stated above, in order to approach Industry 4.0, it is necessary for enterprises to 

have certain technologies or at least an appropriate infrastructure for their implementation. Some 

models might call it “Smart Factory”, while others refer “Factory of the future”. In the currently proposed 
model, this category of sub-dimensions is referred as ”Technology”. As also explained above in this 

chapter, the name of a dimension is not the most relevant issue about that same dimension, but the 

idea that this dimension represents. What is important to retain from the Technology dimension is the 

need to assess the technologies that are the basis for Industry 4.0 implementation. These technologies 

are the first concrete step in the direction of Industry 4.0 and they are the support for the related concepts 

of the Fourth Industrial Revolution [42]. While there are already a lot of technologies available with this 

objective in mind, the benefits of Industry 4.0 will only unfold with a clever combination of these same 

technologies [42]. The aim of this dimension is thus not to list technologies, neither to assess if the 
company has them or not, since their importance is different from company to company. The aim of this 

dimension is to allow the understanding of which kind of infrastructure each company has, in order to 

support the implementation of technologies – whatever they may be. This dimension is the answer to 

the question “What will foster the change?” (in the sense of the company’s digitalization strategy) and it 

tackles two of the hurdles presented in annex D table 7  – “Data security”, and “Broadband infrastructure”.  

Production Processes – What creates value in this change? 
In a company’s production site it is necessary to assess how the company manages their 

activities, data, information and knowledge [6], [7]. Although this dimension does not target any specific 

hurdle, is of high importance, because it assesses how the production is affected with the 

implementation of different technologies and how the company collaborates within itself. Technology 
enables processes to be more efficient and autonomous, while at the same time, allows the 

management of this processes to be more transparent and precise [6], [7].  In this regard, Kagermann 

et al. state that the changing technology, will have far aching organisational implications, providing an 

opportunity to develop new business and corporate models and facilitating greater employee 

engagement [5]. This dimension is related to assess how the company uses the data that is provided 

by the technology implemented and also which knowledge it encapsulates. It also embraces how the 

production manages its processes, disregarding the use of technology in the first place. For technology 

to be implemented, processes and flows of information should be already defined [34]. In the context of 
industry 4.0, a process should generate data, receive data and manage data, allowing it to be more 

autonomous as the company evolves in this concept.  
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People – Who will drive this change? 
There is a growing need for people to have a grasp of the overall context and to understand the 

interactions between all the actors involved in the manufacturing process [5]. One of the proposed main 
objectives of Industry 4.0, as referred in section 2.2.2, is “humans as drivers of added value”. People 

need thus to be one of the main factors considered for this long endeavour. Therefore, this dimension 

answers the question mentioned above, as this change cannot happen on its own [5]. Though the 

implementation of Industry 4.0 metrics, high demands will be placed on employees’ subjective skills and 

potential. This will provide opportunities in terms of qualitative enrichment of their work, a more 

interesting working environment, greater autonomy and more opportunities for self-development [5]. 

Employees are the ones that work daily in the company with the existing technology and are also an 
integral part of the processes [53]. For a fluid change from the part of the company towards Industry 4.0, 

workers thus need to be assessed [2], [6]. This assessment needs to focus essentially on their skillset, 

what the company is actively doing in order to develop their capabilities, and most of all, the employee’s 

willingness to change. Without the workers’ contribution, the implementation of Industry 4.0 is not 

possible [5]. Therefore, it makes sense to first analyse this dimension as the basis of the whole change.  

Data lies on the heart of this industrial revolution [13], but it is meaningless by itself – it is 

necessary to extract knowledge from the data provided by technology as well as to manage it. This 

dimension thus gives a special importance to knowledge, how to create it and how to manage it – this 
is later explained in section 4.4 of this chapter, when focusing sub-dimensions. Since one of the main 

struggles of SMEs in general is related to its employees and their general awareness about this concept, 

in this dimension, 3 different types of hurdles are tackled – “Culture for I4.0 concepts”, “Willingness to 

change” and “Skilled labour”, which seems to be one of the most important categories of hurdles. 

Smart Product – What will allow this change? 
One of the key aspects of this industrial revolution is the shift of enterprises’ business models 

to a business “as a service” [7]. This implies that it is crucial to understand the customer’s point of view 

and their needs when developing a new product [13]. In fact, [43] assessment tool for Industry 4.0 has 

an assessment item fully destined to it. Assuming that the concept of quality is related with meeting the 

client’s expectations, with the outcome provided by the company’s processes. For these expectations 
to be met, there is a necessity to know what these expectations exactly are. To achieve this goal, it is 

necessary to have the most precise and most comprehensive amount of information possible about the 

customer. Industry 4.0 already provides concrete measures to achieve this objective, by embodying, for 

example, new products with ICT functionalities or with sensors and actuators. Allowing the company to 

be connected with the product itself, already in possession by the customer, highly fuels data and 

information gathering [2]. This dimension is one (of two) of the most used dimensions by the chosen 

models – the importance of the product in Industry 4.0 is thus quite noticeable. In fact, Agca et al. states 

that Industry 4.0 revolutionizes the product and the service [7]. This dimension is not related to what the 
product can influence, but with which features, and characteristics can be implemented in the product 

in the context of Industry 4.0. “Smart Product” as a dimension answers basically the same question as 

technology, “What will foster the change?”, but from the point of view of the enterprise’s business models, 
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and also tackles one category of hurdles – “Uncertainty of economic benefit” – which seems to be one 

of the most crucial, derived from the number of times it is mentioned in the literature.  

Organization – How will the enterprise change?  
This dimension is essential in a change process which represents Industry 4.0 initiatives 

implementation. It assesses how the company is organized throughout this journey – the leadership 

style used, or who is empowered to take decisions – along with an understanding of which type of 

collaboration exists in the enterprise’s value chain. This last point is a part of what it appears to be one 

of the most important outcomes Industry 4.0 can provide, and it can be referred as “Horizontal integration” 

– because strong but flexible value chains seem to be the future [2], [7], [13], [19]. The collaboration 

between departments is fundamental to create the culture of sharing information and trust between 
workers. This way, it is easier to create an external network partners, which, as stated before, is a clear 

success factor for Industry 4.0 [7]. Moreover, the existence of KPIs to control the company and how 

they are related to Industry 4.0 metrics, is a key feature when organizing an enterprise that aims to 

implement this concept [7]. Finally, the existence of coordination throughout this process, as well as and 

its autonomy and goals, is assessed. This dimension tackles two struggles, “Internal problems” and 

“Uncertainty of economic benefit”. 

Change – What are we changing? 
Shifting the company’s views to Industry 4.0 requires a commitment for any small, medium or 

big company [7]. The change of the current paradigm that the enterprise is currently in, to a new and 

less certain way of doing business, needs to be managed. The financial effort that the company 

undertakes in the implementation of this concept is also key in this change. Only 3 of the considered 
models contemplate dimensions that are related to this “Change” dimension. This dimension was 

chosen on the model proposed in this work because it also considers an adaptation to SMEs, and the 

fact that this dimension is able to connect 4 sub-dimensions to categories of hurdles – i.e., “Internal 

problems”, “Financial budget” and “Lack of clarity”.  

This dimension is interconnected with all other dimensions and it can be considered the 

overview of the model. In fact, this dimension assesses how the company manages this change process, 

and two of its sub-dimensions are directly related to 2 other dimensions of this model. Although 3 of the 
models mentioned above also consider this dimension, they call it “Strategy”. In this proposed model, 

this dimension is named “Change”, as this name better captures what is really being assessed. The 

term “strategy” can originate a misinterpretation due to the notion of “business strategy”, when we know 

that the authors of both models are considering the strategy related on how to change, so, for the sake 

of clarity, it will be simply referred to as “Change”. In fact, throughout the implementation of IT solutions, 

the company is able to embark in a process that can be seen as change. In this regard, Verkatraman in 

1994 has developed a model to assess how companies can undergo a change process with IT [33]. 

Some years later, Levy et al. 2002, published a study that considered up to 41 SMEs and its outcome 
was that, these type of companies, can have different paths (as priory defined by Verkatraman [7]) in 

this learning and change process, although, the applicability of this model to SMEs, as well as its 

maturity levels (or steps) was effectively proven [54]. 
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Figure 1 presented in the next section, depicts the “Change” dimension overviewing all of the 

other dimensions. This means that every dimension will effectively affect the change process of the 

company. 

 

4.3. Model dimension’s framework  
The Figure 3 illustrates the developed framework where the dimensions of the present model 

are integrated between themselves. This representation is based on the work of David Siepmann in 

2016 “Industrie 4.0 – Grundlagen und Gesamtzusammenhang” where in section 2 of his work 

“Komponenten der Industrie 4.0” the author proposes a methodology for Industry 4.0 division and 

presents a scheme/figure representing it [22]. This work is essentially based on technology, focusing 

especially on Cyber-physical-systems – see definition in section 2.2.3. This work considers three main 
levels: (i) the CPS level – where the technology is implemented; (ii) the CPPS – where the CPS 

communicate between themselves (processes); and (iii) the Fourth Industrial Revolution – where new 

company’s strategies, visions, and business models emerge. Although not mentioned in David 

Siepmann’s work, this scheme seems to be based on Anthony’s pyramid that is also constituted by 3 

levels: 1 – Task control; 2 – Management control; 3 – Strategic planning.  In his work, Anthony presents 

a framework useful to those who research, teach, learn, design or use management control systems. 

This framework is divided in the three levels above mentioned, where its first levels resembles the 

bottom level proposed by Siepmann, the second level relates to CPPS division of David’s work, and the 
third level matches the upper layer corresponding to Industry 4.0 and what type of business opportunities 

can emerge with its implementation. 

 

Figure 3 - Framework's strucutre for the proposed model's main 
dimensions 

      Technology 

             Change 

                 People 

     Production Processes 

        O
rganisation  

      Sm
art Products  
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This visual mapping of the proposed model’s dimensions helps clarifying its structure and the 

connection of its core dimensions. There are essentially 3 main parts, each related to one of the 3 layers 

presented by David Siepmann [22]. The first level is represented in this figure by “Technology”, the 

second level by “Production Processes” and the third by “Change”.  As explained, these levels were the 

basis for the development of the framework’s scheme proposed in the present dissertation. 

 The first improvement proposed, introduces the dimension “People” above “Production 
Processes” and “Technology” dimensions. “People” has not been considered in Siepmann’s work but is 

duly aligned with the theory of the “Golden Triangle”, because when considering technology and 

processes, people is the one piece that can never be neglected – for a brief explanation of this theory 

please refer to source [55]. 

The second improvement is represented by the introduction of both lateral dimensions, 

“Organisation” and “Smart Product”. They both are considered lateral since they correlate with the three 

centre dimensions at the same time. Organisation must be orthogonal to all of the mentioned dimensions 

(except “Change”), for the reasons explained next. On the one hand, the organisation dimension is 
required to evaluate how the company is controlling its processes (KPIs), but on the other hand, it also 

has to measure how the technology and its implementation is being coordinated [7].  Finally, it is 

important to assess how the human resources of the organization are organized, which type of 

leadership takes place as well as the workers’ autonomy level. As mentioned in the description of the 

proposed model’s dimensions, CPS offers a strong opportunity to replace the purchase of a product 

with a service [7]. The product can be itself technology (purchase), or it can be perceived as a service, 

where it is intrinsically the connection of processes and people. Parallel to David Siepmann’s work [22], 

“Change” overviews all of the other dimensions. The introduction of the two referred lateral dimensions 
(Organisation and Smart Products) implies that they also are overviewed by the “Change” dimension. 

With these six described dimensions, and according to all models referred in Chapter 2, the 

proposed framework covers all main areas of Industry 4.0. This way, an enterprise can be assessed in 

a holistic way, rather than only partially. Although each dimension is essential and could not have been 

left out or incorporated into any other dimension, they are related as explained above. A quick analysis 

of the questions related to “Change”, answers by in the context of each dimension, together with an 

examination of the figure 1, can clarify the relationship between them. 
Culture is a very important component in any organization that would like to embark in Industry 

4.0 [6] – 3 out of the 6 chosen models have it as a dimension. In fact, the ability to analyse the prevailing 

corporate culture is critical to success [6]. Nevertheless, culture was not chosen as a separate dimension 

for this particular model. This decision is based on the fact that “Culture” dimension would not fit in the 

developed framework, that assembles all of the dimensions. Nevertheless, “Culture” is considered by 

this model, just not as a fully independent dimension. “Culture” is present in three of the model sub-

dimensions “Cross-company collaboration”, “Willingness to change”, and “Confidence in processes and 

IS”. The next section contains a description of each sub dimension, where this can be perceived 
because this description also includes a clarification of the existing connection between each respective 

sub-dimension and culture. 
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4.4. Description of the model’s sub-dimensions 
In the maturity model for Industry 4.0 developed in this work, each dimension is constituted by 

several sub-dimensions. For a correct assessment of the maturity level of a company, this increased 

degree of detail is necessary, in order to create a transparent and incisive model. In fact, the dimensions 

presented above are essentially a categorization of the sub-dimensions of the model. One of the 

fundamental differences between models is the way each categorizes its own sub-dimensions, so it is 

thus important to understand the idea behind each sub-dimension. This way, it is possible to appreciate 

where each model categorizes their respective sub-dimensions. In this model, all sub-dimensions but 

one, are mentioned in at least one of the six chosen models. The description of each of the sub-

dimensions is presented below. 

Dimension: Technology 
Sub-dimension: Digital modeling 

Considered in the models: IMPULS 2015 [2], Schumacher et al. 2016 [19], Industrie 4.0 Maturity Index 

2017 [6], Agca et al. [7]  

Description: One of the main constituents of the technologies that can be implemented in the 

introduction of Industry 4.0 are IT systems [6]. This sub-dimension is responsible for assessing which 
IT systems are there in the company, since they are the basis “software” for all of the support 

technologies. This sub-dimension is responsible for assessing what is done with the data collected by 

the company. Digital modelling stands for smart gathering, storage, and processing of data [2]. It 

essentially means there is a need to assess how far the company has gone in the process of having a 

digital model of its business (production site included). This sub-dimension of “technology” is focused 

on the IT systems that allow this modelling.  
 

Sub-dimension: Equipment infrastructure 

Considered in the models: IMPULS 2015 [2], Schumacher et al. 2016 [19], Guidelines for Industrie 

4.0 [42], Mittelstand 4.0 [43], Industrie 4.0 Maturity Index 2017 [6], Agca et al. [7],  

Description: The concept of CPS is contemplated in this sub-dimension. As explained in section 2.2.3, 

cyber-physical-systems are one of the main constituents of Industry 4.0 technologies. This equipment 

infrastructure can have different uses and purposes, and it is essentially related to M2M communication, 
H2M interfaces, integration of sensors and actuators, their different types of monitoring and control, 

among others [2], [22]. This concept is closely related to what seems to be one of the main goals of 

Industry 4.0, vertical integration – see sub-section 2.2.2. The equipment infrastructure is what will allow 

the implementation of these kind of technologies [2]. The focus of this sub-dimension is to assess if 

there is an infrastructure that allows these implementations and not which type of technologies are being 

deployed.  
 

Sub-dimension: IT security  

Considered in the models: IMPULS 2015 [2], Schumacher et al. 2016 [19], Agca et al. [7], Industrie 

4.0 Maturity Index 2017 [6] 
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Description: When there is an IT system running at the heart of the company, gathering all of its data 

and processing this same data, it is of high importance to assess what is its level of protection [5]. This 

sub-dimension also evaluates how these systems are protected against cyber-attacks or data leakage. 

While data is becoming more and more important in enterprises’ business models, as data lies in the 

heart of this industrial revolution [13], it is crucial to be aware and to be protected against these attacks. 

Since this dissertation’s focus is not cyber security, for this sub-dimension, the norm ISO 27001 

“Information technology – Security techniques – Information security management systems – overview 
and vocabular” was taken into consideration [56]. There are already other standards, like IEC 62443, 

providing a comprehensive security strategy for IT systems, but this sub-dimension follows an ISO norm 

[56], and that is why it was elected. The way the security performance of information systems is 

assessed is based on the work of Rosmiati et al. in 2016, since the authors provide a maturity level 

framework to assess the information security performance based on the same chosen ISO norm [30].  
  

Sub-dimension: Cloud usage 

Considered in the models: IMPULS 2015 [2], Agca et al. [7] 

Description: Cloud based technologies are one of the main technological concepts of I4.0 [21]. The 

use of cloud technologies is getting a bigger role in today’s companies business models [57]. Its usage 

is relatively cheap, when compared to other ways of storing data and its easiness of use is quite 

straightforward, allowing their implementation to be fast [58] – this justifies its growing role in companies’ 

daily work. More interesting than looking at this type of technologies, from a data storage perspective, 
is to look at them through the easiness of sharing this data. Cloud technologies allow data sharing 

almost immediately, between shared pool of configurable computing resources (e.g., networks, servers, 

storage, applications, and services) [58]. Since the SME does not manage or control the underlying 

cloud infrastructure including network, servers, operating systems, storage, or even individual 

application capabilities [58], the company does not need to commit to invest in such an infrastructure. 

Depending on the service model, these providers can also incorporate analysis algorithms in their 

services that increase their value proposition [58]. Therefore, companies do not need to develop these 

algorithms by themselves, since they can rent them and, with that, extract more information (and 
knowledge) out of their data. This way, cloud-based technologies allow SMEs to achieve increased 

levels of services that previously they were not able to afford. This sub-dimension assesses the 

extension these technologies’ deployment by companies, if their purpose is only for support activities or 

if there is a full integration with other IT systems in the same company.   

Dimension: Production processes 
Sub-dimension: Cross-company collaboration 
Considered in the models: IMPULS 2015 [2], Schumacher et al. 2016 [19], Mittelstand 4.0 [43], 

Guidelines Industrie 4.0 [42], Industrie 4.0 Maturity Index 2017 [6], Agca et al. [7] 

Description: This sub-dimension can be considered as one of the most relevant sub-dimensions of this 

maturity model, since it is present in all of the 6 chosen models. As stated in sub-section 2.2.2 of this 

dissertation, Horizontal integration seems to be one of the main objectives of Industry 4.0 and it can be 

divided into two different segments. For an accurate assessment of a company’s maturity model in this 

area, both of them need to be taken into consideration. This sub-dimension is responsible for the in-
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house assessment of horizontal integration and this implies that the assessment only goes as far as the 

communications between internal departments as well as their collaboration. This sub-dimension does 

not consider the collaboration with outside partners from the external value-chain. Considering that 

operations and processes lie in the heart of Industry 4.0 value creation, this exchange of information is 

related to the data processed at production’s level as well as data from other departments influencing 

production. Departments need to be open to cross-company collaboration to drive improvements in the 

enterprise [7]. This departmental collaboration can be also interpreted as culture if looked from the 
perspective of a social collaboration. This sub-dimension thus assesses the type of interconnection 

between departments, but it does not comprehend the willingness of people to share information 

between themselves and other sectors of the company. In the context of SMEs this sub-dimension has 

an additionally important role since tackles two of the SMEs characteristics “Less formal transfers of 

information between organizational and operational levels” and “their organizational structure which is 

conducive to internal interactivity “. 
 

Sub-dimension: Data collection and processing in production 

Considered in the models: Mittelstand 4.0 [43], Guidelines Industrie 4.0 [42], Agca et al. [7] 

Description: In the environment of production, the usage of data is getting a very important role 

because is essential to monitor the processes with indicators, especially in real-time [7]. Sharing of data 

between departments is one of the components of the last sub-dimension named “Cross-company 

collaboration”. The current sub-dimension is focused on the type of data that is being collected in the 
production. Assuming that there is data collection, the purpose of this sub-dimension also includes its 

processing. The data contemplated in this sub-dimension is related to the management of the production 

processes, i.e., data to increase efficiency, and to monitor and control processes. In fact, according to 

[13] and [6], in an Industry 4.0 environment, this usage of data is extremely important because before 

any decision (autonomous or not) can be made, data needs to be processed and incorporated into the 

grounds of that same decision. This sub-dimension is especially important for SMEs because, before 

determining which type of data processing exists, it assesses if there is any data being collected in the 

first place - data which would further be exchanged between departments.  
 

Sub-dimension: Production planning 

Considered in the models: Guidelines  Industrie 4.0 [42], Mittelstand 4.0 [43] 

Description: As mentioned in section 2.2. of the present dissertation, one of the objectives of Industry 

4.0 is to increase flexibility in the production. The first step before any automatic adjustment of the 
planned production, is to plan a production baseline. This sub-dimension is responsible for evaluating 

where the company’s production planning is grounded. In fact, Lichtblau et al. 2016 state that decisions 

are often based on intuitive feeling rather than on hard data [6]. The other two sub-dimensions are 

directly related to “Production planning” because, for this planning to happen, two main types of data 

are necessary - data provided by other departments (Cross-company collaboration); and data collected 

in the production site (Data collection and processing in the production). Some models, as is the case 

of IMPULS [2], have “Data usage” as one sub-dimension, but the authors considered that this is a highly 

broad notion to be assessed in only one sub-dimension. Therefore, because this model is focused on 
SMEs, it is important to assess upfront if there is any production planning occurring in the company’s 
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day-to-day business, since this specific usage of data is of extreme importance for production 

companies – data that might be collected in the production site or data coming from other departments.  

Dimension: People 
Sub-dimension: Skill set 

Considered in the models: IMPULS 2016 [2], Schumacher et al. 2016 [19], Agca et al. [7] 

Description: According to [5], the assessment of the company’s human resources skill set while a 
change process is on the way is important because this creates awareness of which type of skilled 

employees are there in the company. This assessment of the skill set should be used to improve 

recognition of skills that are still relevant in the workplace despite not being connected to an employee’s 

specialist area [5]. Since people are an essential resource of the enterprise, when establishing an entry 

maturity level of the enterprise, it is a prerequisite to understand how far the workers are involved with 

the chosen concept, regardless of which concept is being considered. Because we are addressing 

Industry 4.0 considered in this model, it is necessary to assess how comfortable people are in the use 
of technology, which kind of IT skills they possess, as well as the level of their knowledge and also about 

its constituents is. Considering the implementation of Industry 4.0 as a change process, this same 

change will affect people’s daily work. To achieve a faster and smoother transition, it is necessary to 

have people (who are the main drivers of this change [5]) aware of the importance of this change, as 

well as about next steps. In the context of an SME, assessing the workers skill set is of particular 

importance, since knowledge in this type of companies is not as evenly distributed as in big companies. 

In fact, in small companies, due to the small number of workers, many functions are accumulated within 

the competence of only a few workers. [49], and as shown in the previous chapter, one of the SMEs 
characteristics is “Less precise division of responsibilities”. Moreover, Pullen et al., states that this type 

of firms tend to lack of resources and competences [59], increasing this sub-dimension importance for 

the SMEs. 
 

Sub-dimension: Skill acquisition 
Considered in the models: IMPULS 2016 [2], Mittelstand 4.0 [43] 

Description: A change process can be seen as a continuous learning process for the people involved 

[5]. This sub-dimension is related to this learning process and it assesses how the company develops 

its workers’ skill set. This can be done through trainings, seminars, workshops, amongst other strategies. 

What is most important, is for the company to provide its workers with way for them to keep developing 

throughout their careers. In an Industry 4.0 context, short basic training programs will need to be 

followed by work placements and advanced study courses [5]. These sessions can include for example 

training, more specific, in the sense that it is a target of development of a new skill, or broader, like 
attending seminars, so that the culture about Industry 4.0 concepts grows more and more inside the 

company. Due to the small number of workers in an SME, this assessment increases its importance if 

done horizontally across the whole company, instead of only in a certain department or sector.  

Nevertheless, it is important to refer that this process of implementing Industry 4.0 should take its time. 

The chosen (or developed) roadmap for this implementation, should be the basis for the implementation 

itself and which department or departments should embrace it first. 
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Sub-dimension: Willingness to change 

Considered in the models: Industrie 4.0 Maturity Index [6], Schumacher et al. 2016 [19], Mittelstand 

4.0 [43] 

Description: This sub-dimension might be one of the most important in this dimension. From the 

beginning and throughout the process of change, it is crucial to have the people – who are the main 

drivers of this change [2] – aligned with this process. This change must be done with all the collaborators 

of the company, not imposed to anyone that does not want to change. Willingness to change is essential 
to be present throughout the enterprise from the shop-floor, across all departments, all the way to the 

top management [6]. The models that consider this sub-dimension, categorize it in different ways: [Aca] 

perceives it as culture, [43] perceives it as a competence and [19] categorizes it into “People”. This was 

why the categorization chosen for this sub-dimension is part of the proposed model. In fact, “Willingness 

to change” can either be a competence or part of people’s culture, but those who really need to absorb 

this concept, are all of the company’s employees. Consequently, instead of categorizing it in a specific 

way, this sub-dimension is categorized in “people”, since all of the company’s collaborators are the ones 

that either have it or do not have it. There is a connection between this sub-dimension and the last two 
described sub-dimensions because by providing training or seminars about Industry 4.0, people are 

expected to increase their skill set or openness towards this concept. These expected outcomes make 

the employees more comfortable and confident about this change (next sub-dimension), thus, 

increasing their willingness to absorb it. Although, certainly, a first basic willingness is needed from each 

worker involved, so that he is prepared to absorb what is taught in these sessions. This sub-dimension 

needs especially to be assessed in the context of the SMEs since one of these firms’ characteristics is 

“Under-utilization of IT”. One of the reasons for this under-utilization might be the lack of willingness to 

use them. 
Sub-dimension: Confidence in processes & IS 

Considered in the models: Industrie 4.0 Maturity Index [6] 

Description: Building a digital trust should be a top priority of companies that desire to embrace Industry 

4.0 concept [13]. Indeed, for workers to work side-by-side with technology, they should trust it.  This 

sub-dimension is related to this trust, and it assesses how all of the company’s employees take into 

consideration the Information Systems (IS) deployed by the company, as well as their confidence in 

processes, especially if automated, since there is no human interaction throughout the process. This 
sub-dimension can be perceived as culture, but the proposed model categorizes it within the dimension 

of “People”. Its presence in a model that assesses Industry 4.0 is essential because people need to be 

“on board” regarding this process of change. For that, the first barrier is to accept and trust these new 

technologies, processes, and way of working. Just as the latter sub-dimension, this one has an 

especially important role in the SME assessment, since one of these firms’ characteristics is “Under-

utilization of IT”, and one of the reasons for this under-utilization can be the lack of trust in these 

technologies.  
 

Sub-dimension: Knowledge Creation 

Considered in the models: Industrie 4.0 Maturity index [6] 
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Description: The proposed maturity model considers a sub-dimension that only deals with the creation 

of knowledge. [6] model has it as part of the willingness to change, but the developed model considers 

that this field is of high importance. Therefore, knowledge is addressed specifically because data (soon 

to be information) lies at the heart of Industry 4.0 [13]. Knowledge is the next step after the transition 

from data to Information [26]. The differences between these three notions were outlined in chapter 2 

section 2.4. For example, the number 28 is meaningless, even the combination of 28ºC does not give 

any further information rather than the temperature itself. The contextualization of this temperature –  if 
28ºC is cold for the working temperature of a machine, or if it is too hot – should happen in the context 

of a decision, increasing or reducing the working temperature of a machine. Consequently, the capability 

reading data and turning it into information, as well as, using the information in a proper way in a learning 

process in order to create knowledge, needs to be properly assessed. Due to the high importance of 

this sub-dimension, it is vital to get the biggest amount of input, from the literature published until the 

present moment, relatively to this area. Since there is only one maturity model for Industry 4.0 that 

considers it, by including it in “Willingness to change”, further research was performed, and a model was 

found for knowledge creation [27]. We thus use the SECI which has four stages: Socialization, 
Externalization, Combination and Internalization (more details over each stage and the model itself can 

be found in chapter 2 sub-section 2.4.1.1). These stages are used to adequately assess this sub-

dimension.  
 

Sub-dimension: Knowledge Management 
Considered in the models: Mittelstand 4.0 [43], Schumacher et al. 2016 [19] 

Description: The current work considers crucial to assess how the knowledge is managed including 

the smoothness of knowledge transfer between all of the company’s. In fact, when an old employee 

ends his/her career, this transfer needs to happen, or knowledge just gets jeopardized [35]. The model 

of Schumacher et al. in 2016, has a sub-dimension named “Knowledge Sharing”, but it is not specific 

what does include [19]. In the IMPULS model, there is a sub-dimension named “data usage”, but it is 

not clear if it includes any part of this proposed sub-dimension [2]. Nevertheless, this dimension is not 

only about learning how to manage data (regardless of which data), but also comprehends the 
management of the employees’ knowledge. It is also important to take into consideration the difference 

between data and information explained in the last sub-dimension. The assessment of this dimension 

is especially important in an SME, since the knowledge is not as spread out as it is in a big company. In 

fact, one of this type of firms’ characteristics is “Less precise division of responsibilities”. Also, the 

characteristic of “Less formal transfer of information between organizational and operational levels” can 

have an important role of preventing the SME to reach higher maturity levels in this sub-dimension. Due 

to the small size of its workforce, it is possible to have all of the SMEs’ collaborators with major 

understanding (thus, knowledge), relatively to a certain area or sector of the enterprise, therefore, from 
the point of view of the company, it might not be wise to depend on, for example, only one or two middle 

management workers, in any area of its business. A correct assessment of knowledge transfer approach 

addresses this issue.  

Dimension: Smart Product 
Sub-dimension: Functionalities for data storage  
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Considered in the models: Schumacher et al. 2016 [19], Guidelines Industrie 4.0 [42], Mittelstand 4.0 

[43] 

Description: Digital identification of products is a necessity in an Industry 4.0 environment [5]. This way 

it is possible to distinguish each and every product, either in their production, or during their usage phase. 

As soon as every product is identified, it is possible to integrate more information in each one, like, for 

example, having a passive data storage [42], [43]. During the production phase, the data that the product 

might collect is naturally related to its production, much like any distinctive feature of a specific product. 
After the product's production, it is then possible to collect data on its way to the client. This type of data 

might be important for further optimization analysis of logistics. The third type of data is collected during 

the usage phase of the product and it is closely related to the customer. When a product has the ability 

to store data, the next phase is to allow the information to be transferred back to the company, 

throughout each phase – for this, it is necessary to process the data and product’s connectivity as well. 

The next two sub-dimensions assess these two requirements for information exchange.  
 

Sub-dimension: Data collection and processing in the product 

Considered in the models: Mittelstand 4.0 [43], Guidelines Industrie 4.0 [42], Agca et al. [7] 

Description: This sub-dimension is categorized in “Smart Product” deals with the relationship that the 

company has with the costumer – by means of its product. It assesses therefore to what extend the 

product can manipulate the data that it might collect. Depending on the product’s capability – either 

collecting, processing – the level of service provided to the end-customer thus varies. For data and 
information to be stored and further exchanged, it is necessary, firstly, to collect it. Through the 

implementation of sensors and actuators in the product, it is possible to achieve this collection of data. 

Naturally, this sub-dimension analysis features that the product might have. The last phase of this 

integration is for the product to collect data, interpreted it, and to act upon its own judgement capabilities. 

Of course, for most SMEs products, this reality might not be achievable or even necessary/desirable. It 

is thus essential to analyse whether these initial features are incorporated into the product. These 

features relevancy varies with the choice of the business model in use by the company, but that is not 

assessed in this sub-dimension. 
  

Sub-dimension: Connectivity of the product 

Considered in the models: Mittelstand 4.0 [43], Guidelines Industrie 4.0 [42] 

Description: To allow data and information exchange, from the product's creation until the end of its 

life cycle, it is necessary for the product to be in constant communication with the customer, the company, 
and its supply chain [2]. Connectivity is the enabler of this communication [5], [6]. This connectivity 

depends on the type of product and might not even make sense for some business models. A 

combination of the existing different IP and different types of connectivity allow different types of 

information exchange. These three previously described sub-dimensions are interconnected. On the 

one hand, information exchange can only happen if the product is connected to the company. But on 

the other hand, the characteristics of connectivity in a product only make sense to exist if there is any 

data storage or control over it. This connectivity is the very feature of the product that enables the 

company to be closer to the customer [60]. This close relationship between the enterprise and the end 
customer allows the company to further progress towards what seems to be two of the most important 
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objectives of Industry 4.0, i.e. Horizontal and Vertical Integration – as stated in the sub-section 2.2.2 of 

this dissertation. Nevertheless, not all elements of the network (from suppliers to end customers) will be 

affected, since exchanging information can only happen after production’s start.   
 

Sub-dimension: Product individualization 
Considered in the models: Mittelstand 4.0 [43], Schumacher et al. 2016 [19], Agca et al. [7] 

Description: As mentioned in chapter 2 of this dissertation, one of the goals of Industry 4.0 is mass 

individualization. For most SMEs, the probability of achieving this goal is quite low, or even impossible 

altogether [42]. The same source states that the trend towards individually produced goods and 

continuously smaller batches leads to the rising complexity of production processes [42]. However, by 

disregarding the concept of mass production, the individualization of a product is reachable by any 

company, depending on the type of product that the company being addressed. The shift of companies’ 

business models from products to services [7], supports this sub-dimension and will allow the company 
to achieve a higher level of maturity in it. With the provision of services instead of products, the contact 

with the client and the amount of information that the company is able to collect from its products is 

supposed to be more accurate [7]. Besides, more information about the client permits an increased level 

of individualization. 

Dimension: Organization 
Sub-dimension: Cooperation with network 

Considered in the models: Industrie 4.0 Maturity Index [6], Agca et al. [7] 

Description: Horizontal integration seems to be one of the main goals of Industry 4.0 – as referred in 

sub-section 2.2.2 of this dissertation. As stated by Pullen et al., as SMEs need to focus on core 

competences for efficiency matters, they need to cooperate with external partners to compensate for 
other competences and resources [59]. In fact, one of the SMEs’ characteristics is their organizational 

structure which is conducive to external interactivity. Because this maturity model focuses Industry 4.0, 

it is vital to assess this sub-dimension in the context of horizontal integration of SMEs. As referred by 

Schuh et al. [6], markets’ requirements are changing more rapidly and getting more complex, and this 

calls for a more flexible and dynamic network of stronger connections. The concept of horizontal 

integration comprises the integration of IT systems reaching all partners, from the creation of the raw 

materials to the end customer itself. The more mature the company is in this sub-dimension, a better 

relationship will flourish. This allows the company to be more aware of the client’s needs, making it 
easier for the enterprise to meet its customer’s expectations. This way, the product is better targeted to 

the client, reducing the uncertainty of the economic benefit. This sub-dimension assesses which kind of 

external organization the company aggregates. For example, if the company is willing to share its data 

with its partners, and also if the company considers the suppliers, distributors and clients as partners. 

Measuring the company's maturity level in this sub-dimension is also a way to understand how prepared 

or protected is the enterprise against the Bullwhip effect [61], which can be felt in Supply chains, 

whenever there is a significant change in the market conditions – thus increasing the importance of this 
sub-dimension. The “Bull-whip effect” can be seen as distorted information from end of a SC to another, 

and it is correlated with a lot of inefficiencies: Lost revenues, excessive inventory investment, poor 

customer service, misguided capacity plans, ineffective transportation, and missed production 
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schedules [61]. In the context of SMEs, this sub-dimension is of extreme importance, due to the reliability 

that this type of companies has in their partners. This reliability is due to the fact that, changes in the 

environment cause more uncertainty in SMEs than in large companies [62]. 
  

Sub-dimension: Leadership style  
Considered in the models: Industrie 4.0 Maturity Index 2016 [6], Schumacher et al. 2016 [19] 

Description: Throughout this change process, it is extremely important to have the top-management 

awareness of Industry 4.0 benefits and to be on board with the change process [7]. It is critical that the 

leaders of the enterprise understand the potential benefits to be realised [7]. This sub-dimension 

addresses the internal organization of the enterprise. This assessment is supported by the work of 

Schuh et al. 2016 [6], affirming that an understanding of how companies are organized within the Fourth 

Industrial Revolution is required. Being Industry 4.0 also related to flexibility, fast response, as well as 

quality, companies do need to adopt a more flexible approach to decision-making and giving the workers 
more independence, since this creates an organizational framework for faster decision-making [6]. The 

company’s collaborators are not just resources, for they should be considered as part of the enterprise’s 

community by their managers, due to the crucial competencies they bring to the table [6]. This sub-

dimension is thus especially important for SMEs, since their workforce is rather limited by definition, 

which implies that activities cannot be as specialized as in a big company. When this happens, people 

are not as restricted to a certain area or job as in big companies, so the borders of their fields of action 

might not be so established. This might result in a micro-management attitude of the top management, 
which contrasts with the concept of Industry 4.0. This attitude is defined by Cambridge dictionary as 

related with controlling every part of any situation, even small, meaningless details [63]. Therefore, this 

entails increased importance of this sub-dimension in the correct assessment of SMEs maturity level in 

this concept, especially when one of the characteristics of these type of companies is “The extend of 

the owner/manager’s involvement (direct contact with operations)". 

 
 

Sub-dimension: Coordination for Industry 4.0 

Considered in the models: Schumacher et al. 2016 [19] 

Description: An enterprise undertaking a change process should have, within its organization someone 

responsible for managing the company's evolution. To reach this desired goal, a central coordination 

for Industry 4.0 should exist [19]. This sub-dimension assesses the company's organization to adopt 

Industry 4.0 while assessing this department's autonomy. Since this model is target to SMEs, this 
department might be a single worker or a team. What is important to retain from this sub-dimension Is 

that, if the top-management realises the importance of Industry 4.0, more importance is naturally given 

to this specific coordination, thus, increasing the autonomy of project coordination alongside teams and 

departments.  
 

Sub-dimension: Measurements 
Considered in the models: Agca et al. [7] Impuls 2016 [2] 

Description: When undertaking a change process, it is necessary to have a clear vision of how this 

process is going along [6].  One way to achieve this measurement is by linking well-established KPIs 

with the impact of entailing an Industry 4.0 strategy [6]. The idea behind these indicators is to quantify 
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the benefits of Industry 4.0 applications for the enterprise [6]. Nevertheless, the usage of these indicators 

calls for an environment with increased transparency, which also helps real time data collection and 

allows operators to work more efficiently and productively [24], [60]. A study presented in IMPULS work 

with 272 companies found that 3 out of 4 mechanical companies do not use any system of indicators 

[2], which in our vision is alarming – making it important to raise awareness to the interested companies 

and to analyse it. Due to the inherent size of the SMEs, its business activity monitoring tends not to be 

as well-establish as in large firms. This sub-dimension takes this fact into consideration, as it assesses 
firstly if there is any type of reporting in the company, and then, to what extend are those indicators 

related to Industry 4.0.   

Dimension: Change 
Sub-dimension: Digitalization strategy  

Considered in the models: Mittelstand 4.0 [43], IMPULS 2016 [2], Schumacher et al. 2016 [19], Agca 

et al. [7] 

Description: This sub-dimension is related to the implementation of technology in the assessed 

company. It analyses which efforts are being undertaken by the company to change internally. 

Digitalization is a difficult process that usually entails hidden costs [34]. The cost of digitalizing a process 

needs to be forecasted through a correct assessment of the process at stake. Implementing 

technologies is a costly and lasting step, this process needs to be done little by little, but it needs to 
happen, if the company desires to improve its level of maturity in Industry 4.0 [6]. Nevertheless, Industry 

4.0 should not be misinterpreted and focusing only on the technological perspective, as sometimes 

happens [6]. This can happen due to two main reasons: in order to attain short-term market advantage 

[3]; or because I4.0 definitions are either too complex or too vague [3]. The same authors in a different 

scientific article state that, due to the financial investment required, SMEs tend to avoid digitalization, 

unless it is decisively necessary, or if there is certainty of the outcome in the form of economic benefits 

[19]. Since this sub-dimension is not categorized in “Technology” dimension, it does not assess which 

technologies are already implemented in the company. What is assessed in this sub-dimension are the 
efforts being made by the company to implement these technologies, i.e., if there are already plans for 

the future, if there are already any projects in place. These technologies implementation will gradually 

increase the level of digitalization in the company.  
 

Sub-dimension: Adaptation of business model 
Considered in the models: Schumacher et al. 2016 [19], Agca et al. [7] 

Description: One of the main characteristics that Industry 4.0 allows companies to change, is their way 

of doing business, i.e. their business model [5], [7]. Although it starts on a fabric shop-floor, Industry 4.0 

biggest opportunity lies on the adjacent innovation of the companies’ business models [7]. The same 

source also referrers that shifting a company’s aim into the type of business usually named “as a service”, 

requires a whole new way of perceiving the company’s business model [7]. Information about the client 

is getting a bigger role in today’s markets [13]. On one side, Industry 4.0 will allow a stronger relationship 
between the companies and its clients, but on the other side, and according to [13], this will intensify the 

fighting for the customers. This sub-dimension is directly related with the dimension “Smart Product” 

dimension. The shift from the point of view of producing products to providing services, will thus entail 
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the adapting business models. The purpose of this sub-dimension is to assess how the company is 

changing towards the outside world. Instead of being focused in which product enhancements may take 

place or which information to extract from it – so that the business model can evolve – this sub-

dimension assesses how actively the company is trying to change the business model itself. Once again, 

horizontal integration is being assessed in a sub-dimension, proving its importance in Industry 4.0. This 

sub-dimension assesses if the company has considered to adapt its business model, which implies that 

its relationship with the customers will become stronger (since the change should always happen 
towards the client), contributing this to a stronger network by improving the horizontal integration of the 

company’s network [5]. While big companies are actively searching for new ways of earning money, as 

well as different markets to explore, SMEs tend to stick to their activity sector or industry [62]. This way, 

if the market’s order does not evolve, a clear need to change the SMEs business model cannot take 

place. It is thus especially important to assess how conservative is the company’s strategy, always in 

the context of SMEs [35].  
 

Sub-dimension: Innovation management 

Considered in the models: IMPULS 2016 [2], Mittelstand 4.0 [43], Schumacher et al. 2016 [19] 

Description: This sub-dimension is responsible to assess to which extend the company is trying to 

manage the innovation process, i.e. in which areas the company has systematic technology and 

innovation management. This way, it is possible to understand which efforts are being made by the 

company to achieve the goal of full implementation of innovation across all of its areas. In this sub-
dimension, specific sectors of the company are taken in consideration. This sub-dimension hence 

focuses on these specific areas and if there is any effort to foster or control their innovation development. 

While large firms may exit from one of their business areas, the same is not usually possible in SMEs 

single-business firms [62]. In the context of SMEs this sub-dimension analyses the company’s efforts in 

its different department/areas, albeit restraining this innovation to the sector that the firm is currently in. 

Although SMEs tend to lack of resources and competences [59], Holátová et al. in 2013 reffers to this 

type of companies as the driving force of an economy business growth and innovation [49].  
 

Sub-dimension: Investments 

Considered in the models: IMPULS 2016 [2], Schumacher et al. 2016 [19], Agca et al. [7] 

Description: Implementing new technologies either in the production site or anywhere else in the 

company, always entails investments. According to Schumacher et al. in 2016 [Sch], this is one of the 

main reasons, companies, especially SMEs, are not willing to join the Fourth Industrial Revolution at a 
first glance. As explained already above in this chapter, technologies are a major enabler of Industry 

4.0, so that any company needs to deploy the relevant technologies in order to implement Industry 4.0. 

These investments do cross-cut most of the dimensions presented in this maturity model for Industry 

4.0. This influence was already expected, since an initial investment should be needed in order to start 

this progress of change. The reason why this sub-dimension directly affects the dimension of 

“Technology” originates investment needed for all of the infrastructure, technologies, and IT-systems 

needed to start this change. This sub-dimension is also present in the “Smart Product” and “Production 

Processes” dimensions, by means of the technology, that, by definition, has to be deployed in both. This 
sub-dimension also influences directly the dimension “People” dimension, because there is a need to 
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invest on the employee’s education, during their professional career, through the form of training, 

seminars or workshops. In SMEs, where the resources are not as abundant as in large firms, it is vital 

to assess how much is the company willing to financially commit to implement Industry 4.0 initiatives.  
 

Sub-dimension: SME’s commitment 
Considered in the models: None 

Description: In the proposed framework it is considered crucial to assess what are the intentions of the 

company at any point, throughout this change process. The focus of this sub-dimension is the 

company’s commitment, that is, how far is the company willing to go in the path towards the full 

implementation of Industry 4.0. The lack of clarity or hesitance that companies might have is also 

assessed in these sub-dimensions, for only when the company knows what Industry 4.0 has to offer, 

can be fully committed to this concept. This assessment gain additional importance once it tackles one 

of the SMEs’ characteristics “Strategic planning over a relatively short time frame”. A company 
undertaking an IT-enabled business transformation can be assessed in two different ways, internally 

and externally [33]. Both are related with the categories proposed by Verkatraman as exploitation and 

exploration [33]. These two different strategies are assessed in order to understand which efforts are 

linked to the internal change of the company “Digital transformation” (exploitation) and which are being 

made towards the external change “Adaptation of business model” (exploration) [33]. This is the reason 

why these three sub-dimensions are connected. On the one hand, this dimension named “Change” 

assesses how far the company is willing to go, on the other hand, which strategies are having place in 
order to achieve it.  

Although Verkatraman’s assessment model was developed for any type of company [33], its 

applicability to SMEs was already proven by Levy et al. in 2002 [54]. In this work, the authors conducted 

a study of 41 SMEs in UK during a period up to 6 years in this study, the authors show that different 

companies might have different approaches towards change with IT, but all of them can be well 

categorized in these 5 stages [54]. Also, one of the study’s conclusions is the most common stage for 

SMEs. Therefore, this model will be used in this sub-dimension, named “SME’s commitment”.  

 

4.5. Combination of sub-dimensions and hurdles 
This section aims to clarify the reasoning behind the connection between categories of the 

presented hurdles in the previous chapter – this explanation is necessary for a proper understanding of 
the currently proposed maturity model. Another objective of this section is the justification of each of the 

proposed connections between the main hurdles’ categories and the respective sub-dimension or sub-

dimensions, depending on the category of hurdles.  

Matching sub-dimensions with SMEs’ hurdles can be a complex task because there are a lot of 

sub-dimensions that can be related to one specific hurdle. This means that there are a lot of possible 

combinations between these two aspects. Because of this, only sub-dimensions which are directly 

related to the hurdle’s category will be considered. If there are sub-dimensions that might also influence 

a hurdle, but only in the long run, or by means of other sub-dimensions, the matching between the 
hurdles’ categories and those sub-dimensions is not considered. To illustrate this reasoning with an 
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example: the category of “Uncertainty of economic benefits”, can be tackled in the sub-dimension called 

“Adaptation of Business Model”. In fact, when shifting the company’s way of doing business, from only 

producing physical products, to providing services, which might or might not include products, an 

economic benefit should be at the heart of this change. Nevertheless, this sub-dimension does not 

influence directly the uncertainty of economic benefits that the company has throughout this process, 

so it is not considered a combination for this hurdle.  

After understanding the type of reasoning behind the connection between hurdles and sub-
dimensions, a description of these associations is provided. These descriptions explain the way that 

these categories of hurdles influenced these sub-dimensions proposed in the current model.  

Economic benefits – Cooperation within the network: The sub-dimension named 

“Cooperation with the network” tackles this hurdle, because the stronger connections with suppliers 

should allow the logistic processes to become easier and faster – which will most certainly save costs 

for the companies involved in this process (i.e., stock reduction due to information sharing). From 

another perspective, since the client is also integrated into this network, the relations between the client 

and the company would be better established. This would, therefore, allow the company to have a better 
understanding of the client’s needs and expectations – this understanding might give the enterprise a 

competitive advantage over the other companies in its industry, therefore, lowering the uncertainty of 

the economic benefit, since the company has more information about the client and can use it for its 

own benefit.  

Skilled Labour – Skill Set: Like the category of “Economic benefits”, this main hurdle seems 

to be one of the most important ones in the literature. This hurdle is assessed in this model through the 

sub-dimension “Skill set”, since it evaluates how skilful are the workers, that is, how comfortable are all 

of the company’s collaborators with different software systems and technologies. 
Skilled Labour – Skill Acquisition: The Skilled labour main hurdle is also assessed through 

the sub-dimension “Skill acquisition”, considering that this part of the model assesses how any 

collaborator of the SME can develop their skills related to Industry 4.0, that is, what kind of training the 

company is providing. Achieving high maturity levels in this particular sub-dimension means that the 

company grants its employees' specialized training sessions. This is especially important if the company 

wishes not to be influenced by this obstacle. 

Culture – Skill Acquisition: The “Skill Acquisition” sub-dimension is the only one to be 
associated with two main hurdles’ categories (“Skilled Labour”, “Culture”) since, before the acquisition 

of skills related to this concept, it is necessary to be aware of what Industry 4.0 is and why it is important 

for the company. The type of training assessed in this sub-dimension can either be an overview session 

about Industry 4.0 or detailed and personalized sessions for each working group. Once again, reaching 

higher maturity levels in this sub-dimension will allow the company not to feel the negative impact of this 

obstacle.  

Willingness to change – Willingness to Change: This relation is quite straightforward, in the 

sense that this sub-dimension evaluates how are all of the company’s collaborators, in general, open to 
digitalization and innovation. 



 53 

Internal problems – Leadership style: The “Internal problems” main hurdle is considered in 

the model through the sub-dimension “Leadership style”, since one of the elements of this category of 

hurdles is the leadership itself. This sub-dimension assesses how democratic is the leadership in the 

assessed company, that is, how empowered are the workers when performing their tasks.  

Internal problems – Digitalization strategy: Another element of this hurdles’ category is 

related to the strategy of companies. This strategy can be sometimes conservative [35]. This sub-

dimension is related to this obstacle, because it assesses what kind of digitalization strategy the 
company has. As the level of conservativeness decreases in the SME, the importance of the enterprise 

in a strategy to change the company from the inside rises, therefore, the company’s commitment.  

Internal problems – Adaptation of business model: This category of hurdles has the biggest 

number of matches with this model’s sub-dimensions, since it considers not only leadership but also 

strategy. This sub-dimension assesses how conservative the company’s strategy is through the efforts 

that are being done by the company, in order to continuously adapt their business model. 

Financial budget – Investments: This sub-dimension analyses how much the company is 

financially committed to the implementation of this concept. This allows to understand how much this 
obstacle is getting in the way of the company’s goal, which might culminate in a bigger effort in finding 

cheaper technologies or software systems (as is the case for example of cloud services – which is 

another sub-dimension of this model). 

Data security – IT security: This sub-dimension is related to this main obstacle overcoming, 

because it assesses how the IT department deals with the security of the company’s systems – which 

contains essential data for the company to operate. Data that might even be a competitive advantage 

over companies in the same sector.  

Broadband infrastructure – Equipment infrastructure: This sub-dimension analyses how 
capable the equipment infrastructure is, in the sense of what is allowed by the current infrastructure. It 

is thus related to this hurdle’s category. What an enterprise’s infrastructure should allow, varies from 

company to company, therefore, this obstacle can be true for some companies and false for others, 

even if their infrastructure is the same because different businesses/sectors require different 

technologies. This association is based on the evaluation of what the current infrastructure is. Later on, 

the company can perform an analysis of the need (or not) for an upgrade of its infrastructure.  

Lack of clarity – Coordination of Industry 4.0: This sub-dimension analyses how organized 
the company is, in order for Industry 4.0 initiatives to be implemented. This organization can exist in a 

form of a department, which is responsible to analyse projects/areas/departments in order to understand 

their suitability to Industry 4.0 components. If a company wishes not to feel the negative impact of this 

obstacle, a higher level of maturity should be achieved. This way, by having a specific department for 

the coordination of initiatives, knowing what Industry 4.0 means for the company, and which benefits it 

brings along the way, can help to organize. 

Lack of clarity – SME’s commitment: On the one hand, this sub-dimension assesses what 

the prospects of the top-management are in the path towards Industry 4.0 – analysing the commitment 
of the top-management in embracing this concept. On the other hand, for the company to know what to 
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expect from Industry 4.0, it needs to have a clear vision of what it can offer – this way, it allows the Top-

management to assess how clear is this road is towards the full implementation of Industry 4.0. 

It is possible to understand how the model’s sub-dimensions are related with the main 

categories of hurdles that SMEs have when implementing Industry 4.0, through the contextualization of 

these hurdles in the SMEs’ environment (presented in chapter 3, section 3.3), and the sub-dimensions 

description presented in the current chapter. This connection allows a greater transparency of this work. 

With the description of each matching between main hurdle’s categories and the model’s sub-
dimensions, it becomes clear that this model targets SMEs. 

 

4.6. Level of granularity 
One of the main objectives of this dissertation is to develop a framework that is suitable for 

enterprises being introduced to Industry 4.0, especially SMEs. To achieve this goal, not only must this 

tool offer a holistic approach to this concept, but also an increase in its level of detail in the initial maturity 

levels of Industry 4.0, compared to the other models. This increase in granularity allows the framework 

to be appropriated for SMEs to use it because different types of companies will have different levels of 

maturity. This framework offers a holistic assessment approach of Industry 4.0, since the attributes, or 

dimensions, that it considers cover the main parts of this concept. As explained above in this work, the 

most common number of maturity levels, in most models, is 5. The currently proposed model considers 

also five levels of maturity plus a level 0 (much like the IMPULS model [2]), so that companies situated 
in that initial level are the ones that do not yet relate with the Fourth Industrial Revolution (see next 

chapter). This can be achieved through lowering the difficulty adjacent of the requirements that each 

level of maturity has, when compared to the existing models – two examples of these requirements at 

the initial levels of two different maturity models can be found in Section 3.4 of chapter 3. The 

requirements considered by the currently proposed model for each sub-dimension’s maturity level can 

be found in chapter 5. 

Two main ways to increase the level of granularity, in comparison to the models presented in 
the literature, were found in the process of analysing the existing models, performing a literature 

research, and in the development process of the proposed maturity model:  

- One way found to increase the granularity level of a sub-dimension is by simply “opening” or 

detailing the levels of maturity that the chosen sub-dimension has, in the models it was 

considered. This implies that the same sub-dimension was considered by both the developed 

model and the chosen models from the literature. For the sub-dimension to reach a higher level 

of detail, it needs to consider more maturity levels for the same path towards the highest maturity 

level considered by that same sub-dimension in the chosen models. This means that, since the 
proposed model has only five levels of maturity, its highest level will not correspond to the higher 

level of maturity presented in the chosen models. The sub-dimension “Equipment infrastructure” 

can be taken as an example. The highest maturity level associated with this sub-dimension in 

the proposed model represents the existence of a system for controlling open systems. This 

maturity level corresponds to the third level of maturity of the same assessing item in the [43] 

model. This implies that the [43] model considers more complex equipment infrastructures. In 
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fact, it has two “extra” maturity levels corresponding to those infrastructures. This is one of the 

reasons for this model to be targeted for the introduction of a company to Industry 4.0 and not 

for its full implementation. This comparison between the developed model and the existing 

models is done in chapter 6.  

- The second way to increase the level of granularity is to “open” or “divide” just one sub-

dimension presented in the existing models into more than one sub-dimensions in the proposed 

model. In this case, by definition, the same sub-dimension is not considered in the developed 
model. Instead, this sub-dimension, coming from the existing models, is represented by a set 

of sub-dimensions in the proposed model. As an example of this, the sub-dimension “Data 

Usage” from IMPULS model [2] can be considered. Due to its large assessment range, this sub-

dimension was divided into two sub-dimensions in the developed model which are: “Data 

collection and processing in production”; “Production planning”. The level of detail in the 

assessment increases because the requirements that each level of maturity has in that sub-

dimension are spread out through two other sub-dimensions where their higher maturity level 

does not necessarily need to be the same (as high) as the one in “Data Usage”. For example, 
if both sub-dimensions were bundled in “Data Usage”, a company that was able to collect and 

process its data (having a very high maturity level in this sub-dimension) but had a poor planning 

of its production (resulting in a low maturity level in this sub-dimension), would have a low 

maturity level in the sub-dimension “Data Usage”. This would result in attributing the same 

maturity level to a company that had a poor maturity level in both of these sub-dimensions and 

the company used in this example. By separating them, it is clear that these two companies 

have different maturity levels regarding the usage of their data. Therefore, the level of detail in 

the assessment with both sub-dimensions separate is higher because it is possible to 
distinguish between companies, rather than just consider both of them in a low maturity level. 

Chapter 6 illustrates the differences in the degree of detail of this model and, as far as we know, 

the most quoted model in the literature at this moment. 

 

As mentioned previously in this dissertation, the existing models consider 4/5/6 

maturity/readiness levels that represent the path of a company from its introduction until the full 

implementation of Industry 4.0. Once the proposed model has a higher degree of detail in the initial 
levels of I4.0 while considering 5 levels of maturity, it does not comprehend the process until the full 

implementation of Industry 4.0, as proposed by the models presented in the literature. With this further 

detailing of the model’s sub-dimensions, either into other sub-dimensions or in their degree of maturity, 

naturally, some sub-dimensions were not considered by this model. It is worth to notice that, in the 

process of increasing the model’s detail, both of the above described methods can be used individually 

or in combination.  Since the target of this model are companies being introduced to Industry 4.0, 

especially SMEs, the sub-dimensions that were left out, are not suitable to be assessed in their context. 

Considering that these types of companies are still in the earlier phases of this process’s sub-dimensions 
as, for example: Autonomous processes, Existence of modern ICT, Share of revenue of data-driven 

services, Self-optimizing processes, Decentralization of processes. In the next chapter, the items from 
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the existing models, which were not considered in the proposed model, are enounced along with their 

related sub-dimensions. In chapter 6 of this dissertation the proposed model is mapped against the 

IMPULS model, allowing a comparison of the highest overall maturity levels considered by each model. 

That comparison confirms the highest amount of granularity that the proposed model has. To achieve 

that level of granularity, both methods described above, and their combination were used. 

  

4.7. Pictographic comparison between models 
This section intends to compare the six chosen models and the developed model. This 

comparison is essential when a model has been based on other models for its development, for it is 

possible to make conclusions out of the model’s comprehensiveness level. 

The figures below represent a pictographic comparison between the developed model and the 
chosen models. This mapping of the chosen models’ dimensions in the current model can be divided in 

two sections: first: the background -  the grey colour, represents all of the 26 sub-dimensions that this 

model incorporates; second: the yellow colour highlights the sub-dimensions which were considered by 

the respective model in the currently proposed model.  

The background image, in grey, is the decomposition of each of the dimensions presented on 

Figure 1 – each dimension is divided in its corresponding sub-dimensions. Each rectangle represents a 

sub-dimension that was described earlier in this chapter. In this way, it is possible to visually understand 

the influence of each model in the currently proposed model. The figures can be found in this and next 
page.  

From this analysis, it is clear that no other considered model covers all of the sub-dimensions 

of the currently proposed model. These comparisons show that the developed model, not only considers 

more sub-dimensions when compared to all of the other models but at the same time, these sub-

dimensions are increasingly targeted to SMEs, since almost half of them took into consideration 

categories of the main hurdles that SMEs have when implementing Industry 4.0 (see the previous 

section). 
 

 

Figure 5 - Pictographic 
comparison with [2] model 

Figure 4 - Pictographic 
comparison with [7] model 

Figure 6 - Pictographic 
comparison with [43] model 
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The single sub-dimension that was not mentioned in any of the reviewed models was the one numbered 

26, which is related with the “SME’s commitment”, and this dimension is responsible for assessing how 

much the company is willing to embrace I4.0 concept. All of the other models assess how the company 
is doing in all of their considered dimensions, respectively, but no model seems to make the bridge 

between the enterprise’s commitment and the efforts it is undertaking. This way, it might be possible to 

extract conclusions regarding the company’s goals and outlined strategies. 

 

4.8. Final remarks about the proposed framework 
This chapter presents a framework for the dimensions of the maturity model developed in this 

dissertation. This framework is focused on companies that are being introduced to Industry 4.0, 

especially SMEs. This artefact is essentially a synthesis of six maturity/readiness models for Industry 

4.0 presented in the literature. All of these models’ dimensions were taken into consideration by this 

framework and grouped in a way that makes clear the connection between. The importance that each 

dimension/sub-dimension depends on its importance to the SMEs and its suitability in the proposed 
framework. This chapter ends with a comparison of the comprehensiveness of the framework where a 

maturity model will be proposed in the next chapter, and the six chosen models. In this pictographic 

analysis, it is possible to conclude that this model has a bigger assessment comprehension than the 

other models presented in the literature. 

The three main features that make this framework suitable for this type of companies are: 1 – 

The influence of the main hurdles that SMEs have when implementing this concept, in the choosing the 

framework’s dimensions; 2 – The amplified level of granularity in the initial levels, provided by its sub-

dimensions; 3 – The fact that, although there is an increased amount of detail offered by the framework, 
it still grants a holistic assessment of the company at stake overall. In fact, as shown in section 4.5, the 

development process of this artefact considers the main hurdles that SMEs have when implementing 

Industry 4.0 solutions. Moreover, in section 4.6 it is illustrated how this model achieves a higher level of 

granularity in comparison with other models. Finally, the argument that the assessment approach of this 

model is holistic can be grounded through the analysis of the existing maturity/readiness models 

(presented in chapter 2), and the literature review performed in the context of this work, for it covers the 

design principles of Industry 4.0 and its main components. 

Figure 7 - Pictographic 
comparison with [19] model 

Figure 9 - Pictographic 
comparison with [42] model 

Figure 8 - Pictographic 
comparison with [6] model 
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5.  Proposed maturity model’s inputs and outputs 
This chapter is the natural follow up of chapter 4, where a framework that incorporates the 

proposed model’s dimensions was developed. The definition of a model stands for the transformation 

of a certain input into an output [19]. In this chapter, the inputs and outputs of the developed model are 
discussed, and their choice justified. 

 This chapter starts with the explanation of the input of this model, which comes in the form of 

a questionnaire, where each question is related to a sub-dimension. It ends with the description of the 

two different outputs that this model provides.  

 Each question can be considered as an evaluating item that is assessing the topic related to 

its respective sub-dimension. This work does not provide the question itself, once there might be 

different ways to ask the same question depending on the receiver, i.e. depending on the knowledge 
about Industry 4.0 and the overall understanding of the company’s business, the same question should 

be asked in different ways to different employees. Therefore, this work provides the field/item upon 

which a question should be asked rather than the question itself. Moreover, to ease the process of 

attributing a maturity level to each sub-dimension, each question comes along with 6 pre-defined 

answers – which can also help in the formulation of the question. Each answer represents a different 

maturity level in the sub-dimension related to the question. The sub-dimensions which were not taken 

into consideration, from the 6 chosen models, are going to be identified in their respective question as 

to the “next step” (therefore, not considered in the model). 
Each question is associated with the answers present in annex E. An explanation of these 

questions is provided in the section below.  

 

5.1. Proposed maturity model’s inputs 
Dimension: Technology 

Nº and name of Sub-dimension: 1 – Digital modelling  

Description: The systems considered in this question were inspired in IMPULS questionnaire [2]. 

Although this model does not sort each system per level of maturity, in the current work, it was 

considered that the first requirement that a company should have, is an ERP that is only responsible for 

the support activities of the business. The levels of maturity are defined with the integration of the ERP 

(information wise) with the different systems proposed by IMPULS. After the usage of ERP, its 
integration with MDC is the next level, since it is the first binding between logistics and production. After 

having the data of machines incorporated, it makes sense to include PDA and MES followed by PPS, 

since these types of systems allow the collection of data and planning of the production. The highest 

maturity level is achieved when PDM are bonded with the ERP, so the ERP can incorporate data from 

outside of the company. The next level that is not mentioned in this question would be to have a PLC 

also incorporated, but for that to happen, stronger relationships with the network would be needed.  
 

Dimension: Technology 

Nº and name of Sub-dimension: 2 – Equipment infrastructure 
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Description: This question does not evaluate which type of infrastructure the company’s equipment 

have. The focus of this question is to understand what the current infrastructure (regardless if fieldbuses, 

Industrial Ethernet, etc) allows the machines and its controllers to do – while considering the easiness 

of performing this task. In this sense, although inspired by Mittelstand, VDMA Toolbox and Agca et al. 

questionnaires, this question is not so specific as in which type of technologies exist in the company. 

[7], [42] [43]. The lowest maturity levels are related to machines that have sensors and actuators 

controlled through PLC or any other analogic controller. As the maturity level increases, machines need 
to be able to process data and to communicate between them. The highest levels of maturity are 

accomplished when the infrastructure is based on open systems, and their ability to allow an 

implementation for a system to control them.  
 

Dimension: Technology 

Nº and name of Sub-dimension: 3 – IT security 
Description: As explained in the latter chapter, this dissertation focus is not cyber-security. 

Nevertheless, the model contemplates a sub-dimension related to this topic, since it is a very important 

notion within Industry 4.0. In this regard, there is a need to create a question that assesses how secure 

the companies are, or which efforts are being undertaken at the moment. Once the questionnaire 

provided by IMPULS is rather vague [2], for the creation of this question, the norm ISO 27001 was taken 

into consideration [56]. Each maturity level was grounded by the work of Rosmiati et al. in 2016, where 

they provide a “Maturity level framework for Measurement of Information Security Performance” in it 
[30].   
 

Dimension: Technology 

Nº and name of Sub-dimension: 4 – Cloud usage 

Description: This question is inspired on the questionnaire presented in IMPULS questionnaire [2]. 

Nevertheless, in this mentioned questionnaire, the assessment item has only three types of usage of 
the cloud: data storage, data analytics, and cloud as the basis of the company’s software. This thesis 

approaches this idea differently. Grounded by the sub-dimension “Digital Modelling”, also provided by 

the same model [2], this question relates to what extent is the cloud used in the company’s business. In 

the lowest levels of maturity, the cloud is only used for data storage or to perform support activities (from 

the ERP). As the maturity level increases, the integration of ERP as well as other systems as CRM and 

SCM is assessed. The highest maturity level is the performance of BI and Big Data in the cloud.  
 

Dimension: Production Processes 

Nº and name of Sub-dimension: 5 – Cross-company collaboration 

Description: The means that departments use to communicate between themselves is what this 

question assesses. The maturity levels were inspired in Mittelstand questionnaire [43], but they were 

more detailed. This means that, as assumed by [43] before all departments use email and phone to 

connect, there might still exist companies that still use only paper-based documents to communicate 
between departments. The highest maturity level is achieved when the company has an integration of 

all of the departments in its servers, thereby ensuring that the way each department works and 

communicates follows a uniform format. 
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Dimension: Production Processes 

Nº and name of Sub-dimension: 6 – Data collection and processing in production 

Description: This question is directed to data collection in the production. By taking the Mittelstand 

questionnaire into consideration, every time the maturity level increases, data turns digital, allowing the 

company to extract more from it [43]. The levels of maturity, start from the documentation (on paper) of 

data, until the evaluation of data for the monitoring and control of processes.  
 

Dimension: Production processes 

Nº and name of Sub-dimension: 7 – Production planning 

Description: This question is directly connected with the two previous questions. For the production 

planning to be accurate, it should be grounded by data. Until de second level of maturity, there is no 

explicit data taken into consideration for the planning. This question is inspired by the questionnaire of 

Mittelstand. Its highest maturity level is the same as the mentioned model’s second level of maturity [43]. 
Both levels stand for the planning through ERP systems using real-time data, since all of the 

departments use the same system to share information, so the information appears in real time, with 

the same format for everyone and it is easy to access the sources of the data used. Showing a bigger 

detail in this dimension in specific. 
 

Dimension: People 

Nº and name of Sub-dimension: 8 – Skill set 

Description: This question evaluates the current skills that people have in relation to IT systems and 

their ability to work with different technologies. Naturally, in the lower levels of maturity, the employees 

of the company are only able to use mainstream technologies and IS, as telephones and Excel 

spreadsheets. In the higher maturity levels, not only can the employees use the IS with ease, and 
understand how they work, but they can also make grounded suggestions for optimization of the 

developed IS. 
 

Dimension: People 
Nº and name of Sub-dimension: 9 – Skill acquisition 

Description: This dimension is not related to the people’s willingness to learn, but to what is being 

offered to the workers to allow them to develop their skills throughout their careers or the path in the 

company. It is inspired in the questionnaire of Mittelstand [43]. In the lower levels of maturity, the 

company only provides general cross company sessions over Industry 4.0. In contrast, in the higher 

levels, detailed sessions for each department or project are provided, finishing with personalized 

sessions for working groups.  
 

Dimension: People 

Nº and name of Sub-dimension: 10 – Willingness to change 

Description: This dimension evaluates how people are willing to change, in the context of Industry 4.0. 

However, this question could be applied to any type of changing/learning process related to any other 
concepts. The questionnaire provided by Mittelstand assesses this sub-dimension assuming each level 

of maturity is related to a certain interval of percentages related to the willing that employees have [43]. 

From another perspective, the model “Maturity index for Industrie 4.0” provides different constituents for 

willingness to change [6]. Some of these constituents were ordered per maturity level and created this 
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question. In the lowest maturity level, the workers are afraid or mistakes or do not want to learn from 

them. When the employees recognise the value of mistake, the next step is to be open to innovation in 

their respective business environment. The last level of maturity is achieved when the employees are 

open to explore innovation in new business environments and they are responsible for shaping this 

change.  
 

Dimension: People 

Nº and name of Sub-dimension: 11– Confidence in processes and IS  

Description: This question assesses what the relationship between people and new processes and IS 

is. In the lower maturity levels related to this sub-dimension, people only trust the mainstream 

technologies and IS, as in telephones and Excels spreadsheets, for example. As maturity levels rise, 
people start accepting them, but still redoing some of the work. The highest maturity level is 

accomplished when workers trust 100% the processes and the IS. Thus, no re-work is done, and the 

overall processes are faster and more efficient. 
 

Dimension: People 

Nº and name of Sub-dimension: 12 – Knowledge creation 

Description: As explained in the last chapter, for the creation of this sub-dimension, the SECI model, 

related to knowledge creation was used [27]. This model contemplates four stages, and they were used 

to define each level of maturity that this sub-dimension has. The only difference is that this question 

distinguishes socialization in two different ways, Ad-hoc socialization and organized socialization. The 
difference is that the socialization Ad-hoc happens spontaneously when a need for it arises. Organized 

socialization (level 2 of maturity) is achieved when the company realises the need for this socialization, 

and there are meetings scheduled mainly for this purpose. The highest maturity level is related to 

internalization, and it is assessed in the form of whether the company uses the meeting minutes and 

MIS reports, or not. After this, but not considered in this model, there is the knowledge discovery for 

processes, through the usage of AI, and Big data and BI across the board, which means, extracting data 

from structured and unstructured information – more details about Big data can be found in chapter 2 of 

this dissertation.  
 

Dimension: People 
Nº and name of Sub-dimension: 13 – Knowledge management 

Description: This question is combined with the previous one, but it focuses on the management of the 

knowledge that was previously created/learned. The maturity levels were inspired by the questionnaire 

of Mittelstand, but they were more detailed. Each maturity level is in concordance with the maturity levels 

of the question described above. The lowest maturity levels are related to the unstructured transfer and 

storage of knowledge, as in mouth to mouth and paper based, respectively. The definition and what MIS 

able companies to do are described in chapter 2 of this dissertation. The usage of such systems (or 

similar) is related to the highest maturity level of this question. The next maturity level, that is not 
considered in this model is the management of the learning process, as in, the existence of a department 

or workers only dedicated to managing it in the company.  
 

Dimension: Smart Product 

Nº and name of Sub-dimension: 14 – Functionalities for data storage 
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Description: Inspired in the VDMA Toolbox and Mittelstand questionnaire, this question takes into 

consideration how the company differentiates each product (as in, Labels, bar codes, QR codes) [42], 

[43]. Through these examples, it is possible to comprise every time, more information about the product. 

If a company is able to achieve the highest maturity level in this sub-dimension which is related to the 

ability to store data passively, the next phase (not considered in this model) is to incorporate modern 

ICT technologies in the product.  
 

Dimension: Smart Product 

Nº and name of Sub-dimension: 15 – Data collection and processing in product 

Description: Based on the questionnaires of VDMA Toolbox and Mittelstand, this question relates to a 

feature that products might have [42], [43]. First of all, it is necessary to appraise if the product has 

sensors for data collection and actuators to actuate when needed (for example with PLC). If the product 

has those characteristics and the capability of storing the data collected, the next maturity levels are 
related to what extent the product can monitor and control itself. 
 

Dimension: Smart Product 

Nº and name of Sub-dimension: 16 – Connectivity of the product 

Description: As the last question, this one is related to a feature that products might have to allow the 
company to be “closer” to the end customer. Being adapted from the VDMA Toolbox and Mittelstand 

questionnaires, the first levels of maturity are characterized by the product’s analogously ability to be 

connected with the surrounding products and to the company [42], [43]. As the maturity level increases, 

the company is able to monitor and control its products, to the extent that products are able to control 

themselves, without the intervention of the company. Since the level of connectivity needed for sharing 

data, analysing it (creating information out of it), and taking measures that will affect other products, is 

certainly different. 
 

Dimension: Smart Product 

Nº and name of Sub-dimension: 17 – Individualization of the product 

Description: Inspired only by the Mittelstand questionnaire, this question relates to the degree of 

personalization that each client has in its product [43]. In the level zero of maturity, the company 

produces only one type of product. The following maturity levels are related to the categories that 
products might have, the ability to create new categories, and to configure each product separately. The 

highest maturity level is achieved when the company develops individually each product for each 

customer.  
 

Dimension: Organization 
Nº and name of Sub-dimension: 18 – Cooperation with the network 

Description: This question is directed to the type of cooperation that the network has. Naturally, the 

lowest maturity level is attributed when there is no cooperation at all. The first level of maturity is 

achieved when the customer (either the client for the company, or the company for its supplier) makes 

complaints about the products it purchased, followed by the sharing little feedback between partners – 

systems as CRM (Customer Relation Management) might be used at this stage. When feedback gets 

more detailed and taken into consideration by the companies, stronger connections and classes as 
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"usual" suppliers and customers begin to happen. After the company shares its data with the close 

partners – to expedite and optimize logistics and transports for example – the last maturity level is 

achieved when there are IT systems that connect close partners. 
 

Dimension: Organization 
Nº and name of Sub-dimension: 19 – Democratic leadership style 

Description: The main purpose of this question is to assess what the autonomy and how empowered 

are the workers to make decisions. At a first level, the top management is responsible for making all of 

the decisions, followed by an approval of all of them. The maturity levels develop until the point that 

project leaders or head of areas are able to make all of the decisions related to their project/area, giving 

them full responsibility over it. This means that there is no financial cap blocking any decision or passing 

it to the upper level.  
 

Dimension: Organization 

Nº and name of Sub-dimension: 20 – Coordination for I4.0 

Description: Although the sub-dimension related to this question was based on Schumacher et al. 

model, there is no questionnaire or example of question assessing this field [19]. The level 0 of maturity 

represents a company that does not have any coordination for Industry 4.0 actions, regardless if the 
company is undergoing any initiative or not. The first level of maturity assembles companies that do not 

have any coordination for I4.0 initiatives but perform analysis and studies in specific projects for its 

implementation. As the maturity level rises, also does the coordination for analysis and new project 

proposals. The highest level of maturity is reached when the enterprise has a central department with 

autonomy to create its own Industry 4.0 projects in any area or department.   
 

Dimension: Organization 

Nº and name of Sub-dimension: 21 – Measurement 

Description: This question is inspired on the Agca et al. questionnaire [7], where in the lowest maturity 

level, the company has some indicators and uses them for reporting. As the level of maturity increases, 

the business metrics or indicators start getting more focused on the impacts that Industry 4.0 has in the 

company. In the highest maturity level, there are specific metrics for Industry 4.0 which are widely 

understood in the business and used for regular reporting.  
 

Dimension: Change 

Nº and name of Sub-dimension: 22 – Digitalization Strategy 

Description: Based on the questionnaire provided by Mittelstand, this question spotlights the internal 

strategy that the company has [43]. The lowest maturity levels are related to pilot initiatives in few or a 
single department. As the commitment rises, so do the maturity levels. The highest maturity levels are 

related to an already developed strategy and its implementation. The natural step that is not 

contemplated in this question is the “Strategy implemented”, since this is a very long and complex 

transformation [6].  
 

Dimension: Change 

Nº and name of Sub-dimension: 23 – Adaptation of business model 
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Description: This sub-dimension was based on Schumacher et al model [19]. This question is related 

to the efforts made by the company to develop an external strategy. As the maturity level increases, the 

company has a higher awareness of this strategy importance, thus, the company is more committed to 

go further in this change process. In level 0 of maturity, the company assumes that there is no need for 

its business adaptation. In the lower levels of maturity, the enterprise perceives this adaptation as 

possible, but not relevant. In the higher maturity levels, the company starts implementing its first 

initiatives to assess how to undertake this adaptation, ending up with planned meetings for it and its 
implementation. Just as in the last question, the next step, not considered in this model is the “Strategy 

for adaptation of business model implemented”, assuming that this process can take a long time to finish 

and can always be repeated and updated.   
 

Dimension: Change 

Nº and name of Sub-dimension: 24 – Innovation management 
Description: The structure of this question is inspired by the areas of the company that the work of 

IMPULS considers the most relevant for the implementation of innovation [2]. There is a sorting of these 

areas provided by Mittelstand model [43], where each area or combination of areas are assign to a 

maturity level. Nevertheless, there is no justification on why certain areas are assign to higher or lower 

maturity levels. Due to this unclear sorting of areas, the method chosen to assess this sub-dimension is 

a combination of both models mentioned. From one side, the chosen areas are the ones proposed in 

IMPULS model, from another side, the number of areas assign to each maturity level is the same as the 
one proposed by Mittelstand [2] [43]. This way, there is no specific area assign to a maturity level, but a 

specific number of areas that is assigned to a certain maturity level.  
 

Dimension: Change 

Nº and name of Sub-dimension: 25 – Investment  

Description: This is the only field that contemplates two questions. This differentiation was proposed 
by IMPULS model [2]. The first question is related to the amount of money invested by the company in 

the past 2 years. This question is purely statistic, this means that it will only be useful for further 

benchmarking and to extract conclusions out of the company’s financial commitment, not its maturity 

level. The second question is related to the amount of money that the company is committed to investing 

in throughout the next 5 years of this process. Different classes of percentages from the company’s 

revenue represent different levels of maturity. The combination of these two question allows further 

conclusions to be extracted. From one side it is possible to compare the maturity level in this sub-
dimension with any other inside the dimensions “Change”, they need to be in concordance – if the 

company has a digitalization strategy or is strongly committed to embark in this journey towards Industry 

4.0 but is only willing to invest 0,5% or less of its revenue, this means that, either it will take a longer 

time than expected or the implementation will be harder. From another side, by comparing the values 

of both questions, it is interesting to realise if they are the same (meaning that the company has a 

consistent level of commitment) or if the percentage has increased or decreased. If the percentage has 

decreased, it is necessary to assess why, in order to take actions. If the percentage has increased, it is 

a good sign, and it is essential to understand why – was it due to a clarification of what this concept was 
about? Was it because there was a new technology found that would suit the company’s business? Was 
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it on the account of the company’s new ability of understanding where to reach and how to do it? 

Questions as these should be made, so that insight can be taken from this company and provided to 

others.  
 

Dimension: Change 
Nº and name of Sub-dimension: 26 – SME’s commitment 

Description: This is the only question which its sub-dimension is not based on any model. Thus, there 

is a need to further fundament this sub-dimension. This question is crucial to understand how involved 

the company wants to be in this change process. A company that has level zero of maturity, does not 

want any involvement with industry 4.0, or at least does not want to achieve any goal with its 

implementation. If a company is assessing its maturity level, there should be at least, an initial interest 

in understanding its maturity level. This business transformation is enabled through the implementation 

of IS and sub-sequent technologies [31] [38] [41]. This question does not assess the way the company 
achieves this or the company’s current efforts to do so. This question focus is until where the company 

is willing to go with the implementation of Industry 4.0, in its business. The different maturity levels are 

proposed by Verkatraman model for IT-enabled business transformation [33]. As explained in the 

previous chapter, although this model was not specifically created for SMEs, its suitability was proven 

by a study that contemplated up to 41 SMEs, made by Levy et all 2002 [54]. This study called “SME 

transformation: Modelling progressions” states that the most common goal of SMEs is the second 

maturity level of Verkatraman model – therefore, in third level of maturity of this sub-dimension. However, 
this study also showed that there are SMEs that were able to go all the way until the last level of this 

journey.  

 

The description of each question allows a better understanding of how the respective sub-

dimension was asked, as well as, the choice of the different maturity levels associated with the 

question’s answers. A detail description of these fields is crucial for the model to be clear and transparent 

to anyone that would like to use this tool or improve it. These questions serve as an input for the model 

developed in the last chapter. A clear maturity level of the initial steps of Industry 4.0 can be extracted 
by the company's answers given by the company.  

In the next chapter, this questionnaire is applied to a manufacturing Portuguese SME and its 

maturity level is provided. In the same chapter, two different digitalization propositions are suggested, 

and their contribution to the increase in the company’s maturity level in specific sub-dimensions is 

clarified. 

 

5.2. Proposed maturity model’s output 
In the process of researching and understanding the maturity/readiness models for Industry 4.0 

– how they perceive Industry 4.0, how they divide this concept (their dimensions), and which output they 

generate – a conclusion was reached. Contrary to what was thought at the beginning of this journey, 

the overall maturity level of Industry 4.0 is not the most important information to extract from maturity 
assessment. In fact, there is no substantial outcome to be obtained from an overall level of maturity, in 
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the sense that, there is not any tangible step for an enterprise to take in order for it to get more involved 

in Industry 4.0. After all, the overall maturity level is a combination of maturity levels from each dimension. 

This means that, assuming that there is only a maturity model with two dimensions (as is the example 

of VDMA Toolbox [42]), if a company has a very high maturity level in one dimension, and, to contrast, 

a very low maturity level in the other dimension, the outcome of this model is an average overall level 

of maturity. Even if the model would provide “steps” for the company to increase its maturity level in this 

concept, these steps would not be suited to any of the dimensions. On the one hand, in the dimension 
with the higher level, these steps would be already done. On the other hand, in the other dimension, 

these steps would not be possible to reach, since they would be very complex and there might not be 

any infrastructure (for example) to support them.  

One way to overcome this issue, is for the model instead of providing an overall maturity level, 

giving information about the maturity levels associated with each dimension – for example, instead of a 

number (the number of the level of maturity of the company) as an output of the model, a visual net-

chart (see Figure 9 and 10) can be a better solution, since it provides visually each level of maturity of 

each sub-dimension (as the model from Schumacher et al. in 2016 [19]). From another point of view, 
there are already models that propose the usual obstacles/hurdles that companies face as they try to 

achieve higher maturity levels. These sources do this, by associating each obstacle, with each 

dimension that the model has (the readiness model from IMPULS published in 2016 is a very good 

example [2]). This means that when this model was developed, the authors have had the sensibility to 

understand that the real outcome that companies can take from this model comes from the dimensions 

and sub-dimensions and not the company’s overall maturity level. Therefore, the maturity level of each 

dimension is considered in the present work to be more relevant than the overall maturity level. 

As stated before, the highest overall maturity level does not need to be the desired one [6], [18], 
in the same way, the highest maturity level of each dimension does not need to be the right one for a 

company. To clarify this reasoning with and example, for an enterprise that, for instance, produces water 

bottles and is being assessed by the proposed model. On the one hand, it might make sense to try to 

achieve a very high level of maturity in the "technology" dimension – since the company might want to 

have the most flexible and efficient production line and be able to extract the biggest amount of data 

from it. On the other hand, in the "Smart Product" dimension, this company may not need to reach such 

a high level of maturity – since it is difficult to connect all cylinders, customize each bottle for each 
customer, or integrate sensors and actuators into plastic water bottles. Having a higher maturity level in 

the dimension “Smart Products” might not make sense in the business model that is currently being 

used by the company – this might mean that this business model is the same for a long time. If so, there 

is no adaptation of it in the context of Industry 4.0. This means that the company’s maturity level would 

be low in the sub-dimension “Adaptation of business Model”.  

The example provided in the previous paragraph confirms the powerfulness of this concept: the 

seemingly impossible objectives of today, might be tomorrow's achievable goals. With a model that 

grants a holistic assessment approach (contemplates both technologic as well as management and 
organizational dimensions). It is possible to, through the interpretation of the connections between 

dimensions and sub-dimensions, understand what to tackle in the enterprise – for example the sub-
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dimension "Adaptation of business model" and the dimension "Smart Products". It is clear from the given 

example, that each company have their own use of this model. As state by Pöppelbuß et al., a maturity 

model is useful to assess enterprises in a certain concept [37], but the way that each company uses it 

for its own benefit is different. Maturity model usage needs to be adapted and or personalized for each 

company [45]. This results in the fact that different dimensions from the maturity model have different 

weight for different companies. 

The question of which scientific purpose can the developed tool offer needs to be tackled, since 
the usage of this model is different from company to company. As stated in Chapter 2, the scientific 

purpose of a maturity model helps to collect data about the current maturity level of manufacturing 

companies and their Industry 4.0 strategies, as well as to extract potential success factors. The question 

can be seen as “How can this model have a scientific purpose if each company has a different usage of 

it?”. Indeed, the data collected from the model does have a different meaning for different companies, 

or types of companies. One way to overcome this challenge is to restrain the findings to different sectors 

of industry, instead of generalizing it to all of the manufacturing companies. Although it might not make 

sense to compare the data collected from the model between a company that produces water bottles 
and a company that sells cars, it would make sense to compare plastic manufacturing companies 

between themselves, or automotive enterprises between them. This way, it is possible to extract 

insightful success factors for different types of sectors if there are any to be extracted. It is important to 

keep in mind that, even within these sectors, each enterprise would have their own goals and specific 

needs. For this measurement, there is an urge for the use of an external expert/auditor when using the 

maturity model, once, as state by Schumacher et al. 2016, most of the companies do not have enough 

knowledge to properly assess their maturity level of Industry 4.0 [19]. The latter statement is of most 

importance since one of the characteristics of SMEs is the “Need for independence combined with a 
low propensity to delegate and consult”.  

In chapter 6, the applicability of this model is tested, in a non-repetitive production Portuguese 

SME – through the questionnaire developed above in this chapter, in a beliefs audits way (this term will 

be further explained in the next chapter). As explained in the second paragraph of this section, net 

charts are one of the solutions to avoid the overall maturity level of the company being the only output 

of models. Instead, through the usage of these charts it possible to visually interpret the maturity level 

of each dimension.  For this model, this net-chart solution will be used, but in two different ways. This 
model has two different outputs, which are:  

The first output of this model is a net chart that presents the maturity level of each dimension 

(an example can be seen in Figure 9);  

The second chart is a more insightful one. This second chart structure is the same as the 

previous one, but here, it is possible to consult the sub-dimensions maturity level. An example of this 

chart is shown in the image Figure 10, it is possible to directly extract the maturity level of each sub-

dimension, instead of the dimension only, as Figure 9 shows.  
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                 The decision behind having two possible outputs of the maturity model, lies on the amount of 

detail that the company requires. For an easy assessment or explanation of the company state “as it is”, 

the output number one might be sufficient. If a more detailed assessment is to be made, the output 

number two, provides the information important for it.  
Some models have a section of their assessment destined for the comparison between 

companies [2], [19]. This section has two main purposes: 1) it is responsible for a more precise 

benchmark of the companies that use this model (as referred in this section of this chapter, this is done 

for more accurate scientific results); 2) it affects the practicability of the results taken from the model. By 

having this section, it is possible to ease the statistic process that is adjacent to the post-analysis of 

maturity assessments, since, when the assessment is done, it is already described which type of 

company and which sector the company is in. Also, if for some sector, one sub-dimension is not relevant 
(or at least, the companies in that sector think is not), then, that sub-dimension is not taken into 

consideration for their maturity level. This way, it is possible to compare all of the companies’ (even if 

from different sectors) maturity level of Industry 4.0. 

This model, however, does not contemplate this section. Since all of the main areas seem to be 

covered, this type of conclusions can be taken with an evaluation of the model’s outputs. A constrain 

that this model has, is that, maturity levels of companies from different sectors are not easy to compare. 

Nevertheless, as explained in this chapter, through the research performed throughout this dissertation, 

it was reached a conclusion: the overall maturity level of Industry 4.0 is not relevant if useful insights are 
there to be extracted. For insights to be useful, they need to be somehow related with the company or 

at least the type of company/sector (that they are being extracted to). To illustrate this reasoning with 

an example: By not considering this section in the model, a company that produces water bottles, is 

hard to be compared in terms of Industry 4.0 to a company that produces software for smartphones. 

From one side, the dimension “Smart Products” might not be very relevant for this company, since it is 

very difficult, or it does not make sense (in the Business model currently in use) to have sensors and 

actuators in its products. Therefore, it is impossible to extract data from the client in the products usage 

phase. From another side, a company that produces smartphones, might rely on that information to 
survive. Two remarks can be made, out of this example. 

Figure 9 - Example of a company's 
dimensions maturity level in Industry 4.0 

Figure 10 - Example of a company's sub-
dimensions maturity level in Industry 4.0 
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- One: If all of the companies of the water bottle sector have the maturity level of “Smart products” 

very low, then this constrain of not considering the comparison section in the maturity, is not felt 

within the sector. Achieving competitive advantage is very relevant in today’s markets, also in the 

context of SMEs [64], but this advantage is important over a competitor, i.e. companies that are in 

the same market as the company at stake. Which means that it might not be relevant to compare 

the maturity level of a company of water bottles and a company that produces software for 

smartphones, because they are not competitors.  
- Two: If there is a company within the water bottles sector that in a 5 years future is better off than 

its competitors (because of some factors related to Industry 4.0), it is possible (if the company 

would have measured now its maturity level) to see what might have influenced that. Maybe the 

company has a big maturity level in the sub-dimension “SME’s commitment” and its already having 

meetings on the adaptation of their business model. By shifting its business model paradigm, the 

company is able to sell the water bottles, for example, as a service. By producing them with different 

characteristics, the company could extract some basic (but essential) data from the client. This 

means that this company’s maturity level of the dimension “Smart Products” is higher now than it 
was five years ago. If the dimension “Smart Products” were to be left out, for the sector of producing 

water bottles, there would have been no visible change in the company’s maturity level. When, in 

fact, there is a change in a dimension that is disregarded for the rest of the sector, and that change 

might have been vital for the company to thrive.  

 

5.3 Conclusions 
To conclude, the purpose of this model is to provide as an output the maturity level of Industry 

4.0 from the companies it assesses. No adaptation or adjustment is done to, neither the dimensions’ 

nor the sub-dimensions maturity levels. If conclusions are to be made, either regarding the company or 

its comparison to other companies (from the same sector or not), they should be performed a posteriori 

of this assessment.   

6.  Case Study of the proposed model’s application 
The purposes of this chapter are to expose the actions taken in order to validate the developed 

maturity model application, and to highlight its contribution to the literature. It consists mainly in three 

parts. The first part is to test the applicability of the model through beliefs audits in a non-repetitive 
production Portuguese company, by means of the questionnaire created in the Chapter 5 and 

introducing those results in the framework developed in chapter 4. After this assessment of the company, 

two very simple and affordable digitalization propositions in the context of the assessed company will 

be provided. Digitization in the manufacturing industry pursues the goal of guaranteeing cross-company 

networking and continuous communication along the value chain [35]. These specific suggestions serve 

as examples to show companies that it is not necessary to spend a great amount of money in very 

sophisticated digitalization (or technologies) in order for the company to achieve a higher level of 

maturity in Industry 4.0 – this is also related with the mistakes that companies usually undergo, stated 
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in chapter 2. In the third and last part of this chapter, the developed model is mapped against the most 

quoted model in the literature. This comparison aims to mirror the differences between models, 

regarding their level of detail in the initial levels. In addition to this analysis, the maturity level of the 

assessed company is also measured by the [2] model in order to allow the comparison of both models 

to be more transparent. 

 

6.1. Chosen SME’s maturity assessment 
 6.1.1. SME’s description 
In chapter 3 of this dissertation, the definition and the characteristics of SMEs are provided. The 

Portuguese company with its maturity level is going to be assessed in this chapter fits in this definition. 

The company chosen to apply the model does not have a repetitive production as well as an assembly 

line. The company also does not possess any machines, like CNCs or moulding machines. The 
workforce of the shop floor is responsible for value creation and the only support machines that exist 

are tools as a screwdriver and grinding machines. The company belongs to a big European group that 

has several sites throughout European countries. Due to this fact, this SME has some “outside help” 

which is not the case of most SMEs. This is especially true when it comes to Innovation management 

and IT organization and security. For an enhanced sensibility on the company’s daily work and how the 

information flows inside the SME, a three months internship was performed in one of their sites in 

Portugal. Fortunately, the chosen site is the national responsible for the company, thus, containing the 
company’s top-management. The company produces modular constructions (as in, stands for festivals, 

bathrooms, bathhouses, offices), each product is different and is made specifically for each client, thus, 

the company does not have a repetitive production. The company has 39 workers, which are divided 

essentially in two areas, production and office – the production, where the value is created, and the 

office, where the day-to-day business and the back-bone activities are done. The internship was 

performed mainly in the production area and the operations department, and the aim was to understand 

how the company creates their product, the process flow of each different part within the production site, 

and which communication was there between departments. 
At the first glance, this company does not seem suitable to embark in the endeavour that 

Industry 4.0 is. In fact, Strandhagen et al. 2017 have pointed out in their work that repetitive production 

companies have an easier transition to Industry 4.0 than non-repetitive production enterprises [16]. It is 

important to underline that, the model created in this dissertation was not developed specifically for this 

company. As stated in chapter 4, the model was conceived as an adaptation for manufacturing SMEs 

in general, not related to any specific sector or product. The internship allowed a greater sensibility to 

understand how a SME works and to understand the difficulty of implementing such concepts in this 
type of companies. 

 6.1.2. Process of assessment 
For the analysis of Industry 4.0 maturity level of the company at stake, the main author of this 

dissertation performed process of several beliefs audits was performed. Beliefs audit are essentially a 

dialogue between the workers and (usually) the management [65], which in this case, might also be an 
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external consultor. The aim of this dialogue is to extract the worker’s opinion/knowledge about a certain 

concept or idea. For this dissertation, multiple meetings like this were made in order to assess the 

company’s maturity level. Although beliefs audit can be done either by telephone or face-to-face meeting 

[65], for the evaluation of the maturity level, only face-to-face interviews were performed. Within the 

company’s workforce, the (1) production chief, (2) the responsible for the planning, (3) the COO, and (4) 

an IT department worker and expert in Business Intelligence (BI) were chosen and gently accepted to 

be a part of this assessment. In the attachment part of this dissertation, it is possible to analyse each of 
the employees’ responses to the questionnaire. The questionnaire is not filled in full by all of the chosen 

elements, because the knowledge that each one has is specific in their areas or maybe to areas that 

are directly working with him/her area. The four different workers cover all of the areas from the company 

assessed in this model. To start, two elements from the production/operations department where chosen 

(1), (2), since they represent two different categories from the middle-management present in the 

production/operations department.  The COO (3) was chosen to represent the top management as is 

the person with better understanding of the operations department – It is naturally important to consider 

the board in an assessment of the maturity level of the company, since they should be committed to this 
change [Warwick]. The contribution of these three collaborators allows this assessment to be more 

accurate, since there are two different perspectives being taken into account (top management and 

middle-management. The last chosen element was an IT-department worker (4), that happens to be 

also a BI analyst – giving an inside on the organization of the IT department, the existent level of security, 

and the usage of data in the company. This different perspectives and collaborators, allow this 

assessment to be robust and to cover all of the areas considered in the model developed in this 

dissertation. 

 6.1.3. SME’s maturity level of Industry 4.0 
The answers supplied by the 4 chosen workers allowed the company’s maturity level in Industry 

4.0 to be measured – illustrated in Figure 5 presented in the next page. 

As presented in annex E, most of the levels of maturity between (1), (2), (3) and (4) are 

consistence, but one. The figure bellow illustrates the divergences in the twelfth sub-dimension 

“Knowledge Creation”. 

 
Figure 4 - Sub-dimension nº12 "Knowledge Creation" 

This difference is due to the different perspectives that the mentioned groups of workers have. The (1)  

(2) elements, consider that the only way to learn (or for knowledge to be created in the company), is by 

an ad-hoc conversation, since there are not any meetings specifically for this purpose. This means that, 

for a new worker to learn the job, he/she would have to learn everything by following the employee that 

is currently doing that particular job. In other words, there are no procedures or documents with data to 

learn from. The other perspective comes from the collaborators (3) (4). The existence of discrepancy in 
the given answers highlights the lack of maturity in this concept. 
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In fact, IMPULS model also attributes the lowest maturity level to a dimension that different levels of 

maturity [2]. When this happens, further analysis need to be performed to understand the root-cause of 

this discrepancy.  

 
 

After the company’s maturity level was measured, it was presented to the COO (3) in a meeting. 

The feedback received from this collaborator was positive. In this meeting, on one side, the COO 

affirmed that he could review his company in the measured maturity level, which is a first confirmation 

that the maturity level given to the company represents this company over the respective assessed 

concept. 

 
 On another side, at a first glance, he thought that the company’s maturity level would be lower 

than the one presented. This feedback gives a first hint that the developed model is targeted for 

companies being introduced to Industry 4.0. 

 

6.2. Digitalization proposition 1 – Streamlining a 
process 

As explained earlier this chapter, two simple digitalization propositions are made. In this section 

a digitalization that allows a process to be streamlined will be provided.  

6.2.1. Process mapping 
The company has a “fast track” service that consists in pre-developed standard modules for fast 

delivery to the customer. The enterprise has an internal process outlined for this service. The purpose 

of this proposition, it is not to suggest a new way of performing the already established process, since 

the aim is not the process re-engineering. What is being proposed, is the way people deal with the 
required information for the process to happen.  

There are essentially three main places where the information is located – in the sales 

department, in the operations department, and in the shop-floor – each of these places have two boards, 

Figure 12 - Sub-dimensions maturity level from the 
assessed company 

Figure 11 - Dimensions maturity level from the 
assessed company 
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one for the north pole of the company, and another one for the centre pole, which are the headquarters. 

Currently, the information is in a form of cards which are transported by hand within the headquarters, 

from board to board (see annex F, Figure 22). When the sales department is closing a deal and needs 

to make sure that specific modular construction, which is about to be sold, is already produced and 

available with the details needed, they check the information contained in the cards of the board in one 

of their three offices. Not all of the workers from the office which owns the board (with the cards), can 

properly see the information in them, meaning that they also need to stop what they’re doing, stand up 
and walk towards the board so they can check the information. When the product is assigned to a client, 

a process for this order is created and then delivered by hand (with the physical card in it) to the 

operations department, so that the logistics and the transport can start being handled. The card is then 

put in the board of this department, where the chief of production can see which modules are there to 

produce – assuming that the chief of production is in his office and not at the factory, otherwise, there 

would be no way for him to know that there is a new module to produce. When the production chief is 

at the operations office, and happens to look at the board, assuming that there is a card there, this same 

card is then taken by himself, by hand, to the production site. After the modular construction is produced, 
the card is taken, by hand, by the chief of production back to the board in one of the sales department 

office. In annex F a process mapping was performed, to illustrate how the process works.  

6.2.2 Digitalization proposition 
What is being proposed in this section is a way to centralize the information using mainstream 

technologies. With the use of a cloud-based freeware website/application called “Trello”, it is possible, 

even without changing the way the process is being executed, nor any information that each card has, 

to digitalize these boards and their respective cards. A comparison between how a board and cards are, 

and how that information could be implemented in this application/website appears in annex F. This 
application can achieve the same objectives of the cards, although with more capabilities overall. 

Nevertheless, what is being suggested here is merely a digitalization of the current process, although, 

it is possible to get insight on the opportunities provided by this. Digitalizing this process is just the “tip 

of the iceberg” for the streamlining of this process in particular. As a matter of fact, two thirds of the 

companies surveyed by Bearing Point see potential in further streamlining their processes through 

digital innovation [35].  

The digitalization just referred above would allow the workers to immediately access the 

information, regardless of the place, and to exchange or edit the information (from board to board), 
making the process more efficient. This way, the constant physical contact between the departments 

(chief of production and sales department), does not need to happen, since the information is digitally  

available to everyone, in the same place in the cloud. Also, anyone can edit or comment a card (which 

will be registered – both the person who involved and when), without the need to be physically close to 

any of the boards. Table 8 identifies problems that this digitalization could overcome, if it was to be 

implemented. These problems are listed in the first (left) column. The middle column is related to the 

two root causes of these problems, and the right column contemplates the expected outputs that this 

proposition should grant the process to reach. 



 74 

  

With the implementation of this simple 

digitalization, the maturity level of only one sub-

dimension would increase, that is, the dimension 

number 22 “Digitalization strategy” would increase 

from level 2 “Only pilot initiatives within different 

departments” to maturity level three “Company 
department initiatives”, since this suggestion is a 

digitalization initiative between multiple 

departments.   

 

 

 

6.3. Digitalization proposition 2 – extracting data 
In this section, a second and last digitalization proposition is done. In contrary to the last section, 

the goal of this suggestion is not to achieve a higher efficiency in the affected process, but to allow data 

(passive and real time) to be extracted from it – the efficiency will be a consequence of this digitalization, 

but it is not the aim of this suggestion. The process that is going to be targeted here in this section is 
the production order, i.e. how the order to produce one product is given to the workers in the shop-floor. 

6.3.1. Process mapping 
Currently, the company has a sheet of paper that contains all of the main operations that are 

usually performed in a modular construction. These operations are categorized by type and each 

operation is numbered (the system’s number), for further introduction in the system. This sheet of paper 

is filled by the chief of production and delivered to the factory. This document can be considered as a 

guideline for what to do in the module, to make it ready for the client. Each operation presented in the 

sheets have a blank space in front of it, and, here, the chief of production writes a number that 
corresponds to the amount of times that, the operation needs to be performed – for example: Operation 

“Change light bulb” – 4, means that four light bulbs need to be replaced. Sometimes, there is a need to 

update the sheet of paper, after it is delivered in the production site, due to an unforeseen event. After 

a module is finished, the updated number of each operation is introduced in the company’s ERP. At the 

same time, at the end of each day, the workers fill a paper, with what they have done throughout the 

day, that is, how many hours have they spent with each module or whatever other task that the chief of 

production asked them to do.  

This process consists mainly in three stages. The first part corresponds to the document 
completion by the chief of production. Ideally, no modular construction can start being performed if this 

document is not already filled. The second part corresponds to the production of the modular 

construction, following the guidelines presented in this paper document and the filling of the workers’ 

Figure 5 - Change in Maturity Level of the 
assessed company with the implementation of 
the first digitalization proposition 
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schedule, filled by themselves. The process does not necessarily contemplate its third stage, as it only 

happens when there is a need for an update to the production document.  

The two main constituents of this process that can be digitalized are the production document, 

that tells the worker what to do in each modular construction, and document containing the individual 

worker’s schedule. Both of them are paper documents that are later introduced in the company’s ERP 

for further analysis. At this moment, the first document is filled when there is a request from the sales 

department with a customer’s order. The only way to know if there is enough manpower in the shop 
floor is to walk physically there and to ask the worker how much more time do they think or expect the 

modular construction they are currently working on will take. This is one of the reasons why production’s 

planning is based on the chief of production feeling or experience. Real production’s planning does not 

happen at all. The only type of data that is being collected throughout this process comes from the 

introduction of the information of both of these documents in the company’s ERP. The first document 

contains the number of operations that each modular construction was undertook, and the amount of 

time spent with each module – this information should be reliable since this document is filled out by the 

chief of production. The information contained in the workers’ schedule is the number of hours that a 
specific employee has worked in each module. This document is filled by the workers themselves and 

is only given to the chief of production at the end of each week.   

 6.3.2 Digitalization proposition 
 The aim of this sub-section is to suggest a way to perform this process, which that would allow 

the company to have six new reliable indicators. Essentially, there are two main changes, one is purely 

related to a digitalization, and the other changing the way the workers register their working hours. First, 

it is worth to know that the production document exists in a spreadsheet format which is printed every 

time there is a modular construction to re-arrange. The aim of this first suggestion is to have that 
spreadsheet in a tablet that the chief of production can carry everywhere, in order to allow its filling when 

needed. This tablet requires a network connection. This idea came from the work of Hermann et al. 

2016 who state that the usage of tablets and smartphones allow the connection with the IoT [15]. A 

simple Macro in the spreadsheet can do the job of accessing necessary information for the workers, 

extracting the necessary information for the planning department, and creating a document for each 

model and attaching a QR code to it. There are several websites that create QR codes for free, and 

there is also a function in Excel “QR code” that works as a QR code generator. The aim of this proposal 

is not to develop software in order to make this happen, but to understand what is possible or not through 
this already existing software and propose its use in a real case scenario. The document would still be 

printed and delivered in the shop floor, but the fact that the information was introduced in the software 

and not on paper, already allows data to be digitally manipulated. The QR code is related to the second 

change, so that, in each working station, there is a terminal reader of QR codes, in order to allow workers 

to read the document’s QR code twice. The first reading will indicate the moment in time they start 

working on the module, and the second reading represents the moment in time corresponding to the 

modular construction is completion. In this way, shop-floor workers do not need, at the end of the day, 

to write what they thought they have done throughout the day.  
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The combination of these changes would 

allow the process to collect reliable data while saving 

time, thus increasing its performance. Three out of 

the six indicators included in this proposal are real 

time. According to Christian König in 2013, real time 

data does not need a very high level of digitalisation, 

but it is very important [Bea]. The annex F Table 8 
depicts  the relation between the indicators, the 

information each one needs and the source of that 

same information. These real time indicators can be 

used for the production planning, or at least, can help 

much in this planning process.  

The process improvement just proposed 

would instantly allow the company to achieve a 

higher maturity level in Industry 4.0,  in particular,  
in two sub-dimensions: 6 and 7. In dimension six,  

the company is currently in the third maturity level that stands for “ Paper or digital post-production 

analysis”, but with the proposed changes in the process, the company can achieve the fourth maturity 

level which is represented by “Evaluation of 

 data for process monitoring”, since it has real time  

information about the production process, allowing its monitoring. 

The seventh sub-dimension “Production planning” undergoes an enormous leap since, not only 

can the company plan its production, but it can also have real time data of its foresight. Therefore, the 
level of this sub-dimension passes from the first level “Based on workers feeling/experience”, 

immediately to the fourth  

level “Real-time Excel-base with foresight”. This 

 sub-dimension is categorized in the dimension “Production processes”, which means that the 

company’s maturity level of this dimension rises significantly. 

 

6.4. Final remarks on both digitalization propositions 
This first proposed simple digitalization in section 6.2 makes the process more efficient while 

allowing the company to achieve a higher maturity level in Industry 4.0 in one sub-dimension, without 

changing anything in the initial process. Moreover, this proposal allows the company to envision the 

new possibilities that were granted by the digitalization of a single process. In contrast, the second 
proposal, in the previous section, suggests two main changes for the targeted process. One purely 

related to digitalization and another one related to the usage of QR code readers. These two simple 

changes allow, on one hand to get six new indicators related to its production and planning departments 

(three of them in real time), and, on the other hand, and increase in two sub-dimensions regarding the 

company’s maturity level for Industry 4.0. Both of these propositions are relatively easy to implement, 

Figure 6 - Change in Maturity Level of the assessed company 
with the implementation of the second digitalization 
proposition 
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quite cheap or even free, and their purpose is to show that the entry barriers of this concept might not 

be as high as they might seem.  

Both of these suggestions, but especially the second one, are presented in this dissertation to 

show companies that it is not necessary to implement very complex and expensive technologies to 

achieve a higher level of maturity. This is only possible because the level of maturity of this company is 

low, and thus, its increase it somehow facilitated. The higher the Industry 4.0 maturity level, the more 

expensive and complex implementations it should probably entails. Because the target of this model are 
companies in the beginning of Industry 4.0 adoption, their maturity level is low, therefore, the 

technological implementations needed to go upward in Industry 4.0 maturity level, might be as simple 

as these two ones just discussed.  

 

6.5. Maturity level comparison 
In this section, we perform a comparison between the most quoted model in the literature and 

the model developed in this work is performed. This analysis is constituted by three parts. First, we 

processed with a comparison of Industry 4.0 implementation’s processes between both. Then, we 

contrast the assessed company’s Industry 4.0 maturity level also between both models. Lastly, we 

perform an analysis of the [2] assessment’s sensibility to the implementations of the digitalization 

propositions presented in this chapter is performed.  

To start this analysis, we proceeded with a mapping of the highest maturity level offered by the 
proposed model in comparison with IMPULS model is done. This examination’s first step highlights the 

differences between both models in terms of Industry 4.0 assessment, i.e., it allows understanding of, 

to what extent the developed model is positioned in the whole process of implementing Industry 4.0. 

Since the IMPULS model lowest level considers companies outside the spectrum of Industry 4.0 and its 

highest level includes enterprises that are considered as Top-performers of this concept, we assumed 

in this work that this model considers the whole journey of this concept’s implementation. For this 

mapping to be made, the IMPULS online assessment was filled with all of the answers correspondent 
to the developed model’s highest maturity levels.  Table 2 presented bellow illustrates the contrast 

between both models. It is thus clear from it, that the developed model only goes as far as “Level 3 – 

Intermediate” in [2] model. This result is the first hint revealing that this model is indeed targeted to the 

initials levels of Industry 4.0. 

Furthermore, we use the IMPULS model to measure the maturity level of the manufacturing 

SME mentioned in this chapter. The questionnaire of IMPULS model is available online for any company 

willing to assess their maturity level regarding Industry 4.0 with this model in mind. This assessment 

was performed in the context of the three months internship that took place with this work in mind. We 
took the workers answers from the audits performed by using the completion of the questionnaire 

corresponding to this dissertation’s model. The table 2 shows the company’s different maturity levels for 

each one of the models’ dimensions. For a proper comparison of both models, the weight scale used 

by [2] model was used to assemble the developed model’s dimensions into an overall maturity level. 

These calculations are presented in the fourth and fifth line of table 2. The overall maturity level of the 

assessed company measured by IMPULS model is “0.383”, and in the developed model is “1,961”. This 
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means that for [2] model this company is in level 0, thus not belonging to Industry 4.0 companies’ 

spectrum, but for the developed model, this company is in level 3 – when considering both, the weight 

scale and the six categories used in IMPULS work. Being the maturity level “5” the representation of the 

full implementation of Industry 4.0, the company is then considered to be 7,65% in this endeavour by 

the [2] model, and 39,18% as measured by the proposed model. These findings highlight the differences 

between both models in terms of their assessment. Furthermore, it is possible to conclude that, on the 

one hand, all of the companies that have the same or a lower level of maturity in IMPULS model are 
considered in the same level of maturity, which is level 0 in this. But on the other hand, these same 

companies would be divided in three different groups in the developed model. This latter conclusion is 

of extreme importance since it exhibits the augmented degree of granularity present in the developed 

model, in comparison to the most quoted model in the literature. This increased level of detail enables 

the developed model to be more adapted for SMEs, or at least, companies which are being introduced 

to this concept, since it is possible to extract an increased degree of insights from the proposed model 

than from the [2] model. In fact, since all of these enterprises are divided in three different groups, 

instead of just one, the requirements of each group are lower, thus, easier to implement and also to 
understand.  

 
Table 2 - Industry 4.0 Maturity Models's comparison 

Model Strategy & 
Organization 

Smart 
factory 

Smart 
operations 

Smart 
products 

Data 
driven-

services 

Emplo
yees 

Total 

IMPULS [2] 0 0 2 0 0 1 3 
Proposed Model 2 1 3 2 2 2 12 

Weight scale 0,254 0,143 0,102 0,185 0,138 0,179 1,001 
Impuls  [2] 

overall maturity 
level 

0 0 0,204 0 0 0,179 0,383 

Proposed 
model’s overall 
maturity level 

0,508 0,143 0,306 0,370 0,276 0,358 1,961 

 
To finalize this analysis, the company’s maturity level of Industry 4.0 after each digitalization 

was measured by the IMPULS model. On the one hand, the company’s level of maturity in the dimension 

“Strategy & Organization” changes from level 0 to level 2 and stays the same in all of the other 

dimensions in case only the first digitalization proposition was implemented. On the other hand, the 

company’s maturity level remains intact if the second digitalization proposition presented in section 6.3 

was implemented. This result was expected, since, as mentioned in last paragraph, the requirements to 

increase the company’s maturity level in [2] model are more complex than the proposed model. The 
developed model shown maturity level improvements in both cases – as both Figure 6 and Figure 7 can 

confirm – proving its higher degree of detail in these initial levels of Industry 4.0. 

   With this comparison in mind, we can confirm that the premise that the model proposed in this 

work is targeted to enterprises entering the sphere of Industry 4.0 by granting a higher degree of detail 

in the initial maturity levels of Industry 4.0 can be confirmed. 
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6.6. Conclusions 
This chapter serves the purpose to confirm the applicability of the maturity model developed in 

this work, as well as to remark that companies’ Industry 4.0 entry barriers, might not be as high as they 

may initially appear. The purpose of this chapter is not to present the whole process of assessment of 

the Industry 4.0 maturity level of the company, but to just show that this model can be used in order to 

do so. The way the model was used (meetings with the client, how many people show be included in 

the assessment, how were these meetings performed) is not in discussion here.  

  Indeed, Industry 4.0 is a complex concept that comprehends a lot of different technologies/ 
software and allows enterprises to completely change their business models [Kagg]. But before reaching 

out for those complex aspects of this concept, there are some basic requirements that need to be met 

– for example, collection and usage of data, existence of KPI or at least indicators for process monitoring 

and control, or a resilient IT structure. The two digitalization propositions are quite easy to implement 

and are relatively cheap, when compared, for example, to high-end software technologies.  
The level of Industry 4.0 maturity from a non-repetitive production company was successfully 

attributed by means of the information gathered by the application of the questionnaire developed in 

chapter 5 and with its introduction in the framework comprising the proposed model dimensions 
developed in chapter 4. The maturity level comes in a form of two net-charts containing the model’s 

dimensions and sub-dimensions and their respective levels of maturity.  

The last part of this chapter includes a comparison of the maturity level measured in the 

beginning of the chapter, with [2] model. This comparison permits an analysis of the different level of 

detail that each model has, as well as the placement of the developed model in the whole process of 

implementing Industry 4.0 – from its introduction until the full implementation. It is clear from the analysis 

performed in section 6.4 that the model developed in this dissertation has a higher granularity degree 

than the IMPULS model. It is thus targeted to companies that are being introduced to the concept, 
especially SMEs, because it has a higher degree of detail in initial levels.  
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7.  Conclusions and Future Work 
The present dissertation has two primary objectives. The first one is an analysis of the current 

maturity and readiness tools for Industry 4.0 and their suitability to SMEs, as well as a dissection of the 

mistakes and obstacles that this kind of companies encounter when implementing this concept. After 
understanding different attributes each model possesses and what is needed for a model to be suitable 

for SMEs, the second goal of this dissertation emerges. The second main objective aims at a 

development of a comprehensive synthesis maturity model for Industry 4.0, targeted to companies that 

are being introduced to this concept, especially SMEs. To confirm the model’s applicability, a real case 

application was performed in a non-repetitive production SME, where its maturity level in this context 

was successfully attributed by using the model.  

To achieve these two objectives of this dissertation, a research methodology was followed. This 
methodology is divided in five steps that can be aggregated into two main parts, each related to a 

corresponding main objective. The very first phase considers an analysis of the literature focused on 

maturity and readiness models, as well as about typical hurdles that SMEs undergo when implementing 

Industry 4.0 was done. The second phase of this methodology aims at the creation of a maturity model 

meeting the characteristics found to be the most important to adapt the model for SMEs. Still in the 

second phase of the proposed methodology, we developed the proposed model’s inputs and outputs 

were developed, while demonstrating the model’s applicability was demonstrated using a case study in 

a Portuguese SME.  
An analysis of the assessment tools presented in the literature and focused on 

maturity/readiness models, allowed a sense of the process stages of the process that companies 

undergo until full Industry 4.0 implementation, as well as finding out the most relevant dimensions that 

this concept comprehends.  Although the literature has not yet fully agreed on a clear definition of what 

Industry 4.0 is along with its constituents, i.e., the dimensions considered in these models, at this 

moment in time, we should be able to understand which company’s areas are the most related in 

Industry 4.0 context. 

From the analysis performed in the first part of this dissertation, three main characteristics 
aroused for models to properly accommodate SMEs. These three main characteristics were found to be 

the most important to be taken into consideration in the development stage of a maturity model 

especially developed for this type of companies. These characteristics are: (i) the influence of SMEs 

most important hurdles when carrying out Industry 4.0 initiatives, in the model’s dimensions and sub-

dimensions; (ii) the requirements originated by high level of detail in Industry 4.0 initial levels 

requirements; and (iii) providing a holistic assessment approach of this concept in an enterprise. It was 

not found in the literature any model clearly contemplating these three characteristics in its development 
stage. Therefore, we took the decision of developing in the current work a comprehensive maturity 

model for Industry 4.0 with the proper features to accommodate SMEs.  

The development process of this maturity model was based in six out of thirteen 

maturity/readiness models analysed in the literature. This means that the model was not created from 

scratch and, therefore, each dimension and sub-dimension were taken out of these models. In this way, 

the proposed model is totally aligned with the literature around this concept, while providing some 
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contribution, since it is specially developed with SMEs in mind. Each model’s attribute and assessment 

item are extensively described in this dissertation, thus trying to be as clear and transparent as possible.  

Moreover, we performed an analysis of the model’s detail degree in Industry 4.0 initial levels, 

as well as a comparison of the comprehensiveness between the most quoted model in the literature and 

the proposed model. We concluded that the proposed model does not contemplate the whole process 

until the full Industry 4.0 implementation, because it is more focused on the introduction of this concept. 

This way, the proposed model is more focused on the initial Industry 4.0 levels of maturity, thus allowing 
a more detailed assessment of these initially maturity levels requirements. Through a pictographic 

comparison between the proposed model and the 6 models chosen for its development, it is clear the 

higher comprehensiveness level of the proposed maturity assessment tool became clear.  

Furthermore, the model’s applicability was tested and confirmed through a real case study in a 

Portuguese SME, successfully measuring its Industry 4.0 maturity level. In order to illustrate that 

Industry 4.0 entry barriers of Industry 4.0 might not be as high as they initially may seem, two 

digitalisation propositions were provided. One proposition focused on streamlining an existing process 

through the use of free software – without changing the referring process. The aim of the second 
proposition is to collect data from a fundamental process in the company – by introducing one 

digitalisation step and one minor change in the process. Both these propositions increased the 

company’s Industry 4.0 maturity level previously measured by the proposed model.   

Applying the research methodology referred above allowed the identification of the most 

important characteristics that maturity/readiness models should have, together with the development of 

a maturity model representing a synthesis of other six models while considering these characteristics, 

as well as a confirmation of this model’s applicability in a real case scenario. This permits the 

confirmation that both initial objectives of this dissertation were reached. 
It is worthwhile to mention that this model has some weaknesses. Since this model is essentially 

an assembly of six already existing maturity models for Industry 4.0, most of its sub-dimensions and the 

adjacent maturity levels are naturally defined by the corresponding authors. Furthermore, the baseline 

dimensions dividing this concept are the same ones used by these models. The work developed in this 

dissertation is thus grounded in these authors’ work, and, if their propositions are incorrect, so is this 

work as well. Nevertheless, since the authors of the chosen works seem to be reliable sources, this 

work is still based on trustworthy fundaments. Another limitation of this dissertation is that it only 
considered sources in either English, Portuguese, or German. There might be valuable articles written 

in other languages, which might therefore not have been considered. Nevertheless, because German 

is the original language used to propose the concept focused in this dissertation, we made the effort to 

fully consider articles and scientific articles written in this language, therefore, with this measure, the 

mentioned risk might have been mitigated.  

Still in the previous paragraph’s topic, as proposed by Becker et al., there are 8 requirements 

that should be followed for the development of maturity models [52]: at its heart, these authors outline 

eight requirements for maturity model development: (R1) A Comparison with existing maturity models 
must be performed, (R2) Iterative Procedures are followed, (R3) The design and development of the 

model is evaluated iteratively, (R4) A multi-methodological procedure is followed, (R5) The problem 
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relevance is clearly identified, (R6) A detailed problem definition is provided, (R7) Targeted presentation 

of results is ensured, and (R8) Scientific documentation is provided. The present work has only fulfilled 

the first out of the eight proposed requirements. This is due to a combination of the time taken for the 

development of this work and this dissertation’s focus – where a synthesis maturity model and its 

suitability is developed rather than reaching for a complete development and validation of this tool.  

 

7.1 Future work 
 

This section presents suggestions for future work are presented. 

 

First, we suggest the full application of this model across one or more manufacturing sectors. 
One of the major challenges is to get a personalized assessment for the measurement of the maturity 

level in each company. This application would have three goals in mind.  

We propose to start with the benchmark of the maturity level within each manufacturing sector. 

This would allow an understanding of the overall maturity level of across each sector and the success 

factors associated with specific companies with higher maturity levels. Moreover, this application would 

also permit to refine the proposed model because with several assessments it might be possible to 

understand some possible necessary elements left out, or to re-evaluate the different phases of the 

process of implementing Industry 4.0, as considered in the model – thus fulfilling the second and third 
requirements proposed by Becker et al. [Becker]. As referred in the previous section. Finally, this 

continuously refining, evaluating, and measuring the maturity level of companies would allow the model 

to be itself confirmed and refined in time. In fact, the process until full validation is outlined by Becker et 

al. with the eight referred requirements needed for a proper development of maturity models. Since 

these requirements are sequential, then can be seen as the next steps to be performed in order for this 

model to be fully validated. 

We also suggest carrying out simple Industry 4.0 initiatives, as the ones proposed in chapter 6, 
and measure their influence on the maturity level of the company. This kind of simple digitalisations 

have shown to be helpful when tackling the Industry 4.0 concept, as well as insightful for the companies 

implementing it, as presented in the previous chapter. 

Finally, we suggest developing a roadmap for the introduction of Industry 4.0 in companies as 

well as sectors. This tool would take advantage model proposed here, since its purpose is to 

accommodate companies introducing industry 4.0, especially SMEs.  
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Annexes 
Annex A – Industry 4.0 main technological concepts 

 
Table 3 - Industry 4.0 main technological concepts 

I4.0 main technological 
concepts 

Description and characteristics 

Additive 
Manufacturing – 3D 
Printing 

Additive Manufacturing is a process by which products are produced 
autonomously layer-by-layer. Additive manufacturing is a key 
technology to enable mass customisation through the ability to 
produce bespoke parts quickly, combined with the transformation in 
customer supplier relationship with customers having the ability to 
produce their own spare parts, plus the ability to avoid purchasing new 
capital equipment for new product introduction. The technology is 
more commonly used for rapid prototyping and the creation of bespoke 
tooling.  

Cloud Cloud is described as a web-based application of which information is 
stored on external servers. It is represented by three IT combinations: 
Internet Service, Web Application and Information Management. 
Cloud manufacturing relates specifically to the Industry 4.0 concept. It 
acts at the backbone to support the Internet of Things, MES and the 
connectivity of sensors. The cloud manufacturing concepts creates a 
central platform which allows common access to data from across the 
e-value chain to enable flexibility efficiency gains.  

Manufacturing 
Execution Systems 
(MES) 

MES provides data management capabilities and a ‘common user 
interface’ for operators. A MES system is a useful tool for organisations 
that have a demand for accurate traceability of component parts and 
assembly activities to monitor quality, cost and lead time. A MES 
system also provides a central distribution of information role.  

Internet of Things and 
CPS 

The Internet of Things is described commonly as the connectivity of 
‘Things’ within manufacturing. The term ‘Things’ fundamentally 
represents anything within the manufacturing environment: products, 
people, machines, or parts. The concept is enabled through the 
application of smart sensors. To enable the success of the concept, a 
common platforms and Cyber Physical systems are used to create an 
environment were all things are connected.  

Bid Data The availability and interrogation of data is a key feature of Industry 
4.0. Through the advancements in technology, the readiness of data 
is common, however the collection, analysis and presentation of this 
data is rare within organisations. The use of data enables the ability to 
effectively plan, control and respond to production processes, systems 
and networks. The literature suggested 95% of data generated within 
manufacturing organisations is not processes and used effectively.  

Sensors  The use of smart sensors within manufacturing organisation enables 
the generation of important and useful data, which can then be 
retrieved, monitored and reported to the user. Sensors also provide 
the platform for digitalising ‘things’ to support the Internet of Things 
concept. A common sensor used within manufacturing organisation is 
the RFID sensor, which is used to collect and transmit data back to a 
common platform like the manufacturing cloud.  



 B 

 e-Value Chains The e-Value Chain concept is enabled through the Industry 4.0 
concepts which support digitalisation and therefore allow seamless 
connectivity, collaboration and cooperation between supplier and 
customer. This concept also includes the concept of Procurement 4.0 
which reduces lead times, inventory costs, customer experience and 
supplier performance by integrating data from the entire value chain. 
Connectivity across the value chain provides opportunities for 
transparency to create a live environment to support the customer and 
supplier activities.  

Autonomous Robots Autonomous or Smart Robots are described in the literature as a key 
part of Industry 4.0 success. The use of Smart Robots is increasing 
throughput, product quality and reducing unit production costs. In 
some instance the use of Smart Robots is more practical than humans. 
Advancements in the activities robotics delivers has transformed from 
repetitive low-skill work to repeatable medium-skill work. This concept 
is also supporting the Industry 4.0 objective of mass customisation. 
Advancements in robotics allow the systems to imitate the actions of 
humans, work autonomously, are consciously aware of their 
surroundings and adapt to unexpected scenarios.  

 
 

 
Figure 7 - Difference between CPS and IoT 

 
 

 

 

 
Figure 8 - Framework for maturity models Design Principles 
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Figure 9 - SECI model for knowledge creation 

 

 

 
 

 
Figure 10 - Verkatraman model for - IT-enabled business transformation 
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Annex B – Main categories of Hurdles that SMEs 
experience when implementing Industry 4.0  

 
Table 4 - Hurdles that SMEs encounter when implementing Industry 4.0 measures 

Source Hurdles 

[2] Lack of clarity about economic benefit; Lack of expertise or skilled labor; Lack of norms and 
standards; General lack of clarity, hesitance; Lack of confidence in data security; Unresolved 

legal issues; Lack of corporate culture for I4.0 concepts; Lack of market need; Inadequate 

broadband infrastructure; Lack of financial resources to make investment; Internal bureaucracies 

& regulations; Concern about market power of large enterprises; Workforce not open to 
digitization; 

[6] Delay in taking counter measures – latency; Decisions based on feeling not date; Highly complex 

undertaking transformation; There is not a single source of truth, data is held in decentralized 
appropriate silos; Ability to identify its information requirements and select technology; One of the 

main reasons is that many companies currently fail to appreciate the concrete benefits of 

Industrie 4.0;  

[13] Culture, organization, leadership & skills; Lack of clear operations vision & support/leadership 

from top management; Unclear economic benefit & digital investment; High financial investments 

requirements; Insufficient talent; Unsolved questions around data security and data privacy in 

connection with the use of external data; Lack of digital standards & norms & certifications; Slow 
expansion of broadband infrastructure technology; Business partners are not able to collaborate 

around digital solutions; Concerns around loss of control over company intellectual property; The 

biggest challenge of Industrial leaders is not the technology, it's the people. 

[19] Uncertainty about financial effort for acquiring technologies; Overall impact on their BM; Perceive 

the concepts of I4.0 as highly complex with no strategic guidance offered.; Lack of a clear idea of 

I4.0 & uncertainty about benefits/outcomes; Companies tend to fail to assess their own 
capabilities in I4.0 with restrains from taking any coordinate action; Most companies do not 

possess the required knowledge of I4.0 to self-assess their own capabilities; Difficulty of grasping 

the concept 

[41] SMEs do not know how to: enface the challenge towards I4.0; visualize I4.0 paradigm in their 

specific situation; SMEs do not know where to start from in order to generate new growth 

opportunities 

[45] Utilization of Industry 4.0 technologies results in reallocation of personnel from unskilled to 
technically skilled labor; Despite affordable options, time and resource constraints prevent 

companies from investing in digitization; Concerns with cybersecurity deter many companies from 

digitizing their processes; Many companies hesitate to change their business structure for 
digitization due to the experimental nature of Industry 4.0 technologies.  

[35] Unflexible processes; Hierarchic structure; Conservative company strategy; Limiter budget; Lack 

of personal; Lack of willingness to change; Limited human capital; Lack of experience; IT-data 
security 
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Annex C – Definitions of maturity and maturity models 
– extracted from Diogo Proença PhD dissertation [38] 

 
Table 5 - Definitions of maturity 

Source Definition of Maturity 
Paulk et al.  “...is the extent to which a specific process is explicitly defined, managed, 

measured, controlled, and effective. “  
Anderson and Jessen “... quality or state of being mature. If we apply the concept of maturity to 

an organization it might refer to a state where the organization is in a 
perfect condition to achieve its objectives.”  

Tonini et al. “... It is a moving target, since its main elements (technology, methodology 
and management) continuously change depending on the market, 
business and people.” “... It's just a state or a dynamic point.”  

Mettler “...an evolutionary progress in the demonstration of a specific ability or in 
the accomplishment of a target from an initial to a desired or normally 
occurring end stage.”  

Franz “...reach a state or moment favorable to something.”  
Fitterer and Rohner “...the state of being complete, perfect or ready as an assessment 

criterion.”  
Looy et al. “...organizational characteristic for business excellence.”  
Sen et al. “...implies progress from some initial state to a more advanced state. The 

notion of evolution is implicit in the stages of growth, suggesting that the 
progress transitions through a number of intermediate states on the way 
to higher maturity levels.”  

SEI “The extent to which an organization has explicitly and consistently 
deployed processes that are documented, managed, measured, 
controlled, and continually improved. Organizational maturity can be 
measured via appraisals.”  

Oxford Advanced 
Learner’s Dictionary 

“...the quality of thinking and behaving in a sensible, adult manner the 
state of being fully grown or developed.” 

Cambridge Dictionary 
on-line 

“...a very advanced or developed form or state.” “...the state of being 
completely grown.”  

Rosemann and Bruin “... a measure to evaluate the capabilities of an organization in regards to 
a certain discipline.” 

 

 
Table 6 - Definitions of maturity model 

Source Definition of Maturity Model 
Organization Project 
Management maturity 
model – OPM3 

”...is a conceptual framework, with constituent parts, that defines maturity 
in the area of interest— describe a process whereby an organization can 
develop or achieve something desirable, such as a set of Capabilities or 
practices. This process can result in a more highly evolved organizational 
state; in other words, a more mature organization.”  

Korbel and Benedict “...is a framework of evaluation that allows an organization to compare 
their projects and against the best practices or the practices of their 
competitors, while defining a structured path for improvement.”  
 

Becker et al. “...consists of a sequence of maturity levels for a class of objects. It 
represents an anticipated, desired, or typical evolution path of these 
objects shaped as discrete stages.”  

Kohlegger et al. “...popular instruments used, e.g., to rate capabilities of maturing elements 
and select appropriate actions to take the elements to a higher level of 
maturity.”  
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Lee et al. “...model the development of an object over time. The object can be 
anything of interest such as an organizational function, a human being, a 
business initiative, or a technology. Maturity models refer to a natural 
lifecycle application. Each object develops from immature and 
inconsistent status to mature, disciplined and aligned status through 
multiple stages of maturity over time.”  

Demir and Kocabaş  “...seen as models that reflect certain aspects of reality, often called 
capabilities, and define qualitative attributes which are used to classify a 
competence object into one of several clearly defined areas.”  

Bing et al. “...conceptual framework and systematic model for controlling the 
concurrent development process and improving product integrity 
continually to make sure that the process is promoted to the 
predetermined target under the product maturity condition.”  

Röglinger and 
Pöppelbuß  

“...include a sequence of levels (or stages) that together form an 
anticipated, desired, or logical path from an initial state to maturity.”  

Jia et al. “...an essential tool in assessing organizations' current capabilities and 
helping them to implement change and improvements in a structured 
way.”  

SEI “A model that contains the essential elements of effective processes for 
one or more areas of interest and describes an evolutionary improvement 
path from ad hoc, immature processes to disciplined, mature processes 
with improved quality and effectiveness.”  
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M. Röglinger, J. Pöppelbuß, “What makes a useful maturity model? A framework for general 

design principles for maturity models and its demonstration in business process management,” In 
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Annex D – SMEs’ Characteristics 
 
Table 7 - Description of hurdles' categories 

Hurdles 
category 

Description of the category 

Data security Lack of confidence in data security and privacy; Unsolved questions around data security 

and data privacy in connection with the use of external data; IT-data security; Concerns with 

cybersecurity deter many companies from digitizing their processes; 

Internal 

problems 

Internal bureaucracies & regulations; Organization, leadership; Conservative company 

strategy; Hierarchic structure; Many companies hesitate to change their business structure 

for digitization due to the experimental nature of Industry 4.0 technologies. 

Culture Lack of corporate culture for I4.0 concepts;  

Skilled labor Lack of expertise or skilled labour; The biggest challenge of Industrial leaders is not the 

technology, it's the people; Insufficient talent; Companies tend to fail to assess their own 

capabilities in I4.0 with restrains from taking any coordinate action; Most companies do not 
possess the required knowledge of I4.0 to self-assess their own capabilities; Limited human 

capital; Lack of experience; Lack of personal; Utilization of Industry 4.0 technologies results 

in reallocation of personnel from unskilled to technically skilled labour; 

Economic 

benefits 

Lack of clarity about economic benefit; Lack of market need; One of the main reasons is 

that many companies currently fail to appreciate the concrete benefits of Industrie 4.0; 

Unclear economic benefit & digital investment; Lack of a clear idea of I4.0 & uncertainty 

about benefits/outcomes; SMEs do not know where to start from in order to generate new 

growth opportunities;  

Lack of clarity General lack of clarity, hesitance; Lack of clear operations vision & support/leadership from 
top management; Difficulty of grasping the concept;  

Lack of norms Lack of norms and standards; Unresolved legal issues; Lack of digital standards & norms 

& certifications;  

Broadband 

infrastructure  

Inadequate broadband infrastructure; Slow expansion of broadband infrastructure 

technology; 

Categories not 
directly related 
to SMEs: 

 
Description of the categories 

Willingness to 

change 

Workforce not open to digitization; The biggest challenge of Industrial leaders is not the 

technology, it's the people; Lack of willingness to change; 

Financial budget Lack of financial resources to make investment; High financial investments requirements; 
Uncertainty about financial effort for acquiring technologies; Limited budget; Despite 

affordable options, time and resource constraints prevent companies from investing in 

digitization 
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Figure 14 - Hurdles citations in the literature 

 

 

 
Figure 15 - Industry 4.0 dimensions considered by maturity/readiness models 
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Annex E – Proposed Questionnaire for Industry 4.0 
assessment 

 

Figure 11 - Questionnaire part 1 

Technology
1 Digital modeling

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No software usage
ERP for accounting and 

other support activities

ERP incorporated with 

MDC

ERP incorporated with MDC, 

PDA, MES 

ERP incorporated with 

MDC, PDA, MES, PPS

ERP incorporated with 

MDC, PDA, MES, PPS, 

PDM

(1) (2) (3) (4)

2 Equipment infrastructure
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No sensors or actuators
Sensors and integrators 

controled with PLC
Processing capability

Machines can exchange 

information

Open systems 

interconnection

System for controlling 

Open systems

(1) (2) (3) (4)

3 IT  security
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No base practice is performed

Ad-hoc reactively 

application and 

implementation of IT

The Company has a 

pattern that is repeatedly 

performed in conducting 

IT governance related 

activities, but still 

inconsistently 

The Company has had a 

formal and written standard 

operating procedures that 

have been socialized 

The company has 

established performance 

targets for every 

application of information 

technology applications. 

The Company has 

implemented the 

information technology 

governance refers to 

"best practice" 

(3) (4)

4 Cloud usage
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No usage 
Cloud usage for data 

storage

ERP support activities in 

the cloud

ERP operational activities in 

the cloud

CRM and SCM in the 

cloud

BI & Big data analysis 

in the cloud

(3) (2) (4)

Production Processes
5 Cross company collaboration 

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No  collaboration

 Over paper/telephone   

between the production 

and only one department

Over paper/telephone 

based between a few 

departments

Over telephone/IS based 

between few departments

Uniform data formats 

and rules for all 

departments

Uniform formats and 

networked servers 

across the company

(1) (2) (3) (4)

6 Data collection processing in production
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No data colletion or 

processing

Paper based storage of 

data for documentation

Digital based storage of 

data for documentation

(Paper or digital) Post 

production data analysis

Evaluation of data for 

process monitoring

Evaluation of data for 

process control

(1) (2) (3) (4)

7 Production planning
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

Ad-hoc
Based on workers 

feeling/experience

Paper-based with 

foresight
Excel-based with foresight

Real time Excel-based 

with foresight

Use of companies ERP 

system for production 

planning

(1) (2) (3) 

People
8  Skill set

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No ability to work with 

technology

Employees skilled with 

mainstream technologies

Employees are able to 

work with simple IS and 

technologies

Employees can work with 

specific programs for their 

departments

Employees understand 

how the systems are 

connected and how the 

information flows

Employees are able to 

contribute with 

grounded suggestions 

for systems 

improvements

(1) (2) (3) (4)

9 Skill acquisition
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No training provided

Sporadic sessions of 

superficial/overall content 

over Industry 4.0

Planned sessions over 

Industry 4.0 for the 

whole company

Detailed sessions aimed at 

different departments

Detailed sessions target 

to specific projects

Detailed and 

Personalized sessions 

for each working 

groups 

(1) (2) (3) (4)

10 Willingness to change
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

People are confortable with 

their work and affraid of 

making mistakes

There is no will to learn 

from mistakes

People recognise the 

value of mistakes

People are open to 

innovation in the current 

business environment

People are open to 

explore innovation in new 

business environments

Employees are 

responsible for shaping 

the change

(1) (2) (3)

11 Confidence in processes & IS
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No trust in processes or 

technology

People trust the 

mainstream technologies 

and paper based 

processes

People trust the 

mainstream IS and 

digital processes

Employees trust in 

personalized IS for some 

operations 

Employess trust 

processes and IS, but redo 

some of the work

Employees trust the 

processes and IS

(1) (2) (3) (4)
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Figure 12 - Questionnaire part 2 

12 Knowledge Creation
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

Not taken into consideration
Ad-hoc Mouth to Mouth 
transfer of knowledge

Meetings for Knowledge 
transfer

Minutes  Ad-hoc reports Minutes and MIS reports
Usage of minutes and 

MIS reports

(1) (2) (3) (4)

13 Knowledge Management

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No knowledge creation Word of mouth Paper based Spreadsheets
Management information 

systems in a few 
departments

Management 
information systems 

across the board

(1) (2) (3) (4)

Product

14 Functionalities for data storage

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No functionality Group differentiation
Individualized 
identification

Scanned Individualized 
identification with 

information attached 
Passive data storage

Data storage for 
information exchange 

(1) (2) (3) (4)

15 Data collection and processing in the product

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No sensors / actuators
Integration of analog 

sensors 
Integration of analog 

sensors and integrators
Data storage collected from 

sensors
Processing of sensor data 

from the product
Independent reaction of 

product to data
(1) (2) (3) (4)

16 Connectivity of the product
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No interfaces
Sending and receiving of 

I/O signals to/from 
surrounding products

Sending and receiving of 
I/O signals to/from the 

company

Products can exchange 
information between each 

other and the company

Company can control each 
product

All the products are 
connected between 
themselves, and are 
able to monitor and 
control each other 

(1) (2) (3) (4)
17 Individualization of the product

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No variety
Different categories of the 

product
Variants available within 

the categories

Ability to create new 
categories for groups of 

clients
Configured individually

Developed individually 
for each customer

(1) (2) (3) (4)

Organization

18 Cooperation within network

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No cooperation
Company only receives or 

makes complaints 
from/to suppliers

Company receives & 
gives simple feedback to 

close partners

Company has its usual 
suppliers and customers

Company shares 
information with close 

partners

Existence of IT system 
that connects close 

partners 
(1) (2) (3) (4)

19 Leadership style

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

Top management makes all 
the operational decisions

Top management 
approves all the 

operational decisions

Small, meaningless 
operational decisions can 
be taken by the workers

Existence of project 
leaders/heads of areas with 

the restrain that all the 
decisions need to be 

approved by top 
managment

Project leaders/heads of 
areas can take 

operational decisions 
until some extend

Project leaders/heads 
of areas are fully 

responsible and can 
coordinate their 

projects/departments

(1) (2) (3) (4)
20 Coordination of Industry 4.0 

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No coordination
Ad-hoc studies in specific 

projects

Department for Industry 
4.0 for the elaboration of 

studies and analysis

Department for Industry 4.0 
focused on project  

innovation proposals

Industry 4.0 coordination 
centralized in a single 

Department 

Department for 
Industry 4.0 with 

autonomy to create and 
change processes

(1) (2) (3) (4)
21 Measurement

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No Indicators
Existence of indicators for 

reporting
Usage of KPI's, but not 

focused on  Industry 4.0

Structured set of business 
metrics exist, with some 

measurement of I4.0 drivers 

Existence of I4.0 metrics 
in the business

I4.0 metrics are widely 
understood in the 

business and used in 
regular reporting

(1) (2) (3) (4)
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Figure 13 - Questionnaire part 3 

 

 

 

 

 

 

 

 

 

  

Change
22 Digitalization Strategy

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No Strategy
Pilot initiative in a single 

department

Only pilot initiatives 
within different 

departments
Cross department initiavites

Company's strategy in 
work

Company's strategy in 
implementation

(1) (2) (3) (4)
23 Adaptation of businness model

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No need for business 
adaptation

Business adaptation 
might be possible, but not 

relevant

Adaptation of buiness is 
possible, but it is in the 

background

Ad-hoc meetings for 
dicussing the adaptation of 

business

Planned meetings for 
discussion of business 

adaptation

Business adaptation 
strategy in 

implmentation
(1) (2) (4) (3)

24 Innovation management Areas: Product development, Production technology, IT, Integrative management, Services
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

In no form In 1 area In 2 areas In 3 areas In 4 areas In 5 areas
(1) (2) (3) (4)

25 Investments
In the past 2 years
In the next 5 years
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5
<0,5% 0,5% - 1% 1% - 3% 3% - 5% 5% - 10% 10%<

(3)
26 Enterprise's commitment

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5

No comitement Localized exploittion Internal integration Business process redesign
Business network 

redesign
Business scope 

Redefinition
(1) (2) (3) (4)

What percentage of the company's revenue was used in technology in the past 2 years?
How much is the company willing to invest in technology for the next 5 years?
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Annex F – Digitalization proposition 1 – Streamlining a 
process 

 
Figure 14 - First Digitalization proposition - actual card 

 

  
Figure 15 - First Digitalization propostition - digitalized card 

 
Figure 16 - First digitalization proposition process mapping 
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Table 8 – First Digitalization propositions expected outputs 

Problems the digitalization 
allows the process to overcome 

Problems' rootcauses Expected outputs 

Interruption of chiefs of 

production's work due to constant 
communication with sales 

department 

Workers don't have instant 
access to Information 

Quickness in access to the information 

Two cards for the same module 
Workers don't have instant 

access to Information 

Quickness in access to the information, 

Exchange or edit the information more 

efficiently 

Prevents one module of being 

rented twice 

Information dispersed in 

different silos 

Quickness in access to the information, 

Exchange or edit the information more 

efficiently 

Feeding information into the 

boards by hand 

Information dispersed in 

different silos 

Exchange or edit the information more 

efficiently 

Physical movimentation in order to 

obtain information 

Information dispersed in 

different silos 
Quickness in access to the information 

Physical transport of the cards 
Information disperse in 

different Silos 

Quickness in access to the information, 

Exchange or edit the information more 
efficiently 
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Annex G – Second digitalization proposition – 
extracting data 

 

 
Figure 17 - Process mapping of second digitalization proposition 

 

 

 
 

 

ERP

Commercial 
document

Data

No. of paid 
hours at the end 

of the month

Delivery 
deadline

QR Code 
generation

Number of 
workers

Initial production 
time

Estimated time 
of production

Data

Comparison P1

P2

Initial 
production time

No. of men

C1

Production
document

filling

C3

Production 
document 

printing

Start of 
production

End of 
production

Worker schedule 
filling

Production 
document update

Introduction in 
ERP

Actual 
production 

time

Final 
production

time

Introduction in 
ERP

Total real 
production 

time

E1

C2

QR Code 
scan

QR Code 
scan

Comparison
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Table 9 - Extracted indicators of second digitalization proposition 

 

 
Table 10 - Second digitalization proposition expected outputs 

 
 

Symbol Indicators for: Expected output Real time? 

P1 Help in Planning Having information for planning Yes 

P2 
Analysis of planning's 

effectiveness 
Having information for planning No 

E1 
Analysis of production's 

effectiveness 
Reliable effectiveness analysis No 

C1 
Control of modules prepared 

for production 

Having information for planning, 

Awareness of production state 
Yes 

C2 
Control of modules in 

production 

Having information for planning, 

Awareness of production state 
Yes 

C3 Control of prepared modules 
Having information for planning, 

Awareness of production state 
Yes 

Problems the digitalization allows the 
process to overcome 

Problems' root 
causes 

Expected outputs 

There are no measure of how much work is 
given to the shop-floor workers 

No data collection Having information for planning 

There is no prediction on how long will it 

take to make "the next module" 
No data collection Having information for planning 

Analysis of workers effectiveness is not 

reliable 

Workers fill their 

own schedules by 

the end of the week 

Reliable production's effectiveness 

analysis 

Unawareness of which modules are going 

to be produced and when 
No data collection Awareness of production state 

Unawareness of which modules are 

currently in production 
No data collection Awareness of production state 

Unawareness of which modules are 
produced, without checking it personally 

No data collection Awareness of production state 
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Annex H – Assessed company maturity level 
measured by IMPULS models 
 

 

Figure 18 - IMPULS maturity level measurement of assessed SME 

Industrie 4.0-Readiness-Check
27.05.2019 04:37

Evaluation of Industry 4.0 Readiness Check
Thank you for taking the time to complete the VDMA Industry 4.0 Readiness Check. Your results and your
comparison group are outlined below. We also highlight specific measures you can take to improve and expand
your Industry 4.0 readiness.

Overall evaluation
Your company is ranked at level 0 in the overall evaluation.

Your readiness scores in the six dimensions of Industry 4.0 are as
follows:

Strategy and organization: Level 0
Smart factory: Level 0
Smart operations: Level 2
Smart products: Level 0
Datadriven services: Level 0
Employees: Level 1

Overall (weighted): 0.383 in keeping with level 0  
 

The six dimensions are evaluated according to the numbers from the IMPULS study and are weighted as follows:
Strategy and organization: 0.254, Smart factory: 0.143, Smart operations: 0.102, Smart products: 0.185, Data-
driven services: 0.138, Employees: 0.179

 1 / 9


