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Abstract—Cost pressure, competitiveness and the increasing 

turbulence of globalized saturated markets have been the 

driver for a variety of research activities in the field of 

production planning and control (PPC) during the past 

decades. For some time past an increasing awareness for 

introducing Information and Communication Technologies 

(ICT) and the Internet to industrial production can be 

noticed. This trend is synonymously called ‘Smart 

Production’, ‘Industry 4.0’ or ‘Internet of Things’ (IoT). 

The key aspect aims to improve the basis for planning by 

optimising the data quality to ensure a mastery of the 

turbulent planning environment. So-called cyber physical 

systems (CPS) form the basis of this approach and allow an 

intelligent networking and interaction of products, 

machines, storage systems, production resources and 

human employees. Although there are many promising 

approaches, a solely implementation of innovative smart IT-

solutions will not be sufficient to prepare a company ś 

production for future changes. For a successful and effective 

realization of the IoT concept, important adaptions of 

existing organizational structures and processes are 

necessary. To accelerate the digital transformation, the 

requirements for a successful cooperation between human 

employees and technology within production planning and 

control need to be further analyzed and evaluated. This 

paper presents the key results of an extensive study that was 

conducted by the Laboratory for Machine Tools and 

Production Engineering (WZL) of the RWTH Aachen 

University to evaluate the current situation and examine the 

organizational readiness for the upcoming digital 

transformation. The study aims to show the need for action 

within different industries as a first step towards the 

digitized and networked production of the future.  

 

Index Terms—cyber-physical production system, digital 

transformation, industry 4.0, internet of things, IoT, 

production planning and control, human-machine 

cooperation 
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I.  INTRODUCTION 

Fluctuating market requirements as well as product 

individualization with accompanying individualization of 

process chains increasingly pressurize companies to 

implement highly efficient production processes [1]. 

Besides, today’s globalized markets and the massive 

competitive pressure cause an increased importance of 

logistic performance regarding supplier evaluation. Thus, 

the compliance with delivery dates and delivery times are 

perceived as decisive differentiation features in a saturated 

buyers’ market and occur as a basis for decision-making 

more and more [2]. The associated and necessary 

reduction of delivery times and the simultaneously 

increasing variance and complexity of manufacturing and 

assembly processes, combined with rising market 

dynamics, lead to an indispensable position of production 

planning and control (PPC) [1]. However, the fact that a 

high delivery punctuality is often not achieved, especially 

in customized individual and small series production, 

shows that current planning systems cannot perform the 

needed production flexibilisation, which is composed of 

complex production conditions, short-term changes to 

customer orders and other unpredictable planning 

deviations [3].  

So far, various IT-Systems like Enterprise Resource 

Planning (ERP), Manufacturing Execution System (MES) 

or Advanced Planning and Scheduling (APS) have been 

established in production control [2]. These systems offer 

a different functional scope and level of detail, but often 

they cannot guarantee a high logistic performance 

contrasting manufacturers’ promises [4]. On the one hand, 

that is due to an inadequate data quality and granularity on 

the basis of which the above-mentioned IT-Systems 

operate. Because of inconsistent or even wrong records, 

just as insufficient level of detail, it can lead to a failure of 

the overall system. On the other hand, the required time 

such as the total effort between data collection and its 
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processing and data analysis is too high for an adequate 

reaction rate to be ensured. The resulting lack of process 

transparency causes that the production planner has no 

sufficient and particularly no assured planning and 

decision-making basis available. Nevertheless, planning 

decisions are nowadays mostly based on assessments and 

experience of the responsible employee of the production 

control, although there is already an existing extensive use 

of IT-Systems [5]. 

The concept of Smart Production, also known as 

‘Smart Factory’, ‘Internet of Production’ or ‘Industry 4.0’ 

mainly in Germany, aims to integrate so-called cyber-

physical systems (CPS) into the actual production process 

and the associated construction of an intelligent network 

based on ‘Internet of Things’ [6, 7]. 

Hence, the main goal of Industry 4.0 is to improve the 

above described planning basis by optimizing the data 

quality and granularity and thus to ensure mastery of the 

turbulent planning environment [8, 9]. In this case, the 

cyber-physical systems form the basis and link products, 

machines, storage systems and resources with each other. 

By networking the listed production units, they are able to 

collect and exchange information self-sufficiently, to 

simulate action scenarios and thereby to support the 

responsible decision-maker through generated suggestions. 

CPS are even able to act independently within a limited 

framework, so that a semi-autonomous control of all 

production processes is made possible. Further, the real-

time process transparency gained through the 

accumulation of information ensures that decisions must 

be made at shorter intervals in order to react appropriately 

to process and environment instabilities [6].  

Considering the described possibilities, the production 

control is facing a radical change, since the central 

challenges as mentioned above require a breakup of 

existing organizational structures. The innovative 

production control systems, which go with Industry 4.0, 

ensure an increased product transparency by 

multiplication of data as well as real-time capability, so 

that the resulting strongly rising data volume will lead to 

an intensification of decentral handled decisions. In the 

future, decentralized decision-making instances will more 

focus on the employees as the leading decision-makers [9]. 

Consequently, there are many challenges to remain 

competitive in Germany and Europe as production 

location regarding the established production control. This 

market pull view describes the need for new, innovative 

technologies that increase the performance of the 

production control system and is individual adaption to 

the needs of the company. On the other hand, there is the 

technology push view with ever-faster developments, 

especially in the field of CPS [10]. Particularly in 

mechanical engineering and plant engineering, which 

show a highly individualized and highly flexible 

production, it is most likely that so-called ‘dark factories’, 

otherwise known as ‘automatic factories’ or ‘lights-out 

factories’ [11], will not establish. Rather, future 

production systems must be understood as highly 

interactive socio-technical concepts. It can be assumed 

that, especially in a high-wage country like Germany, the 

demographic change as well as the lack of experts and the 

rising need for a fair work-life-balance cause that 

knowledge-based activities will play an increasingly 

central role for production. As a result, the employee as 

the leading decision-maker needs to be integrated in the 

operation method of a cyber-physical system [12]. 

Consequently, the challenge for companies, especially 

in medium-sized mechanical engineering and plant 

engineering companies, is to find the right balance 

between their individual needs (market pull) and the 

available technological possibilities (technology push). A 

solely implementation of innovative technology solutions 

is generally not sufficient to make the most of the 

potential. Production management is often limited by 

historically evolved organizational structures and 

processes, which are not suitable to use cyber-physical 

systems to the full extend. In order to ensure success in 

the long term, a systematically coordinated cooperation 

between employees and technology is required. The 

present study investigates the path to an ideal form of 

cooperation and design options for the configuration of a 

cyber-physical production control of the future.  

II. PURPOSE OF THE STUDY 

The target of the study, conducted by the WZL of the 

RWTH Aachen University, was to investigate the need for 

systematically developed cooperation models to exploit 

the potential of cyber-physical production control. For 

further research, the current state of production planning 

and control in German manufacturing companies has to be 

evaluated and the need for action has to be clarified. 

Therefore, the conducted study was structured in three 

parts. Firstly, the impact of new technological possibilities 

in context of Industry 4.0 on production control was to be 

evaluated. Furthermore, the need of necessary adjustments 

for the established cooperation processes between human 

operators and technological applications was identified. 

Finally, the influencing factors on designing these 

cooperation processes were specified. 

III. DESIGN AND CONCUDTION OF THE STUDY 

The conception and implementation of the study is 

based on a five-step methodology according to Sproull 

[13]. In addition to the operationalization of the 

interrelationships and the selection of the analysis units 

just as of the totality of the analysis, the procedure for the 

creation of the questionnaire and the pretest as well as the 

actual data collection are the central elements for 

carrying out a statistical hypothesis test. 

Four central hypotheses were developed to examine 

the problems described above. These were formed based 

on an extensive literature research and observations in the 

industry and were confirmed by various expert talks. In 

detail, the following hypotheses were tested by the study: 

Hypothesis 1:  “The relevance of an intelligent 

network of decentralized control mechanisms will 

increase in the future.” 

This first hypothesis displays the conjecture on the one 

hand, that decision-making in production will 

increasingly occur at the shopfloor, but will be resolved 
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decentral there at the same time. This especially concerns 

short-term decisions, but above all the behavior in case of 

a failure or deviation from the plan. On the other hand, 

this first hypothesis states that an increased use of 

intelligent networking of people and objects (machines, 

products, IT-Systems) leads to a shorter reaction time of 

production control in any case of failure. 

Hypothesis 2:  “The established forms of cooperation 

in production control are not suitable for optimally 

utilizing the CPS potential.” 

The second hypothesis already examines the 

immediate situation in the production control of the 

surveyed companies. There is the presumption that 

existing forms of cooperation between human operators 

and technology within production control cannot 

optimally exploit the potential of cyber-physical systems 

for a fast and flexible reaction. This means that the solely 

use of new technologies does not automatically lead to an 

improvement in the capacity of production control, but 

rather that there is a need for a systematic construction of 

cooperation forms and their core processes. 

Hypothesis 3: “Companies to not know how a 

cooperative model for cyber-physical production control 

can be designed systematically.” 

The third hypothesis reaffirms and clarifies the need 

for action, which has already been demonstrated. It is 

assumed that many companies know that an adaption of 

their forms of cooperation within cyber-physical 

production control is necessary, but they do not know 

how to develop such a model systematically. Thus, this 

hypothesis confirms the relevance of the scientific project 

and shows the benefit for a subsequent implementation of 

the research results in practice.  

Hypothesis 4: “The development of a cooperation 

model depends on the level of digitalization in production 

control.” 

Finally, the last hypothesis already examines a first 

influential factor on the solution of the cooperation model. 

Therefore, it is assumed that especially the individual 

level of digitalization of companies, particularly in their 

production control, must be taken into account in the 

actual development. In addition to this, further influential 

factors on the creation of several models are investigated 

explorative in the course of the study. 

The said hypotheses were transferred to a 

questionnaire according to the methodology after Sproull 

mentioned above. Before the questionnaires were sent out, 

the study was carefully examined in a pretest by several 

scientific employees of the Laboratory for Machine Tools 

and Production Engineering (WZL) of RWTH Aachen 

University and with an industrial company. The study 

was sent to a total of 6,700 contacts in industry from 

Germany, Austria and Switzerland, and was performed 

from December 2015 to February 2016. A total of 371 

questionnaires were returned from the contacted people, 

which corresponds to a return rate of 5.5%. Since some 

were returned insufficiently completed, a final sample 

size of 282 questionnaires could be evaluated. 

IV. RESULTS OF THE STUDY 

A first evaluation of the results shows that the majority 

of the returned questionnaires comes from companies in 

the mechanical and plant engineering sector with 39% 

(Fig. 1). Therefore, this sample reflects the study area of 

the investigation very well, since the research questions 

to be examined are to be referred mainly from small and 

medium-sized companies from this industrial sector. 

 

Figure 1. Industry sectors of the surveyed companies 

A similar result was obtained by the product structure 

of the examined companies. Two thirds of the surveyed 

companies indicate to produce mainly or even only 

customized products (Fig. 2). Therefore, this also shows 

the importance of the study for companies with single 

and small batch production. It is assumed that deviations 

from plan or unscheduled disturbances will occur 

permanently, especially in the very customer-specific 

production of medium-sized companies, which require a 

fast and flexible response of the decentralized production 

control. For that reason, the chosen sample provides a 

good representation of the current situation in production 

control of German enterprises. 

The first hypothesis can be examined with two 

questions. The participants were asked separately about 

the potential of decentralized control mechanisms as well 

as of an increase of the degree of networking in 

production control. Thus, 66% of the respondents said 

that they see an increase of decentralized decision-

making for the future (Fig. 3). Mechanical engineering 

and plant engineering companies agree to that point with 

67% in total, which is only slightly above the average. 

 

Figure 2. Product structure of the surveyed companies 

The second part of the hypothesis can be examined by 

questioning the potential of networking. In total, 92% of 

the surveyed companies stated that intelligent networking 

would increase the speed as well as the flexibility of 

production control, so that only slight differences occur 
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Mechanical &

plant enginering

Electrical industry

15%Automotive industry

39%

16%Other

Metal industry

8%

11%

Chemical and

pharmaceutical industry

27%

32%

39%

2%

Rather standardized products

Standardized products

Rather customer-specific products

Customer-specific products

329

International Journal of Mechanical Engineering and Robotics Research Vol. 8, No. 2, March 2019

© 2019 Int. J. Mech. Eng. Rob. Res



between the various branches of industry again. If now 

both questions are merged, it makes sense that German 

companies see a big potential in intelligent networking of 

decentralized control mechanisms regardless of their 

industry sector. Consequently, the first hypothesis was 

confirmed and forms the basis of further investigations. 

The second and third hypotheses were used to examine 

the surveyed companies’ need for action to develop new 

cooperative ways of working between human operators 

and technology in production control. 61% state that their 

established cooperation processes within production 

control are not suitable for using the potential of 

innovative cyber-physical systems optimally (Fig. 4). 

 

Figure 3. Relevance of cyber-physical systems in production control 

 

Figure 4: Lacking concepts to design cooperation in production control 

Thereby, the second hypothesis can be confirmed, 

which shows that there is a higher research need to 

develop new cooperation models, especially to offer 

added value for the industry in order to extend the 

competitiveness and the ability to produce flexibly and 

cost-effectively in the future. This finding is also 

confirmed by the evaluation of the next question, in 

which two-thirds (66%) of the previously identified 

companies with an inadequate cooperation process state 

that they do not know how to design these processes so 

that the potential of cyber-physical systems can be used. 

Thus, the third hypothesis can be confirmed as well. 

Although a majority of the surveyed companies is 

uncertain about establishing new cooperation processes 

in the future, a clear tendency towards the orientation of 

the processes to be developed can be observed. Because 

87% of the companies state that cooperation within 

production control should be oriented on the individual 

level of digitalization of each company (Fig. 5), which 

can be determined by the extent to which digital 

technologies are used in production control. Also, in this 

point companies from different sizes or industrial 

branches are in agreement, so that the validation of the 

fourth hypothesis can already be seen as a core element 

of a possible further research approach. Thus, the 

adaption to the individual level of detail will play a 

leading role while developing requirements for human 

machine cooperation in production control. However, to 

make this possible at all, the level of digitalization must 

be made measurable beforehand, which might be a 

second preceded component of the later approach.  

 

 

Figure 5. Correlation of the level of digitalization 

In addition to the level of digitalization, the study also 

investigated other possible influencing factors for the 

conception of a cooperation model (Fig. 6). When 

evaluating the results, it is noticeable that three factors 

have a comparatively high influence on the cooperation 

models: production structure, corporate culture, and the 

decentralization of production control. About 90% of the 

participants state that the production structure has a 

strong or even very strong influence on the conception of 

the cooperation model in production control. This may be 

because production control is very different depending on 

the production structure, especially since the detailed 

objectives and tasks of the employees can be highly 

variable. For example, in the control of serial production, 

the focus is on the utilization of the lead times compared 

to the workshop production, which is rather confronted 

with short-term changes in the production process. This is 

closely linked to the decentralization of production 

control, since 81% of the surveyed companies expect a 

strong or even very strong influence on the cooperation 

model. Again, the different objectives and tasks of 

production control are linked to the decentralization of 

the control system. 

The corporate culture is perceived as a soft (or less 

measureable) influencing factor by 86% and will have to 

“Decision-making should be more decentralized in the future.”
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be particularly taken into account in the further research 

for developing a suitable cooperation approach. A much 

smaller 

 

 

Figure 6. Factors influencing the conception of a cooperation model 

impact is expected from the industry sector or size of 

the companies as well as from the number of employees 

in production control. The achieved results show only a 

first indicator for the research approach, but not a 

complete listing of influencing factors on the conception 

of a cooperation model, which are to be examined in 

detail in subsequent research projects. However, the 

focus should be on the factors of the production structure 

and the decentralization of the control, as well as on the 

level of digitalization of production control.  

V. CONCLUSION 

The study has confirmed that a majority of companies 

in the German industry expect a huge impact of new 

technologies of the internet of production or Industry 4.0. 

Those cyber-physical systems will change the established 

cooperation between human operators and machines 

especially in production control in a dramatically way. 

Most companies don t́ see their current organizational 

processes to be suitable to already use the enormous 

potential of cyber-physical systems. It seems to be 

alarming that two-thirds of these companies don t́ even 

know how to adapt their production control to make use 

of this potential. For this reason, further research has to 

be carried out to provide methods for adapting 

cooperation processes within production control and to 

perform a target oriented digital transformation. The 

Laboratory of Machine Tools and Production 

Engineering (WZL) of the RWTH Aachen University has 

already started to further examine this need for action and 

to develop a first approach for designing the cognitive 

cooperation between human operators and technology in 

production control. 

ACKNOWLEDGMENT 

The research work has been conducted by the 

Laboratory of Machine Tools and Production Engineering 

(WZL) of the RWTH Aachen University within the 

research project A4BLUE, funded by the European Union 

within the HORIZON 2020 program. 

REFERENCES 

[1] M. Gansterer, “Aggregate planning and forecasting in make-to-
order production systems,” International Journal of Production 
Economics, vol. 170, part B, Dec. 2015, pp. 521-528. 

[2] G. Schuh, V. Stich, T. Brosze, S. Fuchs, C. Pulz, J. Quick, M. 
Schürmeyer, and F. Bauhoff, “High resolution supply chain 
management: optimized processes based on self-optimizing 
control loops and real time data,” in Prod. Eng. Res. Devel., vol. 5, 
pp. 433-442, August 2011. 

[3] G. Schuh, T. Potente, C. Wesch-Potente, and A. Hauptvogel, 
“Sustainable increase of overhead productivity due to cyber-
physical systems,” in Proc. GCSM Innovative Solutions, GCSM, 
Sept. 2013, pp. 332-335, web: 
http://www.gcsm.eu/Papers/90/10.6_150.pdf. 

[4] G. Schuh “Approach for reducing data inconsistencies in 
production control, in, Proc. Fifth International Conference on 
Changeable, Agile, Reconfigurable and Virtual Production 
(CARV2013), Oct. 2013, pp. 347-351. 

[5] H. Lödding, Verfahren der Fertigungstechnik, 3rd ed., Berlin, 
Heidelberg: Springer, 2016. doi: 10.1007/978-3-662-48459-3. 

[6] H. Kagermann, R. Anderl, J. Gausemeier, G. Schuh, and W. 
Wahlster, “Industrie 4.0 in a global context: Strategies for 
cooperating with internetional partners,“ acatech STUDY, Munich: 
Herbert Utz Verlag, 2016. 

[7] G. Schuh, J. P. Prote, S. Dany, “Internet of production,“ in 
Engineering Valley – Internet of Production auf dem RWTH 
Aachen Campus: festschrift für Univ.-Prof. em. Dr.-Ing. Dipl.-
Wirt. Ing. Dr. h. c. mult. Walter Eversheim, G. Schuh, C. Brecher, 
Eds. Aachen: Apprimus, 2017. 

[8] S. Weyer, M. Schmitt, M. Ohmer, and D. Gorecky, “Towards 
Industry 4.0 – Standardization as the crucial challange for highly 
modular, multi-vendor production systems,“ IAFC-PapersOnLine, 
vol. 48, Mai 2015, pp. 579-584. 

[9] H. Kagermann, W. Wahlster, and J. Helbig, “Securing the future 
of German manufacturing industry: Recommendations for 
implementing the strategic initiative INDUSTRIE 4.0” Transl. J. 
Blasco, H. Halloway, April 2013 [Final report of the Industrie 4.0 
Working Group]. 

[10] G. Johnson, K. Scholes, and R. Whittington, Exploring Corporate 
Strategy, 8th ed, Harlow: Pearson Education, 2008, pp. 326-327. 

[11] A. Targowski, “The history, present state, and future of 
Information Technology,” Santa Rosa: Informing Science Institute, 
2016, pp. 309-310. 

[12] D. Spath, O. Ganschar, S. Gerlach, M. Hämmerle, T. Krause, and 
S. Schlund, “Produktionsarbeit der Zukunft – Industrie 
4.0“ STUDY, Stuttgart: Fraunhofer Verlag, 2013. 

[13] N. L. Sproull, Handbook of Research Methods: A Guide for 
Participants and Students in the Social Sciences, 2nd ed., Lanham: 
Scarecrow Press, March 2003. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“How big is the influence of the following factors on the design of a 

cooperation model which enables the production control for the use of 

cyber physical systems?”

9%42% 34%

Very high LowHigh Very low

Size of the company

The company s industry

Production structure

44%

37%

12%

9%

Corporate culture

(De)centralization of

production control

Number of employees in

production control

53%

15%

18%20%

54%6% 34% 6%

61% 1%

13%

2%42%

41%

1%

45% 1%

Dipl.- Wirt.-Ing. Matthias Dannapfel is currently 
working as the Head of Factory Planning within the 
Chair of Production Engineering and Management at 
the Laboratory for Machine Tools and Production 
Engineering (WZL) at the RWTH Aachen University. 
His main fields of research are factory of the future and 
mobile assembly 

 

 

Dipl.-Ing. Ruben Förstmann is working as a 
Groupleader at the Chair of Production Engineering of 
E-mobility Components (PEM) and the Laboratory for 
Machine Tools and Production Engineering (WZL) at 
the RWTH Aachen University within the group 
Assembly Planning. His main fields of research are 
mobile assembly and  

331

International Journal of Mechanical Engineering and Robotics Research Vol. 8, No. 2, March 2019

© 2019 Int. J. Mech. Eng. Rob. Res



 

 

 

 

 

 

 

 

 

 

 

 Dipl.-Wirt.-Ing. Tobias Wissing is currently working 
as a research assistant at the Laboratory for Machine 
Tools and Production Engineering (WLZ) at the 
RWTH Aachen University within the Chair of 
Production Engineering, department Factory Planning. 
His main fields of reasearch are within factory 
planning, assembly planning and production control in 
context of Industry 4.0.  

Prof. Dr.-Ing. Peter Burggräf

 

is Professor at the 
Chair of International Production Engineering and 
Management of the University of Siegen and Director 
of StreetScooter Research GmbH

 

 

332

International Journal of Mechanical Engineering and Robotics Research Vol. 8, No. 2, March 2019

© 2019 Int. J. Mech. Eng. Rob. Res




