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Abstract: Although Industry 4.0 and other initiatives predict widespread adoption of digitalised technology on the factory 
floor, few companies use new digitalised production technology holistically in their ecosystems; in practical implementation, 
companies often decide against digitalisation for financial reasons. This is due to a paradox (akin to the so called “productivity 
paradox”) caused by the complexity of value creation and value delivery within digitalised production. This article analyses 
and synthesises cross-disciplinary research using a grounded theory model, thus offering valuable insights for businesses 
considering investing in digitalised production. A qualitative model and an associated toolbox (complete with tools for practical 
application by business leaders and decision-makers) are presented to address organisational uncertainty and leadership 
disconnect that often contribute to the paradoxical gap between digital strategy and operational implementation.
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1.	 Introduction

Digitalisation is expected to deliver wide ranging 
value to almost all areas of society and the business 
world. The German initiative “Industrie 4.0” 
(Kagermann et  al., 2011) is the most prominent 
example of international initiatives to drive 
investments towards a “fourth industrial revolution” 
that will utilise cyber-physical systems (CPS), 
cyber-physical production systems (CPPS), 
horizontal integration of the value chain, and vertical 
integration of production systems (Kagermann et al., 
2013, p. 39) to unlock new added value for industrial 
production. High economical value is expected 
from applied digitalised technology. For example, 
additional revenue of 110 billion € and productivity 
gains of up to 18 % were predicted by PwC in 2014 
(Geissbauer et  al., 2014, p. 10f). However, Lerch 
et al. (2017, p. 6) underlines that only 15 % of 
German manufacturing companies show advanced 

“Industry 4.0 readiness,” while over 50 % continue 
to rely on conventional – not digitalised - production 
processes. Actatech, the German national academy 
of science and engineering, therefore, assumes the 
importance to follow through the process to mature 
in competences related to digital capabilities in their 
“Industrie 4.0 Maturity Index” (Schuh et al., 2020). 
Further a production planning focussed taxonomy 
of design principles proposed by Cañas et al. (2021) 
becomes essential to get the concept of Industry 4.0 
better defined.

This discrepancy between predicted benefit and real 
implementation is rooted in the lack of corporate 
experience with respect to purposeful and successful 
Industry 4.0 implementation (Veile et al., 2019, p. 2), 
as well in uncertainty caused by the complexity of a 
new technological landscape (Magruk 2016, p. 278) 
and novel digital dimensions (Fleisch et  al., 2014, 
p.  816). Digitalisation, however, is not pursued 
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for the sake of digitalisation. Digitalisation offers 
competitive advantage by delivering new products 
and cost benefits (Porter and Heppelmann 2014). 
New business models for data-based value creation 
play an essential role in providing these benefits 
(Arnold et al., 2017, p. 371) and challenge traditional 
business processes, as producing industries are 
more conservative than internet-based businesses. 
To encourage a wider scale of investment in new 
technology for production lines, a transition or 
extension of these companies’ understanding of value 
proposition, value network, and value architecture 
has to be at centre stage. The transformation of 
the corporation’s strategic necessity to go digital is 
creating an increasing “digital gap” from traditional 
operational reality. From technology perspective 
many companies appear well prepared but fall short 
in necessary structural adjustments (Gürdür et  al., 
2019). This results in a paradoxical situation where 
companies must evaluate the possibility of digitalised 
production while profitability criteria remain unclear 
(Kiel et al., 2017, p. 25). Al-Debei and Avison (2010, 
p. 371) show that this “digital gap” can be understood 
and managed by applying business models that hold 
the notion of value at centre stage. This approach 
is in line with Chesbrough and Rosenbloom 
(2002, p. 532), who understand business models as 
“mediating construct[s] between technology and 
economic value”.

Industrial productivity is strongly related to measures 
for improving overall equipment efficiency (OEE) 
(Koch 2016, p. 49). The potential for flexibility and 
connectivity to improve productivity mandates that 
companies consider standardising communication 
within and between production equipment (Sauer 
2014, p. 295). OPC-UA is identified as key enabler 
for the Industrial Internet of Things and the related 
factory of the future (Palm et  al., 2014). Further, 
in most industrialised countries, initiatives to drive 
digitalisation of manufacturing offer alliances 
and funding programs (Kagermann et  al., 2016). 
The digital gap is influenced by all these different 
dimensions related to digitalisation and production. 
To develop a practical model for investments in 
digitalised production, it is mandatory to create a 
holistic theory that covers all related disciplines 
of research. Scholars typically work within their 
research domain and identify cross themes as new 
area for research. Investment towards digitalised 
production often falls within these cross-disciplinary 
areas as it combines four scientific disciplines to 
understand the relations.

The wide-ranging dependencies amongst these 
research disciplines forms the research question, 
how necessary investments in digitalization can 
be assessed in terms of their contribution to value 
generation within a manufacturing value chain. The 
scientific aim of the study is therefore to research 
and surface the underlaying structural constructs and 
interrelations determine the digital transformation 
processes of industrial production infrastructure. 
These results contribute to a holistic view on the 
novel research field of digital transformation of 
manufacturing companies. In practical terms, the 
empirical findings are furnished into an innovative 
toolbox supporting necessary assessment and 
validation that business enterprises undergo within 
their digital transformation processes.

An intensive review of the research literature from 
these four disciplines offers a rich data source 
for understanding questions related to digitalised 
production. A grounded theory can be established 
through a qualitative study of the phenomena 
identified in the literature data (Strauss and Corbin 
2010, p. 54; Charmaz 2014, p. 45ff) combined with 
complementary expert interviews. The final coded 
grounded theory is elaborated upon to deliver a 
toolbox for gathering and processing conditions 
to then determine investment patterns. The paper 
presents the process for creating a suitable toolbox 
for production companies to manage paradox of 
digital investment. The first section presents an 
analysis of the relevant scientific disciplines to create 
a holistic model for the field of digitalised production. 
The second section explains the theoretical model 
of investment behaviour that bridges the gap of 
digitalised production. In the third section the 
toolbox is developed, based on the finding of the 
grounded theoretical model. Finally, conclusions and 
recommendation for further research are outlined.

2.	 Interrelation of research 
disciplines

As is often the case, existing research around 
digitalised production is focused and narrow, 
following the specific interests of individual 
disciplines. For example, publications related to 
digitisation initiatives—like Industry 4.0, IVI, 
or IIC (Kagermann et  al., 2011; Industrial Value 
Chain Initiative 2018; Lin et  al., 2017)—are 
concept-oriented and focus on technology needs. 
Technology-centric publications, on the other hand, 
take advantage of new development trends such as 
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OPC-UA, MQTT, big data, or artificial intelligence, 
as the core of their research. Business model research 
considers business issues with external partners, i.e., 
B2B, B2C and the aspects related to the “office floor.” 
In the same fashion, the work resulting from research 
related to production is dedicated to investigative 
tools for continuous productivity increases on the 
“shop floor.” Since digitalised production touches 
all these disciplines, there is value in combining 
their individual results to generate a holistic view 
to guide company investment perspectives. Figure 1 
illustrates the four research disciplines that relate to 
investments towards digitalised production.

Figure 1. Four research disciplines related to digitalised 
production (Author’s illustration).

Currently, there is a lack of studies bridging these 
related disciplines, although the demand is often 
recognised and identified as area of further research 
(Obermaier and Schweikl 2019, p.  558). In most 
existing publications, cross-discipline aspects are 
mentioned superficially or remain fuzzy. To leverage 
our collective knowledge to inform investment 
decisions, a holistic model that incorporates all 
relevant insights from the scholars of these four 
disciplines is required. A search of the literature 
available on EBSCOhost, Emerald and Google 
Scholar delivered 15,450 matches with keywords 
related to the domain of digitalised production 
within these four disciplines. Table  1 contains the 
most relevant keywords and references. After deep 
review of the resulting keywords, abstracts, and 
full studies, 121 sources in total were identified as 
relevant to deliver data for a qualitative analysis, 
further described in section 4.

Table 1. Leading keywords and references (Author’s 
illustration).

Keywords and Boolean 
conditions References (excerpt)
Automation AND Data Arnold and Voight 2017; 

Sauer 2014
Business model Osterwalder 2004; Al-Debei 

and Avison 2010; Zott et al., 
2011

Digital transformation Berghaus 2018; Schuh et al., 
2020; Obermaier 2019

Digitalization Rachinger et al., 2019; 
Bouwman et al., 2018

Industry 4.0 OR 
Industrie 4.0

Schuh et al., 2015; Magruk 
2016; Kagermann et al., 2013; 
2016 2016Kagermann et al., 
2013

Internet of Things OR 
IOT

Jesse 2016; Imtiaz and 
Jasperneite 2013; Zuehlke 
2010

Overall Equipment 
Efficiency OR OEE

Ylipää et al., 2017; Gibbons 
and Burgess 2010

Productivity AND 
manufacturing

Hopp and Spearman 2004; 
Schmenner 2015

Standardization Cottyn et al., 2008; Dorst 
2016; Eruvankai et al., 2017

Value proposition Osterwalder and Pigneur 
2010; Rese et al., 2013

Willingness to invest Grebe et al., 2019; Skilton 
et al., 2010

3.	 The paradox of digitalised 
production

Throughout history, technological innovation has 
often caused paradoxical situations. In the 1980’s, 
for example, business and society at large entered 
the era of computerisation. Robert Solow (1987) 
observed then that “You [could] see the computer age 
everywhere but in the productivity statistics.” This 
was Solow’s paradox, also known as the “productivity 
paradox;” that in spite of rapid technological growth 
in every sector, productivity was down. Since the 
Solow Paradox, we have observed increasing values 
of computer usage that additional benefits being 
generated with latency, over time. Obermaier and 
Schweikl (2019, p. 540ff) researched the relevance 
of the Solow Paradox in relation to Germany’s 
Industry 4.0 initiative. They demonstrated that 
several phenomena of the “fourth industrial 
revolution” appear to follow same patterns as 
observed in the “computer revolution.” The paradox 
of digitalised production is grounded in the ultimate 
need of a business to evaluate potential technology 

Int. J. Prod. Manag. Eng. (2021) 9(2), 65-80Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Resolving the productivity paradox of digitalised production

67

http://creativecommons.org/licenses/by-nc-nd/4.0/


investments, a process that many companies are ill-
prepared for (Porter 2010, 150,250ff). Traditional 
investments can be evaluated by weighing the value 
generated by improvements within the horizontal 
value stream (Porter 2010, p.  226). However, 
within the sphere of digital business, traditional 
judgment methods are challenged by complexity 
and uncertainty. Figure 2 visualises how the digital 
gap emerges from insufficient knowledge of digital 
technology combined with a higher level of risks and 
dynamics of the digital business environment.

Figure 2. Comparison between the world of traditional 
and digital business (source: Al-Debei and Avison, 2010, 
p. 369).

This gap between process and strategy related to 
digital production equipment originates from the 
interaction between horizontal integration (Dorst 
2016, p.  19) of the value stream and the related 
demand for vertical integration (Dorst 2016, p. 28) 
of data and information. In order to optimise the 
value stream of a produced item, information 
acquired from devices in the production process—
like machine cells, fixtures, motors, robots, vision 
systems, a single sensor, or a power supply—must 
be aggregated and analysed. Consequently, to realise 
vertical integration, a heavy investment in hardware 

and infrastructure is borne on the factory floor. 
The monetizable value, however, is captured from 
the usage within the horizontal integration of the 
value chain. Digital transformation requires either 
an explicitly defined digital business model or the 
implicit expectation that the company will benefit 
from digitalised technology. The ultimate need to 
ensure that an investment delivers a sufficient return 
and competitive advantage relates to the underlaying 
assumptions of a digital business model.

As a consequence of organisational allocation of 
funds to install the value architecture, the assumed 
value proposition, and the mechanism to capture 
value, an effect of decoupling can be observed. 
Figure  3 visualises this phenomenon of decoupled 
costs and value and illustrates the underlying effects 
that create the digital gap related to investments into 
digitalised production.

The increasing complexity of digital transformation 
mandates new processes and criteria to evaluate 
return on investment. The decoupling of cost and 
value capture forms a gap between digital strategy 
and operational implementation in digitalised 
production. This gap hinders or biases traditional 
business decisions, especially in regard to digital-
driven investments.

Al-Debei and Avison propose to overcome such a 
gap using business models as a conceptual tool for 
“alignment” between corporate strategy and business 
processes (Al-Debei and Avison, 2010, p. 371).

Figure  4 shows how business models intersect 
with digital business strategy and digital business 
processes. A business model can be understood as 
a “mediating construct between technology and 
economic value” (Chesbrough and Rosenbloom 

 

Figure 3. Instances of an Industry 4.0 transformation and their relations (source: Dold, 2020, p. 18).
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2002, p.  532). Thus, business models and their 
value-oriented approach offer a path for reducing 
the identified digital gap and for managing the 
paradoxical conundrum facing decisions about 
investing into digitalised production.

4.	 Grounded Theory

The literature produced by scholars within 
the disciplines, technology, standardisation, 
productivity, and Digitalisation initiatives, is a rich 
source of data for analysing the phenomena related 
to digitalised production, though the data cannot 
be easily compared as it is rooted in such disparate 
disciplines. To make use of such heterogenous 
sources within a grounded theory analysis model, 
Charmaz (2014, p.  45) explicitly recognises the 
value of data that is drawn from all aspects of the 
literature; phenomena can be identified not only in 
the content of the research studies, but also in their 
target audiences, the backgrounds of the authors, 
and in the presentation of the text. Drawing on this 
observation, a paradigmatic coding process was 
used to create a grounded theory model based on the 
identified literature sources. The applied paradigm 
was based on the work of Strauss and Corbin (2010) 
and delivers 76 phenomena from the process of 
open coding (Strauss and Corbin, 2010, p.  54). 
To understand the relationships between and the 
meaning of the observed phenomena, ten high-level 
categories have been defined to structure the coding 
results (Table 2).

Table 2. Results of the open coding process (source: Dold 
2020 p.78).

Discipline Category (open coding) Phenomena

Business 
model

Utilization of business models No. 1 to 7
Layers of strategic decisions No. 8 to 14
Impact of business model No. 15 to 20

Business
Commercial value
Determinants of investment
Strategy and Transformation

No. 21 to 26
No. 27 to 33
No. 34 to 42

Productivity
Maturity levels No. 43 to 49
Lean Production No. 50 to 57

Technology
technological - economical 
relation No. 58 to 66

Data-integration No. 67 to 76

Digitalised production is a new research domain; 
hence the analysed literature derives from surrounding 
disciplines only and may not reflect the latest status of 
the practical application of digitalisation. To cover this 
possible bias, the research design integrates qualitative 
expert interviews (Mayring 2008; Jüttemann 1989; 
Witzel 2000; Döring and Bortz 2016) to ensure 
applicable expert data is available to develop the 
theoretical model. The phenomena outlined in Table 2 
were evaluated by four experienced industry experts to 
define the path diagram visualised in Figure 5. The path 
diagram utilises the causal and intervening conditions 
identified via axial coding (Strauss and Corbin, 2010, 
p.  75), thus fully incorporating data from literature 
and qualitative interviews. It shows that decision 
making is influenced by multiple phenomena centred 
around “maturity of company resources” and “digital 
penetration.” Further, the prominent representation 
of value elements originating from business models 
confirms the moderation of value.

Figure 4. Business model intersection points (source: Al-Debei and Avison, 2010, p. 370).
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The process of selective coding (Strauss and Corbin 
2010, p.  94) integrates the identified phenomena 
and conditions to form the core category of the 
final grounded theory model. A single central 
phenomenon cannot directly be identified from the 
available results. Three phenomena demonstrate 
similar dominance. Further validation with the 
source data show that these three phenomena are 
interrelated in their influence over investment 
decisions. Together they form a latent phenomenon 
that is the core category of the theoretical model. 
The core category is composed of phenomena 
related to “risk,” “people,” and “value,” and is given 
the name “associated balance” (see Figure 6). This 
core category enables evaluation of the conditions, 
context, actions, interactions, and strategies that 
consequently determine investment patterns in 
digitalised production. The process of paradigmatic 
transition (Strauss and Corbin 2010, p.  101) is 
outlined in Figure  7 and incorporates all available 
data and analysis results from the preceding steps.

The characteristics of the core category are defined 
by the conditions of “risk awareness,” “consideration 
of persons,” “networks,” and “value proposition.”

Core category: Associated balance

People, risk, and value all influence investment 
decisions, and cross-influence each other. Their 
interactions form a core 
construct: the "associated 
balance. “

Balance is achieved 
when negative or positive 
influences from any one 
of these three factors are 
counteracted by influence 
from the others.

Figure 6. Core category “associated balance” (source: 
Dold 2020, p. 127).

maturity of company 
resources (47)

14:  
value network (23)

18: Situation of 
SME vs. large 
organization (29)

16: 
competencies of 
organization (48)

1: invest decision 
taking  ( 27)

12: maturity level 
of digitalization
(45)

18: situation of 
SME vs. large 
organization (29)

digital penetration (6)

6: level of digital 
culture in 
organization (14)

3: Vvlue creation 
(24)

16: Competencies 
of organization 
(48) 9:  data as 

production factor  
(32)

1: invest decision 
taking  ( 27)

4: monetising of 
data( 64)

2: impact on 
profitability ( 17)

Interview 1-2: 
elements of value 
generation (16)

Interview 1-3: value 
Proposition/value offer 
(21)

Interview 1-4: 
risk of 
digitalization  (61)

8: value 
architecture (22)

4: monetising of 
data( 64)

6: level of digital 
culture in 
organization (14)

3: 
value creation (24)

Interview 1-4: 
risk of digitalization  
(61)

Interview 1-5: target 
to use technology 
(66)

7:  process of digital 
change  (36)

5: cost/invest of 
the digital 
enterprise(58)

9: data as 
production factor  
(32)

13: latency 
between invest 
and harvest (38)

5: : cost/invest of 
the digital 
enterprise(58)

13: latency 
between invest and 
harvest (38)

Figure 5. Path model of analysed relations amongst phenomena (source: Dold 2020, p. 101).
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Risk awareness is based on the uncertainties and 
risks connected with digitisation. Across companies 
and individual decision makers, understanding and 
considerations of related risks vary (Magruk 2016, 
p. 284). The deeper the understanding of risks, the 
clearer the risk level can be assessed and taken into 
account within a balanced investment evaluation.

Consideration of persons is the acknowledgment 
that people are responsible for successful 
implementation of and value generation through 
digital transformation. Involving people is 
indispensable (Burggräf et  al., 2017, 2463). 
Considerations of the range of the people involved, 
as well in their hierarchical and department roles, 
contribute to determining the balance and influence 
of this factor.

Networks consider that value is created by a 
coordination of activities. This effect requires wide-
reaching networking between functions and partners, 
both internally and externally (Al-Debei and Avison, 
2010, p. 367). The more completely these networks 
are established, the more effectively risks and values 
can be balanced.

Value proposition for desired additional values 
from digitisation can manifest differently. A value 
proposition defines the benefit that is to be achieved 
or that has been achieved (Al-Debei and Avison, 
2010, p. 365). The strength of the additional values 
constitutes an opposite pole to compensate evaluated 
risks.

Thus, determined from the four conditions of risk 
awareness, consideration of persons, networks, and 

value proposition, the “associated balance” reflects 
a balanced understanding of the total situation, 
providing a basis from which to take actions, define 
strategies, and implement further interaction. The 
phenomenon of the associated balance (AB) is 
distinct in four states. If the interrelations between 
persons, risk and value are well balanced, a secured 
AB is considered. In case some, when discrepancies 
within the determining factors remain but the total 
effect is positive, an optimistic AB exists. A critical 
AB exists if, despite some positive influence, 
majority negative parameters predict instability. In 
the case when all conditions are shaped negative, a 
disrupted AB emerges.

The status of the AB works in conjunction with the 
specific context of the project being evaluated, which 
encompasses “digital business model,” “digital 
culture,” “data usage as production factor,” and the 
“competitive situation” as conditions.

Each company’s digital business model utilises 
digitisation differently, with variations ranging from 
the use of simple digital tools for a conventional 
business model, to a holistic digitisation of the value 
chain (Burmeister et al., 2016, p. 146). Presence of 
a digital business model supports a well-developed 
transition towards action and decision for digitisation 
in production.

Digital culture addresses the possibility that 
significant digitisation may not be realised due to 
weak anchoring in the corporate culture (Schuh 
et  al., 2020, p.  11). Readiness for change within 
the workforce, and the necessary communication 
of social aspects, are fundamental prerequisites for 

Figure 7. Paradigmatic transition (source: Dold 2020, p. 129).
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developing and implementing digital strategies. 
Insufficient willingness within a company’s 
personnel counteracts a positive effect from AB.

Data usage as production factor covers the potential 
for additional value capture or monetization via data 
collection in production (Maier and Weber 2013, 
17,38). If the contribution of data to capture value is 
not considered, an inhibiting effect on the formation 
of strategies is considered (Legrenzi, 2017, p.  36). 
If the potential is recognised and included in the 
assessment of value, the implementation of digitised 
production technology will be supported (Tantik and 
Anderl, 2016).

Actions towards digitisation are influenced by a 
company’s specific competitive situation. Small 
and medium enterprises usually have fewer available 
funds or resources to implement comprehensive 
measures (Leyh and Bley 2016; Andulkar et  al., 
2018). This deficiency has a limiting influence on the 
effects of the status of the AB.

The aggregate composed of the status of the AB 
and the contextual conditions impacts a variety 
of factors to establish an overarching attitude 
towards digital investments. These factors include 
leadership initiatives around digital transformation 
and developing the competence of people and 
organisations; the strategic management of latency 
of investments as well digital standardisation 
strategies; and the manifestation of value capture.

Value capture incorporates the creation of value 
by digitisation as is amplified through means of 
networked activities (Arnold and Voight, 2017, 
p.  100). Increase in efficiency and or the use of 

synergies (Zott et al., 2011, p. 1029) are simplified 
by networked communication to coordinate and 
capture value creation. The more the AB is balanced, 
the more a value-oriented decision on investments 
is enabled.

There is a time lag between the realisation of value 
and execution of the investments necessitating that 
a latency of investment to be recognised during the 
decisions-making process. The strategy for dealing 
with this latency (Maklan et  al., 2015, p.  583) is 
formed by the AB and the given context as well 
as the understanding that production works as an 
overall process (see Industrial Value Chain Initiative 
2018, p. 18).

Standardisation aims to cope with the increasing 
complexity of digitalised production through new 
and specific standards (Henssen and Schleipen 
2014, p.  302). Combined with an overall positive 
context and AB, strategic orientation towards full 
standardisation can be expected (Buchholz et  al., 
2017, p. 32).

With digital transformation leadership, the need 
to understand the process of digital transformation is 
counted in. The leadership style is determined by the 
level of digital maturity (Berghaus et al., 2017, p. 22) 
which is reflected in observable behaviours.

The development of people and organisational 
competences is necessary to expand value and to 
bridge uncertainties around adopting new technology 
(Magruk, 2016, p. 279). In order to achieve economy 
of scale and synergy, broad digital skills are required 
throughout an organisation (Remane et  al., 2017, 
p. 7).

Figure 8. Grounded theory model after paradigmatic transition (source: Dold, 2020, p. 136).

Int. J. Prod. Manag. Eng. (2021) 9(2), 65-80 Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 

Dold and Speck

72

http://creativecommons.org/licenses/by-nc-nd/4.0/


These impact items underpin a behaviour toward 
investment decisions as they represent the measures 
taken to create value via innovation of technology 
(Chesbrough, 2010, p.  359). The question of what 
investment is the most attractive (Zennaro et  al., 
2018, p.  7) consequently follows from an attitude 
that ranges from being reluctant to being proactively 
entrepreneurial. The paradigmatic transition builds 
a grounded theory model as visualised in Figure 8 
incorporating all considerations and phenomena 
outlined in the qualitative analysis. This model 
enables structured evaluation of individual projects 
and enterprises with regards to planning and 
execution of investments in digitalised production.

5.	 The digital investment toolbox

The transformation of conventional production 
processes towards a digitalised production paradigm 
promises to unlock further value generation and 
gains in competitiveness. However, many businesses 
struggle to start or scale up from their first light tower 
projects. This difficulty is due to the multiplicity of 
investment projects and technical innovations on 
the one hand, and uncertainty and a lack of best 
practices on the other. Businesses would benefit 
from guidance and tools to facilitate solidified 
decisions on investment priorities, and to map the 
transformation process.

In constructing the grounded theory model presented 
in the preceding sections, extensive analysis of the 
rich data and insights gleaned from the existing body 
of literature, plus expert interviews, was conducted. 
This analysis also enables the creation of a practical 
toolbox. The formative model, as outlined in Figure 
8, delivers relevant elements to assess the condition 
of a business in regard to digitalised investment 
conditions, context, action, strategy, interaction, and 
consequent investment patterns. This assessment 
enables a validation of the desired “to be” condition 
from companies’ strategic considerations and 
identifies areas to change from “as is.”.

Based on the model and data insights, a toolbox to 
assess and validate the determinants of digitalised 
production can be developed. This Digital-
Investment-Toolbox (DIT) enables enterprises to 
analyse and navigate their digital transformation 
process by efficiently managing the aforementioned 
digital investment paradox. Technically the logical 
connections are coded into Excel documents and 
the relations, queries and evaluations are realized 

by VBA-scripts. The DIT (Figure  9) offers four 
tools based on the paradigmatic elements developed 
within the selective coding process. The “associated 
balance check” (ABC) is the first tool, and retrieves 
the observed status of the exogenous characteristics 
to determine the state of the AB. The second tool 
subsumes the contextual conditions and assigns a 
specific context pattern. This tool has been given 
the name “context compass” (CC). The output of 
the ABC-tool and the CC-tool are preconditions 
for the third tool to provide guidance about related 
impacts. This “impact guide” (IG) provides a set of 
“to be” conditions based on the observed conditions 
and context. These “to be” conditions are compared 
with the “as is” situation within the organisation 
to visualise the potential gap within the business. 
The fourth tool, the “investment validator” (IV), 
given the gap identified with the IG-tool, delivers 
recommendations for corrective actions, interaction, 
and strategy to realise the desired transition to digital 
investments.

Figure 9. The Digital-Investment-Toolbox (source: Dold 
2021, p. 92).

5.1.	 Associate Balance Check (ABC) – Tool 1

The ABC aims to determine the aggregated status of 
the relevant exogenous variables that form investment 
decisions for digitalised production. The variables 
consist of two-dimensional characteristics for each 
of the AB conditions identified within the qualitative 
model (risk level, networking, consideration of 
people, and value delivery). A numeric value can 
be assigned by taking into account the effect of 
both dimensional characteristics. The values are 
normalised within a range of +1 to -1 and correspond 
to a value related to the underlaying results from the 
grounded theory process.

To calculate the AB value, eight characteristics have 
to be qualitatively evaluated and ranked as high or 
low, minor or complete, and isolated or holistic. 
For ease of use, four-field diagrams depicting the 
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corresponding value of each variable are determined, 
and finally the average of all four values is taken to 
define the state of the individual AB.

Figure 10 shows the ABC calculation card to be 
utilised in workshops and practical investment 
evaluation. The ABC-tool delivers an early prediction 
for business deciders regarding the solidity of the 
underlaying variables as they relate to successful 
digitalised investment. Further, this easy tool enables 
identification of areas to address if the AB result turn 
outs to be lower than 0.5 (critical or disrupted).

5.2.	 Context Compass (CC) – Tool 2
The specific context of the business to be digitalised 
has a significant impact on the actions, strategies and 
interactions to be established and considered. The 
context related to digitalised production is composed 
out of five variables; competitive pressure, resources, 
digital culture and digital business model, as outlined 
in section 4. The dimensional characteristics of these 
variables are more sophisticated than in the AB, and 
the constitution of the individual context is not based 
on a deterministic balance as is used to calculate 
the AB; there are a total of forty-eight possible 
combinations of the variables. However, based on the 
theoretical results, the number of different scenarios 
can be reduced to eighteen contexts. A headline has 
been defined for each identified context to describe 
the expected qualitative influence on digitalised 
investments. These headlines range from “missing 

substance” to “high risk in digital transformation,” 
and from “digital laggard” to “digital specialist” and 
“digital leader.”

The CC-tool aims to underline the implications 
that may result from a business’s specific context, 
in which the intended investments are situated. 
Table  3 summarises the composed contexts in a 
simplified format. The CC-tool offers a full selection 
table as well a detailed explanation of each context, 
outlining the theoretically based implications and 
opportunities.

The CC-tool is uniquely valuable in its ability to of-
fer evaluation of external factors which are rarely 
considered in traditional investment evaluation. The 
influence of the contextual elements on leverage of 
digitalisation can be highly supportive (e.g., contexts 
7, 12, 16.17 and 18) or obstructing (e.g., contexts 1, 
3, 8 and 13). Once this contextual influence is under-
stood, the CC also provides reflective insights to help 
identify blind spots and areas of improvement for the 
investment project.

5.3.	 Impact Guide (IG) – Tool 3

While the ABC and CC tools aim to assess exogenous 
elements and evaluate influences and possible blind 
spots within the decision-making process, the IG 
takes the related impacts into consideration and 
reveals potential gaps that may hinder the digitalised 
investment project. The first part of this tool surfaces 
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Figure 10. ABC-tool calculation card (Author’s illustration).
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the required “to be” in the areas of strategy, action, 
and interaction, as indicated by the results of ABC 
and CC. The second part is a self-assessment of the 
“as is” situation. The final part compares the “to be” 
with the “as is” to visualise deficits and to prioritise 
corrective actions. Figure 11 illustrate the structure 
and rational of the IG-tool. The “to be” evaluation 
utilises a table of impact requirements based on 
theory. This impact table indicates clearly applicable 
impacts from the AB and the business context. If the 
evaluation results in a “non-applicable” judgement, 
the underlaying theoretical conditions do not 
recommend proceeding with a digital investment 
until the AB or context improves or changes.

For the “as is” status evaluation, the dimensional 
characteristics based on the paradigmatic transitions 
are surveyed, as described below.

The interaction of value capture is judged as 
“High” or “Low” based on the additional expected 
value that can be gathered from three streams of 
value. First, the intermediate value resulting from 
direct savings in cost or proven improvements or 
productivity measures. Second, the mediate value 
delivered by improvements identified in the pre- and 
post-processes. Third, the value that is expected to 
be delivered with time delay. In relation to the two 
strategical impacts, the perceived “as is” paradigm 
must be judged. The paradigm related to latency 
of investments is rated as either “conventional,” 
“clearly defined,” or “entrepreneurial.” Similarly, 
the practical usage of standardisation is rated as 
“not defined,” “partial,” or “complete.” Paradigms 
of leadership and competence development are the 
basis of the action-based impact items, in which 
digital transformation leadership style is categorised 

Table 3. The CC-tool with defined context combinations and related headlines (Author’s illustration).

Context 
number

Combined 
categories

Competitive 
pressure Resources Data usage Digital Culture Digital business 

model Context headline

1 9 Missing substance
2 3 Utilized High M. c. Neutral readiness
3 6 No Conservative basis
4 3 Utilized Low M. c. Basis for digital beginners
5 1 Utilized High No Basis for a digital start
6 1 Utilized High Partial Digital fundament
7 1 Utilized High Holistic Potential for digital leadership
8 6 No High risk in digital transformation
9 3 Utilized Low M. c. Digital laggard

10 1 Utilized High No Digital set up with limited resources
11 1 Utilized High Partial Digital extension with limited resources
12 1 Utilized High Holistic Digital optimum with limited resources
13 3 No Low M. c. Neglected digital chance 
14 3 No High M. c. Ready for digital kick start 
15 3 Utilized Low M. c. Ready for digital leadership
16 1 Utilized High No Digital kick-starter
17 1 Utilized High Partial Digital specialist
18 1 Utilized High Holistic Digital leader

Multiple combinations

Multiple combinations

LOW

High

Low

Sufficient

Low

Sufficient

Multiple combinations

Figure 11. The Impact guide tool (Author’s illustration).
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as “top-down,” “bottom-up,” “specialised,” or 
“innovative.” Activities to develop people’s and the 
organisation’s competences are rated as “Ad-hoc,” 
“project based,” or “holistic.”

A gap analysis collates the values in a radar chart 
to provide the IG-tool output. The IG is therefore 
the central tool within the DIT as it harnesses the 
theoretical results from grounded theory into a 
structural thought process that generates a practical 
gap analysis. The IG will clarify whether the intended 
digital investment considerations have theoretical 
stability or will identify the need for corrective 
measures that should be taken before wide-ranging 
investments in digitalisation are considered.

5.4.	 Investment Validator (IV) – Tool 4
While the three former tools offer guidance and 
clarity for operationally involved people up to the 
middle management, the IV-tool targets senior 
leadership, who sponsor the investment projects. 
Recall that the digital gap identified by Al-Debei 
and Avison (Figure  2) exists between the strategic 
considerations made by senior management and on-
the-ground operations. The IV-tool aims to bridge 
the strategic agenda by identifying corrective actions 
to close the potential gap identified by the IG.

First, the IV-tool requires senior management to re-
flect on investment paradigms that are necessary to 

best achieve the outlined digital transformation stra-
tegic targets. The tool describes the patterns of the 
investment paradigms, ranging from “cautious,” and 
“ROI-oriented,” to “innovative” and “entrepreneuri-
al,” as compiled in Table 4.

The impact table used within the IG-tool correlates 
investment patterns to both the “to be” requirements 
(to support the given AB-status and context), as 
well as to the “as is” pattern (resulting from the 
operational assessment). In Figure  12, all three 
investment patterns are put into perspective and 
potential deviations with the strategic expectation of 
senior management are identified.

The IV-tool delivers the fundamental understanding 
about whether the digital gap exists—and if so, how 
wide it is—as well as pointing to where the limitations 
of the digital paradox may restrict necessary strategic 
implementations to capture value via digitalising 
production. As the findings of the IV-tool are based 
on insights generated from the IG, ABC and CC 
tools, this tool presents the overall digital awareness 
and capability to manage the effect of the decoupling 
of cost and value (presented in section 3).

The IV-tool further delivers transparency on 
corrective measures to senior management, provides 
understanding about how the value architecture of 
the business is composed, and how to capture the 
value from digitalisation via a holistic view.

Table 4. Understanding the strategic investment patterns within the IV-tool (Author’s illustration) 

Investment pattern Description

Entrepreneurial

(EIP)

The EIP is clearly looking ahead and acts in an open, innovation-friendly manner.

The paradigm is characterised by tangible entrepreneurial courage in the business. The characteristics 
of the EIP are an innovative approach to the digital transformation, the entrepreneurial wide horizon 
of expectations for ROI in future and the commitment to comprehensive standardisation amongst 
value chains and data streams.

Innovative

(IIP)

An IIP is characterised by the clear orientation towards technological benefits.

The commitment towards a full implemented standardisation is characteristic. The prevailing 
management style is either bottom-up or specialised. ROI orientation is considered but is handled 
flexible if the technological innovation promises to deliver a latent value.

ROI-oriented

(RIP)

RIP is characterised by its clear orientation towards a defined ROI.

RIP-based decisions require tangible timewise assessment, whereby the latency must be considered 
either conventionally or with clearly defined hedging. The leadership stick to conventional judgement 
and investment criteria as top-down or specialised approach. The immediate direct value creation is 
the dominating evaluation criteria within the RIP.

Cautious

(CIP)

CIP describes the cautious way of dealing with funds.

The willingness to invest for RIP, IIP and EIP is clearly recognisable by their specific characteristics 
and can be assigned as consequence of expected or proven value capture of digitalised investments. 
Conversely, it can be concluded that in consequence, if there is dominating uncertainty to decide for 
the three other patterns the cautious investment pattern apply.
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6.	 Conclusion and Discussion

Similar to other areas of technological innovation, 
the digital transformation of production presents 
companies and people with new challenges.

Though a majority of publications are focused on 
the new technology that comes with Industry 4.0, a 
digital gap between strategy and operational reality 
has created a paradoxical situation. This article 
promotes a holistic, cross-disciplinary perspective 
to resolve this decoupling between cost and value 
capture related to digitalised production. Senior 
management, middle managers, and operational 
contributors need to understand the relationship 
between these core elements of a digitalised business.

The researched grounded theory model delivers a 
solid understanding based on data from scholars and 
experts. The digital investment toolbox provides a 
method for applying this analysis to practical projects 
and is designed to offer a straight-forward assessment 
of the relevant parameters. This assessment enables 
organisations to understand where and how to tackle 
deficits and blind spots. The successful leveraging of 
digital investments will require sufficient maturity 
and full support from all layers. The toolbox is 
designed to indicate if digital maturity or leadership 
commitment appears insufficient. The parties 
involved, however, must heed these indications in 
order to benefit from a successful digital enterprise 

and in order to make the necessary paradigm shifts 
away from practices that have been internalised over 
years of traditional business. The ultimate exercise 
outlined in the IV-tool carries potential to open eyes 
and promote change towards new entrepreneurial 
spirit and innovation.

7.	 Limitations and outlook towards 
further research

The research described in this article integrates data 
from heterogenous scientific disciplines. Since then, 
the impact of Covid-19 is supposed to have significant 
impact in the described transformation processes. As 
the proposed toolbox is based on pre-Covid data, a 
verification with post-Covid data is recommended 
once societies do return to a new normal paradigm. 
The qualitative analysis demonstrates the value of 
more frequent border crossing between disciplines 
for further research into the topic of digitalisation. 
The value-centric view will help practitioners to 
build bridges between technology, productivity, 
and business aspects. Other disciplines maybe be 
included within further research and expand the scope 
given by the limitations originated from selected 
disciplines. While the grounded theory delivers a 
formative model, further research is recommended to 
refine the relations and phenomena. The qualitative 
model delivers a solid base to combine a quantitative 
analysis for a mixed-methods-study.

References
Al-Debei, Mutaz M., Avison, David (2010). Developing a unified framework of the business model concept. European Journal of Information 

Systems, 19(3), 359–376. https://doi.org/10.1057/ejis.2010.21

Andulkar, Mayur; Le, Duc Tho; Berger, Ulrich (2018). A multi-case study on Industry 4.0 for SME’s in Brandenburg, Germany. Proceedings 
of the 51st Hawaii International Conference on System Sciences. Hawaii, 2018. https://doi.org/10.24251/HICSS.2018.574

Figure 12. Investment validator process to point towards corrective measures (Auto’’s illustration).

Int. J. Prod. Manag. Eng. (2021) 9(2), 65-80Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Resolving the productivity paradox of digitalised production

77

https://doi.org/10.1057/ejis.2010.21
https://doi.org/10.24251/HICSS.2018.574
http://creativecommons.org/licenses/by-nc-nd/4.0/


Arnold, Christian; Kiel, Daniel; Voight, Kai-Ingo (2017). Innovative Business Models for the Industrial Internet of Things. In Berg Huettenmaenn 
Monatsh 162 (9), 371–381. https://doi.org/10.1007/s00501-017-0667-7.

Arnold, Christian; Voight, Kai-Ingo (2017). Ecosystem Effects of the Industrial Internet of Things on Manufacturing Companies. Acta 
INFOLOGICA, 1(2), 99–108. https://doi.org/10.1007/s00501-017-0667-7

Berghaus, Sabine (2018). The Fuzzy Front End of Digital Transformation. Activities and Approaches for Initiating Organizational Change 
Strategies. Universität St. Gallen. Available online at https://www1.unisg.ch/www/edis.nsf/SysLkpByIdentifier/4704/$FILE/dis4704.pdf

Berghaus, Sabine; Back, Andrea; Kaltenrieder, Bramwell. (2017). Digital Maturity & Transformation Report 2017. Zürich: Crosswalk AG,. In 
Veröffentlichung zur Studie der Universität St. Gallen in Kooperation mit Crosswalk. St. Gallen, March 2017.

Bouwman, Harry; Nikou, Shahrokh; Molina-Castillo, Francisco J.; Reuver, Mark de (2018). The impact of digitalization on business models. 
Digital Policy, Regulation and Governance, 20(2), 105–124. https://doi.org/10.1108/DPRG-07-2017-0039

Buchholz, Birgit; Ferdinand, Jan-Peter; Gieschen, Jan-Hinrich; Seidel, Uwe (2017). Digitalisierung industrieller Wertschöpfung. Eine Studie 
im Rahmen der Begleitforschung zum Technologieprogramm AUTONOMIK für Industrie 4.0 des Bundesministeriums für Wirtschaft und 
Energie. Berlin: iit-Institut für Innovation und Technik der VDI/VDE Innovation + Technik GmbH.

Burggräf, Peter; Dannapfel, Matthias; Voet, Hanno; Bök, Patrick-Benjamin; Uelpenich, Jérôme; Hoppe, Julian (2017). Digital Transformation 
of Lean Production. Systematic Approach for the Determination of Digitally Pervasive Value Chains. In World Academy of Science, 
Engineering and Technology, International Journal of Social, Behavioral, Educational, Economic, Business and Industrial Engineering 
11(10), 2462–2471.

Burmeister, Christian; Luettgens, Dirk; Piller, Frank T. (2016). Business Model Innovation for Industrie 4.0. Why the ‘Industrial Internet’ 
Mandates a New Perspective. Die Unternehmensführung; RWTH-TIM Working Paper, 70(2), 124–152. https://doi.org/10.2139/
ssrn.2571033

Cañas, Héctor; Mula, Josefa; Díaz-Madroñero, Manuel; Campuzano-Bolarín, Francisco (2021). Implementing Industry 4.0 principles. 
Computers & Industrial Engineering, 158(1), p. 107379. https://doi.org/10.1016/j.cie.2021.107379

Charmaz, Kathy (2014). Constructing grounded theory. 2nd edition. Los Angeles, London, New Delhi, Singapore, Washington DC: SAGE.

Chesbrough, Henry (2010). Business model innovation: opportunities and barriers. Opportunities and Barriers. Long range planning, 43 
(2-3), 354–363. https://doi.org/10.1016/j.lrp.2009.07.010

Chesbrough, Henry; Rosenbloom, Richard S. (2002). The role of the business model in capturing value from innovation: evidence from Xerox 
Corporation’s technology spin-off companies. Industrial and corporate change, 11(3), 529–555. https://doi.org/10.1093/icc/11.3.529.

Cottyn, Johannes; Stockman, Kurt; Hendrik, van Landeghem (2008). The Complementarity of Lean Thinking and the ISA 95 Standard. WBF 
2008. WBF. Barcelona, November 2008. Available online at http://hdl.handle.net/1854/LU-524679

Dold, Luzian (2020). Beurteilung von Investitionen in die digitalisierte Produktion. Eine Mixed-Method-Studie zur moderierenden Wirkung 
von Nutzenkonstrukten aus Geschäftsmodellen an der Lücke zwischen digitaler Strategie und operativen Prozessen. Dissertation. 
Middlesex University, London.

Dold, Luzian (2021). A Value Centred Paradigm to Moderate the Digital Transformation of Manufacturing. Advanced Journal of Social 
Science, 8(1), 86–95. Available online at https://journals.aijr.in/index.php/ajss/article/view/3563

Döring, Nicola; Bortz, Jürgen (2016). Forschungsmethoden und Evaluation in den Sozial- und Humanwissenschaften. With assistance of 
Sandra Pöschl. 5. vollständig überarbeitete, aktualisierte und erweiterte Auflage. Berlin, Heidelberg: Springer (Springer-Lehrbuch). 
https://doi.org/10.1007/978-3-642-41089-5

Dorst, Wolfgang (2016). Implementation Strategy Industrie 4.0. Report on the results of the Industrie 4.0 Platform. With assistance of W. 
Dorst, C. Glohr, T. Hahn, U. Loewen, Rosen, R. Schiemann, T., F. Vollmar et al. Edited by BITKOM e.V., VDMA e.V., ZVEI e.V. Berlin, 
Frankfurt am Main.

Eruvankai, Saju; Muthukrishnan, Murugesan; Mysore, Anantharamaiah Kumar (2017). Accelerating IIOT Adoption with OPC UA. 
Internetworking Indonesia, 9(1), 3–8. Available online at http://www.internetworkingindonesia.org/Issues/Vol9-No1-2017/iij_vol9_
no1_2017_eruvankai.pdf.

Fleisch, Elgar; Weinberger, Markus; Wortmann, Ass Felix; Wortmann, Felix (2014). Geschäftsmodelle im Internet der Dinge. HMD Praxis der 
Wirtschaftsinformatik, 51(6), 812–826. https://doi.org/10.1365/s40702-014-0083-3.

Geissbauer, Reinhard; Schrauf Stefan; Koch Volkmar; Kuge Simon (2014). Industry 4.0: Opportunities and Challenges of the Industrial 
Internet. Edited by Pricewaterhousecooper Aktiengesellschaft. München.

Gibbons, Paul M.; Burgess, Stuart C. (2010). Introducing OEE as a measure of lean Six Sigma capability. Lean Six Sigma Journal, 1(2), 
134–156. https://doi.org/10.1108/20401461011049511

Grebe, Michael; Rüssmann, Michael,Leyh Michael; Franke, Roman (2019). How digital champions invest. Edited by Boston Consulting 
Group. München. Available online at http://image-src.bcg.com/Images/BCG-How-Digital-Champions-Invest-June-2019_tcm15-
223286.pdf, checked on 1/6/2020.

Gürdür, Didem; El-khoury, Jad; Törngren, Martin (2019). Digitalizing Swedish industry. What is next? Computers in Industry, 105(1), 153–
163. https://doi.org/10.1016/j.compind.2018.12.011

Int. J. Prod. Manag. Eng. (2021) 9(2), 65-80 Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 

Dold and Speck

78

https://doi.org/10.1007/s00501-017-0667-7
https://www1.unisg.ch/www/edis.nsf/SysLkpByIdentifier/4704/$FILE/dis4704.pdf
https://doi.org/10.1108/DPRG-07-2017-0039
https://doi.org/10.2139/ssrn.2571033
https://doi.org/10.2139/ssrn.2571033
https://doi.org/10.1016/j.lrp.2009.07.010
http://hdl.handle.net/1854/LU-524679
https://doi.org/10.1007/978-3-642-41089-5
http://www.internetworkingindonesia.org/Issues/Vol9-No1-2017/iij_vol9_no1_2017_eruvankai.pdf
http://www.internetworkingindonesia.org/Issues/Vol9-No1-2017/iij_vol9_no1_2017_eruvankai.pdf
https://doi.org/10.1108/20401461011049511
http://image-src.bcg.com/Images/BCG-How-Digital-Champions-Invest-June-2019_tcm15-223286.pdf
http://image-src.bcg.com/Images/BCG-How-Digital-Champions-Invest-June-2019_tcm15-223286.pdf
https://doi.org/10.1016/j.compind.2018.12.011
http://creativecommons.org/licenses/by-nc-nd/4.0/


Henssen, Robert; Schleipen, Miriam (2014). Interoperability between OPC UA and AutomationML. Procedia CIRP, 25, 297–304. https://doi.
org/10.1016/j.procir.2014.10.042

Hopp, Wallace J.; Spearman, Mark L. (2004). To Pull or Not to Pull. What Is the Question? Manufacturing & Service Operations Management, 
6(2), 133–148. https://doi.org/10.1287/msom.1030.0028.

Imtiaz, Jahanzaib; Jasperneite, Jürgen (2013). Scalability of OPC-UA down to the chip level enables “Internet of Things”. IEEE intelligent 
Systems, 500–505. https://doi.org/10.1109/INDIN.2013.6622935

Industrial Value Chain Initiative (2018). Industrial Value Chain Reference Architecture -Next. Strategic implementation framework of industrial 
value chain for connected industries. Edited by Industrial Value Chain Initiative. Monozukuri Nippon Conference c/o. Tokyo.

Jesse, Norbert (2016). Internet of Things and Big Data – The Disruption of the Value Chain and the Rise of New Software Ecosystems. IFAC-
PapersOnLine, 49(29), 275–282. https://doi.org/10.1016/j.ifacol.2016.11.079

Jüttemann, Gerd (Ed.) (1989). Qualitative Forschung in der Psychologie. Grundfragen, Verfahrensweisen, Anwendungsfelder. 2. Aufl. 
Heidelberg: Asanger.

Kagermann, Henning; Anderl, Reiner; Gausemeier, Jürgen; Schuh, Günther; Wahlster Wolfgang (2016). Industrie 4.0 im globalen Kontext. 
Strategien der Zusammenarbeit mit internationalen Partnern. Acatech Studie. München: Herbert Utz Verlag.

Kagermann, Henning; Wahlster, Wolfgang; Helbig, Johannes (2013). Umsetzungsempfehlungen für das Zukunftsprojekt Industrie 
4.0. Abschlussbericht des Arbeitskreises Industrie 4.0. Edited by Prof. Dr. Henning Kagermann. Forschungsunion Wirtschaft und 
Wissenschaft, Arbeitskreis Industrie 4.0. Frankfurt am Main.

Kagermann, Henning; Wahlster, Wolfgang; Lukas, Wolf-Dieter (2011). Industrie 4.0: Mit dem Internet der Dinge auf dem Weg zur 4. 
Industriellen Revolution. VDI Nachrichten 2011, 4/1/2011 (13).

Kiel, Daniel; Müller, Julian; Arnold, Christian; Voight, Kai-Ingo (2017). Sustainable Industrial Value Creation. Benefits and Challenges of 
Industry 4.0. International Journal of Innovation Management, 21(8), 1–34. https://doi.org/10.1142/S1363919617400151

Koch, Arno (2016). OEE für das Produktionsteam. Das vollständige OEE-Benutzerhandbuch - oder wie Sie die verborgene Maschine 
entdecken. 3., korrigierte Auflage. Herrieden: CETPM Publishing (Operational Excellence, Nr. 5).

Legrenzi, Christopher (2017). The digital paradox. Information, informatics, and information system. ISM Journal of International Business, 
35–42.

Lerch, Christian; Jäger, Angela; Maloca, Spomenka (2017). Wie digital ist Deutschlands Industrie wirklich. Arbeit und Produktivität in der 
digitalen Produktion. In Mitteilungen aus der ISI-Erhebung Modernisierung der Produktion, 71.

Leyh, Christian; Bley, Katja (2016). Digitalisierung. Chance oder Risiko für den deutschen Mittelstand? – Eine Studie ausgewählter 
Unternehmen. HMD, 53(1), 29–41. https://doi.org/10.1365/s40702-015-0197-2

Lin, Shi-Wan; Crawford, Mark; Mellor, Stephen (2017). The Industrial Internet of Things Volume G1: Reference Architecture. Version 1.80. 
Needham, MA. In Industrial Internet Consortium (IIC) Tech. Rep.

Magruk, Andrzej (2016). Uncertainty in the Sphere of the Industry 4.0 – Potential Areas to Research. Business, Management & Education/
Verslas, Vadyba ir Studijos, 14(2), 275–291. https://doi.org/10.3846/bme.2016.332

Maier, W.; Weber, M. (2013). Management von Big-Data-Projekten. Leitfaden. Berlin: Bundesverband Informationswirtschaft,Telekommuni
kation und neue Medien e. V.

Maklan, Stan; Peppard, Joe; Klaus, Philipp (2015). Show me the money. European Journal of Marketing, 49(3/4), 561–595. https://doi.
org/10.1108/EJM-08-2013-0411

Mayring, Philipp (2008). Einführung in die qualititative Sozialforschung. Eine Anleitung zu qualitativem Denken. 5. Aufl. Weinheim, Basel: 
Beltz (Beltz Studium).

Obermaier, Robert (2019). Industrie 4.0 und Digitale Transformation als unternehmerische Gestaltungsaufgabe. In Robert Obermaier (Ed.). 
Handbuch Industrie 4.0 und Digitale Transformation. Betriebswirtschaftliche, technische und rechtliche Herausforderungen. 1st ed. 
2019. Wiesbaden: Springer Fachmedien Wiesbaden, 3–46. https://doi.org/10.1007/978-3-658-24576-4_1

Obermaier, Robert; Schweikl, Stefan (2019). Zur Bedeutung von Solows Paradoxon. Empirische Evidenz und ihre Übertragbarkeit auf 
Digitalisierungsinvestitionen in einer Industrie 4.0. In Robert Obermaier (Ed.). Handbuch Industrie 4.0 und Digitale Transformation. 
Betriebswirtschaftliche, technische und rechtliche Herausforderungen. 1st ed. 2019. Wiesbaden: Springer Fachmedien Wiesbaden, 
529–564. https://doi.org/10.1007/978-3-658-24576-4_22

Osterwalder, Alexander (2004). The business model ontology: A proposition in a design science approach. Dissertiation. Universite de 
Lausanne, Lausanne. Ecole des Hautes Etudes Commerciales. Available online at https://doc.rero.ch/record/4210/files/1_these_
Osterwalder.pdf

Osterwalder, Alexander; Pigneur, Yves (2010). Business model generation: a handbook for visionaries, game changers, and challengers. 
Hoboken: John Wiley & Sons.

Palm, Florian; Grüner, Sten; Pfrommer, Julius; Graube, Markus; Urbas, Leon (2014). open62541–der offene OPC UA Stack. In 
Onlinepublikation des Fraunhofer IOSB, Lehrstuhl Prozessleittechnik der RWTH Aachen; TU Dresden, Professur für Prozessleitechnik,

Int. J. Prod. Manag. Eng. (2021) 9(2), 65-80Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

Resolving the productivity paradox of digitalised production

79

https://doi.org/10.1016/j.procir.2014.10.042
https://doi.org/10.1016/j.procir.2014.10.042
https://doi.org/10.1109/INDIN.2013.6622935
https://doi.org/10.1016/j.ifacol.2016.11.079
https://doi.org/10.1142/S1363919617400151
https://doi.org/10.1365/s40702-015-0197-2
https://doi.org/10.3846/bme.2016.332
https://doi.org/10.1108/EJM-08-2013-0411
https://doi.org/10.1108/EJM-08-2013-0411
https://doi.org/10.1007/978-3-658-24576-4_1
https://doi.org/10.1007/978-3-658-24576-4_22
https://doc.rero.ch/record/4210/files/1_these_Osterwalder.pdf
https://doc.rero.ch/record/4210/files/1_these_Osterwalder.pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Porter, Michael E. (2010). Wettbewerbsvorteile. Spitzenleistungen erreichen und behaupten. 7. durchgesehene Auflage Auflage. Frankfurt, 
New York: Campus.

Porter, Michael E.; Heppelmann, James E. (2014). How smart, connected products are transforming competition. Harvard business review, 
92(11), 64–88.

Rachinger, Michael; Rauter, Romana; Müller, Christiana; Vorraber, Wolfgang; Schirgi, Eva (2019). Digitalization and its influence on business 
model innovation. Journal of Manufacturing Technology Management, 30(8), 1143–1160. https://doi.org/10.1108/JMTM-01-2018-
0020

Remane, Gerrit; Hanelt, Andre; Wiesboeck, Florian; Kolbe, Lutz M. (2017). Digital maturity in traditional industries - an exploratory analysis. 
Twenty-Fifth European Conference on Information Systems (ECIS). Guimarães, Portugal, 2017.

Rese, Mario; Meier, Horst; Gesing, Judith; Boßlau, Mario (2013). An ontology of business models for industrial product-service systems. In 
Yoshiki Shimomura, Koji Kimita (Eds.). The Philosopher’s Stone for Sustainability. Proceedings of the 4th CIRP International Conference 
on Industrial Product-Service Systems, Tokyo, Japan, November 8th - 9th, 2012. Heidelberg: Springer (Lecture Notes in Production 
Engineering), 191–196.

Sauer, Olaf (2014). Information Technology for the Factory of the Future – State of the Art and Need for Action. Procedia CIRP, 25, 293–296. 
https://doi.org/10.1016/j.procir.2014.10.041

Schmenner, Roger W. (2015). The Pursuit of Productivity. Production and Operations Management, 24(2), 341–350. https://doi.org/10.1111/
poms.12230

Schuh, G.; Anderl, R.; Dumitrescu, R.; Hompel, M. ten; Krüger, A. (Eds.) (2020). Industrie 4.0 Maturity Index. Managing the Digital 
Transformation of Companies – UPDATE 2020 – (acatech STUDY). MUNICH: Herbert Utz Verlag.

Schuh, Günther; Reuter, Christina; Hauptvogel, Annika; Dölle, Christian (2015). Hypotheses for a Theory of Production in the Context of 
Industrie 4.0. Advances in Production Technology: Springer, 11–23. https://doi.org/10.1007/978-3-319-12304-2_2

Skilton, Mark; Gordon, Penelope; Harding, Chris (2010). Building return on investment from cloud computing. Cloud Business Artifacts 
Project, Cloud Computing Work Group, The Open Group. Edited by The Open Group. Burlington, MA.

Solow, R. M. (1987). We’d better watch out. In New York Times Book Review 36.

Strauss, Anselm; Corbin, Juliet (2010). Grounded theory. Grundlagen qualitativer Sozialforschung. Unveränd. Nachdr. der letzten Aufl. 
Weinheim: Beltz.

Tantik, Erdal; Anderl, Reiner (2016). Industrie 4.0. Using Cyber-physical Systems for Value-stream Based Production Evaluation. Procedia 
CIRP, 57, 207–212. https://doi.org/10.1016/j.procir.2016.11.036

Veile, Johannes; Kiel, Daniel; Voight, Kai-Ingo; Müller, Julian Marius (2019). Lessons learned from Industry 4.0 implementation in the 
German manufacturing industry. Journal of Manufacturing Technology Management, 31(5). https://doi.org/10.1108/JMTM-08-2018-
0270

Witzel, Andreas (2000). Das problemzentrierte Interview. In Forum Qualitative Sozialforschung / Forum: Qualitative Social Research 1(1). 
https://doi.org/10.1016/j.lrp.2015.04.001

Ylipää, Torbjörn; Skoogh, Anders; Bokrantz, Jon; Gopalakrishnan, Maheshwaran (2017). Identification of maintenance improvement potential 
using OEE assessment. International Journal of Productivity and Performance Management, 66(1), 126–143. https://doi.org/10.1108/
IJPPM-01-2016-0028.

Zennaro, Ilenia; Battini, Daria; Sgarbossa, Fabio; Persona, Alessandro; Marchi, Rosario de; van der Wiele, Ton (2018). Micro Downtime 
- Data Collection, Analysis and Impact on OEE in Bottling Lines The San Benedetto Case Study. Int J Qual & Reliability Mgmt, 35(4), 
965-995. https://doi.org/10.1108/IJQRM-11-2016-0202

Zott, Christoph; Amit, Raphael; Massa, Lorenzo (2011). The Business model: Recent Developments and Future Research. Journal of 
management, 37(4), 1019–1042. https://doi.org/10.1177/0149206311406265

Zuehlke, Detlef (2010). SmartFactory—Towards a factory-of-things. Annual Reviews in Control, 34(1), 129–138. https://doi.org/10.1016/j.
arcontrol.2010.02.008

Int. J. Prod. Manag. Eng. (2021) 9(2), 65-80 Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 

Dold and Speck

80

https://doi.org/10.1108/JMTM-01-2018-0020
https://doi.org/10.1108/JMTM-01-2018-0020
https://doi.org/10.1016/j.procir.2014.10.041
https://doi.org/10.1111/poms.12230
https://doi.org/10.1111/poms.12230
https://doi.org/10.1007/978-3-319-12304-2_2
https://doi.org/10.1016/j.procir.2016.11.036
https://doi.org/10.1108/JMTM-08-2018-0270
https://doi.org/10.1108/JMTM-08-2018-0270
https://doi.org/10.1016/j.lrp.2015.04.001
https://doi.org/10.1108/IJQRM-11-2016-0202
https://doi.org/10.1177/0149206311406265
https://doi.org/10.1016/j.arcontrol.2010.02.008
https://doi.org/10.1016/j.arcontrol.2010.02.008
http://creativecommons.org/licenses/by-nc-nd/4.0/

