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Foreword

Industrie 4.0 was conceived as a reaction to the global economic 
crisis of 2009 and its far-reaching economic and societal conse-
quences. The intention was to use the opportunities of the 
 second wave of digitalization in order to ensure competitiveness 
and resilience of the economy through increased adaptability of 
products, processes, and organizational structures.

In addition, it sought to establish a phase of sustainable growth 
in which ecological (e.g., circular economy) and social or societal 

1  | acatech 2016, p. 9.

challenges (e.g., the future of work) were addressed, as well as 
their economic impact. Of course, the transformation process of 
the fourth industrial revolution must first of all provide specific 
benefits to individual users and citizens. Human-machine inter-
action (HMI) plays a central and crucial role in this process, par-
ticularly due to the increasing intertwining of natural and artifi-
cial intelligence (AI).

In 2016, the acatech Impulse Innovation potential of human-ma-
chine interaction already clarified: “The focus of HMI is shifting 
to the human user”.1 Therefore, we were pleased to follow our 
Japanese partners’ suggestions and examine HMI in the context 
of solving social and societal issues.

While Japan and Germany are being confronted with similar soci-
etal challenges (e.g., aging population, skills shortage, etc.), the 
countries’ methods to finding solutions differ as a result of diverg-
ing societal trends and culturally related problem-solving ap-
proaches. These differences must be analyzed and understood. 

One important outcome of this paper is to clarify and highlight 
the similarities and differences between the two country-specific 
perspectives in the context of HMI in order to identify common 
areas of cooperation for future German-Japanese initiatives.

Prof. Dr. Henning Kagermann, 
Project Leader

Chair of the Board of Trustees, 
former President,
acatech – NATIONAL ACADEMY  
OF SCIENCE AND ENGINEERING 

Global Representative & Advisor, 
Plattform Industrie 4.0
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Foreword

Topics such as resource depletion, environmental burdens, declin-
ing birthrates, and an aging population are global challenges for 
the establishment of sustainable societies. Japan is focusing on 
these subjects because we have felt a real impact from these de-
velopments in society, for example with incidents in manufactur-
ing caused by operational errors and/or machine deterioration.

In this era of the fourth industrial revolution, we feel it is not 
enough to define the problems and their impact on society today 

and in the future. Many publications tend to introduce new tech-
nologies such as artificial intelligence (AI), software-defined con-
trol (SDC), 5G communications, etc., but they do not focus on 
challenges and policies from sociological and organizational 
points of view. Changing this was the motivation of the German 
and Japanese colleagues gathered for this project.

Based on this motivation, this paper focuses on challenges and 
policies with quantitative research and assumptions in case stud-
ies delivered from Germany and Japan. It was quite a valuable 
experience for us to feel the similarities and differences between 
the German and Japanese perspectives on how to grasp the 
problem. Even though we are aiming for the same goal, our his-
torical backgrounds and social structures influence the approach 
we take. 

We expect that this paper will provide an opportunity to high-
light the social impact of everyday issues confronting us. And we 
hope that our daily activities will make a more positive contribu-
tion to establishing a sustainable society. 

Dr. Youichi Nonaka,  
Co-Project Leader

Senior Chief Researcher, 
Center for Technology Innovation 
– Production Engineering, 
Research & Development Group,
Hitachi, Ltd.

Member of Robot Revolution & 
Industrial IoT Initiative



6

Executive summary

A maturing workforce and aging machines and infrastructure 
have the potential to cause social challenges in countries such as 
Germany and Japan. In order to solve these problems, maintain a 
high level of manufacturing efficiency, and establish a sustainable 
society, these countries are increasingly turning to digital technol-
ogies, for example cyber-physical systems (CPS), AI, and robotics. 
These next-generation growth engines are being supported by ini-
tiatives like Industrie 4.0 in Germany and Society 5.0 in Japan.

In digital society, interacting with machines is becoming more 
and more similar to interacting with people. As a result, the gap 
between humans and machines is permanently narrowing. This 
transformative power in current technological developments ap-
plies to all areas of life and has significant consequences on 
inter actions between humans and machines (HMI). General 
work routines and employment conditions are also being impact-
ed. This paper explores distinct questions on how Japan and Ger-
many are responding to these developments:

 § How will work (and the workplace) potentially evolve in the 
future?

 § How do companies need to evolve their workforce?
 § How do companies need to evolve their organization and 

processes?

In order to answer these questions, this paper is structured as 
follows: 

Chapter 1 begins with a short introduction that describes the 
context and the focus of this paper. 

In Chapter 2, we point out emerging issues in smart manufactur-
ing, specifically by referring to societal boundary conditions and 
circumstances in Germany and Japan. 

In Chapter 3, we examine the future way of working in the con-
text of Industrie 4.0 and social issues regarding employment, 
working style, and human resource development. Statistical data 
on labor population, quality, and productivity are brought in, as 
well as estimates of changes in labor structures from German 
and Japanese perspectives.

Chapter 4 sheds light on the anticipated increase in diversity – in 
regard to both humans and machines – in the near future, and it 

presents solution policies with sustainable innovations across 
the life cycle of products and services. In this context, the chap-
ter examines the emerging gap due to diversity and discusses 
the opportunities and challenges of managing the real and 
 cyber worlds. It also points out sustainable innovations with 
 diversity, drawing on country-specific case studies. 

In Chapter 5 we focus on human-machine collaboration in the 
context of smart manufacturing and the impact it will have on 
manufacturing work in the future. Potential solutions may give 
rise to new styles of interaction. Additionally, integrating hu-
mans and self-learning machines will call for operations and 
management to be flexible and adaptable. A possible result 
could be the creation of better and more satisfying work.

Finally, in Chapter 6 we present our conclusions.

Generally, digital technologies are expected to solve social chal-
lenges. Yet they will also require social transformation, since they 
will perform routine cognitive tasks that were previously the do-
main of humans. Essentially, to establish a sustainable society, it is 
necessary for humans to be able to create high-value-added work 
continuously and to be able to shift from work that potentially be-
comes obsolete to high-value-added work at any time. Also, it is 
necessary for machines to not only carry out non-high-value-added 
work, but to also be a mechanism of creating high-value-added 
work by interacting with humans. According to these require-
ments, the digital transformation can enable a novel, human-cen-
tered manufacturing system in which humans concentrate on life-
long skill improvement and continuously create high-value-added 
work. Essentially, this system revitalizes HMI, allowing both hu-
mans and machines to play a role in shaping digital society. 

Ultimately, we should strengthen the public interest in digital 
society, share knowledge acquired from interactions between hu-
mans and machines, and work to establish a sustainable society 
that focuses on human well-being. We encourage members of 
the public to start considering and discussing the scenarios and 
actions together for the future.

This collaborative project between Germany and Japan is valua-
ble, as it takes into consideration recognized similarities and dif-
ferences between the two countries on how to deal with the is-
sues at hand. Although both countries are aiming for a similar 
goal, their historical backgrounds and social structures are im-
pacting their methodologies and focal areas in finding solutions. 
In closing, we encourage open discussions among multiple coun-
tries in the effort to establish a sustainable society.
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Introduction

1 Introduction

Globalization has accelerated in each of the three industrial 
revolutions that have occurred up to now, and many people 
have moved across national and international borders for em-
ployment. This readiness to relocate became the foundation for 
rapid economic growth in both Germany and Japan. When the 
proportion of children (0 to 14 years of age) in the total popu-
lation is less than 30 percent, and the proportion of seniors 
(65 years and older) is less than 15 percent, an economy is ex-
pected to grow dramatically. Such a period of growth potential 
is called the demographic window of opportunity. According to 
the National Intelligence Council (2012), Germany’s window 
started before 1950 and ended in 1990; in Japan, it was from 
1965 to 1995; in the United States of America from 1970 to 
2015; and in China from 1990 to 2025. These figures show 
that developed countries such as Germany and Japan are cur-
rently positioned in a post-window phase. What is required is 
an economic growth initiator separate from the window.2 In 
reality, these societies face issues that could cause social chal-
lenges associated with a maturing workforce and aging ma-
chines and infrastructure. Also, productivity declines can be ex-
pected in an older population due to decreased vision, lowered 
reactive ability, and diminishing physical strength. In Japan, 
for example, accidents increasingly occur as a result of opera-
tor error and/or machine deterioration.

In order to solve these problems, maintain efficiency, and establish 
sustainable societies, these countries are turning to digital tech-
nologies, such as CPS, AI, and robotics. These next-generation 

2  | See National Intelligence Council 2012.
3  | See Akaishi 2018, UN 2019.

growth engines are being supported by initiatives like Indus-
trie 4.0 in Germany and Society 5.0 in Japan. Both initiatives aim 
to solve social problems and stimulate economic growth with the 
ultimate goal of creating a human-centered society that integrates 
cyber and physical space to achieve the United Nations (UN) Sus-
tainable Development Goals (SDGs).3 As a higher degree of digi-
talization also correlates with increasing energy consumption, re-
lated environmental consequences (e.g., carbon dioxide emissions) 
must also be taken into account for the sustainable development 
of societies. 

This paper focuses on aging employees, declining birth rates, skills 
of young workers, and the resulting challenges for the factory of 
the future. The discussion seeks to establish how these problems 
should be defined and what new approaches in HMI can contrib-
ute to achieving the goal of sustainable societies. In interactions 
with machines, human behavior and individual capabilities are 
often limited by traditional structures and systems, based on 
standardized machine interfaces. Against the background of a 
qualitative change of humans and machines, the hypothesis is 
that a novel form of human-machine symbiosis has to be defined 
that involves different population groups – such as older and 
younger people, disabled people, and people from different cultur-
al backgrounds – along with old and new machines, and machines 
with different specifications. In addition, new strategies and tech-
nologies are needed to harmonize and revitalize HMI.

In cooperation with partners from science and industry in Germa-
ny and Japan, this study intends to address these questions, pre-
sents several aspects for discussion, and offers different ap-
proaches to solving the problems from the perspectives of these 
two countries.
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2  Emerging issues in 
smart manufacturing

Hardly any technological development is currently changing our 
lives and thinking as much as the process of digitalization. This 
phenomenon is impacting entire economies and how we work.4

The far-reaching, technology-induced changes in the production 
sector are subsumed under the term Industrie 4.0. The integra-
tion of CPS (sensors, actuators) leads to a comprehensive (inter-)
connection of single components and whole production systems. 
As a result, it is not only possible to leverage optimization poten-
tial in traditional production routines, but also to realize flexible, 
value-added networks and innovative business models. This pro-
cess of change is further accelerated by AI – and machine learn-
ing (ML) in particular.5

Nevertheless, today we are still at the beginning of this journey, 
which will lead to a powerful and disruptive transformation pro-
cess that also impacts our relationship with the machines around 
us. At the heart of this development, machines must be seen as 
serving humans and society. The central focus of HMI is shifting 
to the human user, whereby (self-)learning machines adapt more 
and more to the individual competencies, tasks, and needs of 
the users, instead of requiring them to stick to rigid and fixed 
control schemes.6 

As a consequence, interacting with machines becomes increas-
ingly similar to interacting with humans. Therefore, the gap 

4  | See Allianz Industrie 4.0 Baden-Württemberg 2017.
5  | See also PLS 2019.
6  | See acatech 2016.
7  | See acatech 2016.
8  | See Gorecky et al. 2014.

between man and machine is permanently narrowing. Every one 
of us is already confronted with HMI – even in our private lives. 
Hearing aids, wearable sensors, and collaborative robots are just 
a few typical examples for the ubiquitous interaction with tech-
nical devices in daily life.7

It is expected, however, that the transformative power of the cur-
rent technological developments applies to all areas of life. This 
particularly includes developments in the field of AI, as well as 
innovative concepts and applications of HMI. Equipping previ-
ously analogous (production) facilities or systems with integrat-
ed capabilities for processing and communication affects inter-
action between technical systems and machines (M2M). 
Additionally, it also has significant consequences on the interac-
tion between humans and technology. That, in turn, impacts em-
ployees’ general working routines and conditions.8

All these consequences depend highly on societal boundary con-
ditions and circumstances. This study portrays the situation in 
Japan and Germany with a variety of examples and case studies 
to highlight how these two societies are facing the upcoming 
changes.

In each of the next three chapters, we will explore distinct ques-
tions and look at how Japan and Germany are responding to 
them:

 § How will work (and the workplace) potentially evolve in the 
future?

 § How do companies need to evolve their workforce?
 § How do companies need to evolve their organization and 

processes?
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The future of work

3 The future of work

In Germany, working methods in the context of Industrie 4.09 are 
referred to as “Arbeit 4.0”, or “Work 4.0”. Here, digitalization and 
other trends like globalization, demographics, and cultural and 
societal changes are considered, including aspects of training 
and co-determination.10 Social partners, such as work councils or 
trade unions as well as companies’ management, have realized 
that the future of work has a significant impact on employees, 
collaboration, and companies’ organizations. As a consequence 
of the digital transformation, employees are facing significant 
changes in the way they work and collaborate – both with hu-
mans and machines.11 Moreover, it also effects the quality of 
work, job satisfaction, health, and skills.12 

Therefore, in this chapter, we focus on societal issues around em-
ployment, working methods, and human resource development. 
We provide statistical data on labor population, quality, and pro-
ductivity, and forecasts on changes in labor structures.

3.1 Population change, labor market, 
productivity, and quality of work

In Japan and Germany, rapid population decreases and an aging 
society as a result of a lower overall fertility rate compared with 
a worldwide level can be observed (Table 1).13 A decrease in the 
working population has already begun. 

We have observed the following reasons:

 § Germany has shown a trend of relatively small or even nega-
tive population growth since the early 1970s.14  

 § Japan was the first country in which more than 20 percent of 
the population is 64 and older.15 

 § Both countries are learning to deal with the related social 
challenges. 

  9  | In terms of innovation policy, this development is addressed in Germany with the “Strategic Project Industrie 4.0”, see also Kagermann et al. 2013.
10  | See BMAS 2017, Hoose 2018. 
11  | See Allianz Industrie 4.0 Baden-Württemberg 2017.
12  | See Botthof/Hartmann 2014.
13  | See Atkinson 2019.
14  | See World Bank 2019.
15  | See UN 2017, p. 238.
16  | See Destatis 2018a, p. 35.
17  | See MIC 2019a.
18  | See OECD 2019, p. 56f.

 § One of the differences between the two countries is migra-
tion background.  

 In Germany, more than 23 percent of the population have a 
migration background.16 In Japan, that figure is less than 
2 percent of the population.17

Generally, the process of digital transformation changes society 
fundamentally. But according to the economic outlook pub-
lished by OECD, overall labor productivity growth decreased over 
the last few years in most OECD countries. For Germany as well 
as for Japan, a slight decrease can be identified (see Figure 1).  

There are various interlinked causes for this productivity slow-
down, particularly including the effects of the financial crisis and 
the subsequent slow recovery of the global economy.18

Country name

Population [Unit: in thousands]

2016 2060
Increase-decrease
rate [%]

USA 322,180 403,504 25.2

China 1,403,500 1,276,757 -9.0

Japan 127,749 86,737 -32.1

Germany 81,915 71,391 -12.8

UK 65,789 77,255 17.4

France 64,721 72,061 11.3

India 1,324,171 1,745,182 31.8

Italy 59,430 54,387 -8.5

Brazil 207,653 236,014 13.7

Canada 36,290 45,534 25.5

Korea 50,792 47,926 -5.6

Russia 143,965 124,604 -13.4

Australia 24,126 35,780 48.3

Spain 46,348 43,114 -7.0

Mexico 127,540 166,111 30.2

Worldwide 7,466,964 10,165,231 36.1

Table 1: Changes of populations in major countries  
(Source: own presentation based on Atkinson 2019, p. 24)
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Figure 2 indicates the global ranking of unit labor costs in the 
manufacturing industry.19 This comparative index (Germany is 
standard at 100) reveals high unit labor costs in Germany; in Ja-
pan, these costs were about 18 percent below the German level in 
2016. Even the quite high level of productivity in Germany fails to 
fully compensate for the drawback of these high unit labor costs, 
which in turn potentially challenge competitiveness.20 The Japa-
nese manufacturing sector, however, saw a drop in productivity 
and declined steadily in a global view – in times of a weaker yen 
and the growth of technological advances in other countries.21 

Table 2 is a ranking of human resource quality; Japan is no. 4 
and Germany no. 11.22 

Ranking Country Rating

1 Finland 85.86

2 Norway 84.54

3 Swiss 84.51

4 Japan 83.44

5 Sweden 83.29

6 New Zealand 82.79

7 Denmark 82.47

19  | See Schröder 2017, p. 78.
20  | See Schröder 2017, p. 75; 78. 
21  | See Nikkei Asian Review 2017.
22  | See Atkinson 2019.

Ranking Country Rating

8 Netherland 82.18

9 Canada 81.95

10 Belgium 81.59

11 Germany 81.56

12 Austria 81.52

13 Singapore 80.94

14 Ireland 80.79

15 Estonia 80.63

16 Slovenia 80.33

17 France 80.32

18 Australia 80.08

19 UK 80.04

20 Iceland 79.74

24 US 78.86

32 Korea 76.89

34 Italia 75.85

44 Greece 73.64

45 Spain 72.79

Table 2: Quality of human resources  
(Source: own presentation based on Atkinson 2019, p. 80)
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The future of work

Risk of change and risk of automation

According to Arntz et al. from the OECD, there were two types of 
risks for workers in 2016: a 50–70% risk for “change in tasks”, 
and a 70–100% risk for “automation of tasks”.23 Nedelkoska and 
Quintini (2018) published an updated estimation of these risks 
in OECD countries (Figure 3).

For 16% of the workforce in Germany, 13% in Japan, 9% in the 
United States, and an average of 14% in OECD, the substitution 
risk is 70–100%.24

23  | See Arntz et al. 2016.
24  | See Nedelkoska/Quintini 2018. 

This estimate was a consensus among experts throughout the 
world. 

As for Japan, according to the Work Force Survey 2017 by the 
Japanese Ministry of General Affairs, the workforce was 67.2 mil-
lion. That means that 8.7 million workers run the risk of substitu-
tion (calculation: 67.2 million × 0.13 = 8.7 million).

Germany and Japan need to increase their labor productivity by 
improving human skill sets. In this context, worker skills may be 
enhanced by digitalization to ensure the competitiveness of in-
dustries in spite of a decreasing population and a changing 
workforce.

Manufacturing Industry in 2016; Germany = 100
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Figure 2: International comparison of unit labor costs in manufacturing (Source: own presentation based on Schröder 2017, p. 78)
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In order to achieve effective sustainable growth, innovations and 
investments must be raised. 

Digitalization may help to offer potential employees more 
high-value-added jobs and add higher value to industry itself. 
Humans can assign tasks to machines that can be better per-
formed by machines, freeing up creativity and human capital. 

Society has to support these changes so humans and machines 
have the opportunity to evolve together in a harmonized way. 
Thought needs to go into what such a working environment might 
look like. The following case studies describe the situation in the 
labor structure of both countries and the required skill changes.

Case study in Japan: Economic disparity by ICT 
investment – implications from US studies

For the United States, Prof. David H. Autor of Massachusetts In-
stitute of Technology revealed the mechanisms and processes 
that lead to a structural change in the world of employment. The 

25  | See Autor 2015.

process of replacing human workers with machines and the re-
sulting economic disparity are caused by active investment in 
information and communication technology (ICT, see Figure 4).25 
In Japan, there is no comparable analysis, but the mechanisms 
and processes that exhibit structural change of employment, 
and the process of replacing humans with machines, are thought 
to be almost the same as in the United States. This research was 
the most significant output in a series of “the future of work” re-
search works, and subsequently it has strongly influenced a 
great deal of subsequent research.

Autor explains that the active ICT investments changed employ-
ment structures for more than 13 years. Routine cognitive tasks 
have been replaced by computers. But in the future, the same 
phenomenon will continue to be implemented across the board. 
Even if routine cognitive tasks are highly difficult, or if many 
years of training are required for humans to learn them, they can 
be programmed based on logic. (Note: Academically, routine 
tasks are divided into cognitive tasks and manual tasks. The for-
mer is being replaced by computers and the latter by robots).   

Figure 3: Cross-country variation in job automatability, percentage of jobs at risk by degree of risk  
(Source: own presentation based on Nedelkoska/Quintini 2018, p. 49)
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The future of work

In the United States, employees with middle-skilled occupations 
are replaced by computers due to ICT investment. The threat of 
employment loss is moving toward higher-skilled positions. 

As the number of inexperienced workers continues to grow, ICT 
investments will increase the speed of substitution.. The number 
of highly skilled workers will continue to increase, but at a lower 
rate. It is possible to analyze this as follows: As technology pro-
gresses, the demand by companies for highly skilled workers 
grows rapidly, but the supply of highly skilled workers in the la-
bor market to fulfill these companies’ needs declines. When 

26  | See Autor 2015, p. 5.
27  | See Autor 2015, p. 5.

fewer highly skilled workers are available, wages increase. Most 
middle-skilled workers who lose their jobs transfer to lower-skilled 
jobs. The total number of lower-skilled jobs, however, remains 
constant, and as a result, wages continue to stay at a low level 
and employment status becomes unstable.

Autor also explains that “automation also complements labor, 
raises output in the ways that lead to higher demand for labor 
and interacts with adjustments in the labor supply”26. He argues 
that the polarization of the labor market is “unlikely to continue 
very far into the foreseeable future”27.
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Figure 4: Smoothed employment changes by occupational skill percentile, 1979–2012  
(Source: own presentation based on Autor 2015, p. 20) 
 
Data: Autor (2015) calculated using 1980, 1990, and 2000 Census Integrated Public Use Microdata Series (IPUMS).  
Autor defined “skill percentile” as follows: The figure plots by “skill percentile” rank using a locally weighted smoothing regression 
(bandwidth 0.8 with 100 observations), where “skill percentiles” are measured as the employment-weighted percentile rank of an 
occupation’s mean log wage in the Census IPUMS 1980 5 percent extract. The sample includes the working-age (15–64) civilian 
non-institutionalized population with 48+ annual weeks worked and 35+ usual weekly hours. Weekly wages are calculated as 
annual earnings divided by weeks worked. And in the following, we use “low skill” or “inexperienced” to mean that the skill 
percentile is low, and so on.
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Case study in Germany: “The Future of Employment”

Frey and Osborne (2013) derive in their well-known study “The 
Future of Employment” that routine tasks will be substituted in 
the United States.28 Moreover, they estimate that 47% of the 
total US employment is already in the risk category of >70%, 
which means potential automation in the next decade(s).29 
Two aspects should be noted in the results from Frey and Os-
borne: The first is to show the technical possibility. For exam-
ple, if automatic driving technology is available, it would take 
decades until all professional drivers in the United States could 
be substituted. Nevertheless, these cases were counted as a 
possibility for substitution by machine. The second aspect is 
that new employment by new industries was not considered. 
Frey and Osborne’s estimate extends to a practical number 
based on a calculation of workers who are presently employed 
and who may lose their jobs in the future. They did not include 
the number of new positions that will be created by new future 
industries.

Once the Frey and Osborne estimate was published, The Minis-
try of Labor and Social Affairs of the German Government start-
ed “Arbeit 4.0”, or “Work 4.0”. The ministry commissioned the 
ZEW – Leibniz Centre for European Economic Research to per-
form the analysis. Their paper indicated that the risk in Germa-
ny was 12% as of June 2015.30 However, for the United States 
their indication was 9% compared to the 47% from Frey and 
Osborne. The reason for this variance was different estimation 
methods.

ZEW differentiates between jobs and tasks, whereby jobs are 
broken into a series of tasks. They assume that the portion of 
tasks performed by a machine will gradually increase, and that 
in the end a single human job may be replaced by machine. The 
estimation by Frey and Osborne differed because they presumed 
that a single human job will be substituted by a machine in a 
single stage, which is considered an overestimation.

As for the process of substitution of humans by machines, the 
Fraunhofer Institute for Industrial Engineering IAO (Fraunhofer 
IAO) conducted detailed research and analysis. Fraunhofer IAO 
first surveyed various German companies, but could not find con-
sistency. Second, when Fraunhofer IAO surveyed trends of Ger-
man companies, they found consistency as follows: 

28  | See Frey/Osborne 2013, Hirsch-Kreinsen 2018, p. 17.
29  | See Ittermann/Niehaus 2018, p. 43.
30  | See Bonin et al. 2015.

1. Machines are used to support humans.

2. Humans will make efforts to increase their skills with compa-
nies providing skill training to employees. However, as the 
progression of technology is rapid, several companies will 
substitute humans with machines in order to cut costs. 

3. In the last stage, both humans and companies will cease 
making efforts to increase human skills.

Case study in Japan: The future of employment

A phenomenon already happening is a separation of a series of 
tasks into those performed by a machine and those performed by 
a human. As separation progresses, the human receives tasks that 
must be done by a human. These tasks are generally very detailed, 
delicate, non-routine, and creative. Humans are therefore required 
to have higher skills. For several years, AI engineers have been de-
veloping technologies to carry out artistic, cultural, and sensitive 
activities, which were thought to be an output of human creative-
ness. But by monitoring these activities carefully, it was found 
that they contain many routine (cognitive and manual) tasks.

As technology has progressed, machines have been able to take on 
the routine (manual) tasks, physical strain, and hard labor that had 
once been the purview of humans. This is the history of technology 
and it will continue in the future. To prepare for these changes, hu-
mans must train by themselves during their entire lifetime.

After many interviews with Japanese companies, Senior Research-
er K. Iwamoto from the Research Institute of Economy, Trade and 
Industry (RIETI) has formulated the following hypothesis regard-
ing the process of substitution of humans by machines: 

1. In the first stage, hard labor disliked by humans is substituted 
by machines. The aim of introducing machines is to support 
humans, who are then motivated to create further machines. 

2.  As more machines are introduced, humans are required to 
perform more highly skilled work, and companies promote 
investments in human resource development. 

3. The rate of machines introduction increases; managers start 
to replace humans and layoffs commence. 

4. Ultimately, all humans are replaced by machines. 
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In a global perspective, according to estimates from McKinsey 
Global Institute (2017), 400–800 million jobs will be automat-
ed, and 75 million to 375 million workers (3 to 14 percent of the 
global workforce) will have to retrain or learn to do new jobs or 
acquire a new skill by 2030.31

The hypothesis from RIETI and the research results from Fraun-
hofer IAO both establish a similar process of machines replacing 
humans in Japan and Germany, respectively.

— — —

Overall, the research and analysis of future employment was 
based on three points:

1. As technology progresses, even more highly skilled routine 
cognitive tasks will be replaced by machines. 

2. The number of low-skilled workers will continue to increase. If 
they are not able to skill up as quickly as machines’ abilities 
increase, it is likely that they will be replaced by machines. 
Therefore, we have to design harmonized systems for humans 
and machines in which machines support inexperienced work-
ers to keep pace in improving their skills. This will lead to a 
situation where humans develop alongside machines. 

3. The number of highly skilled workers will continue to in-
crease, as will companies’ demand for highly skilled workers. 
If demand exceeds the supply of skilled workers, wage gaps 
will continue to increase.

3.2 Estimation of changes in 
labor structure due to digital 
transformation

Measurements of the rate of routine tasks are conducted by ex-
perts in countries around the world. De la Rica and Gortazar 
(2016) published the results of routine task intensity (RTI) of 
OECD countries.32

31  | See McKinsey Global Institute 2017, p. VI.
32  | De La Rica/Gortazar 2016.
33  | De La Rica/Gortazar 2016, p. 7ff.
34  | De La Rica/Gortazar 2016, p. 10.
35  | See Ittermann/Niehaus 2018, p. 43, Bowles 2014.
36  | See Dengler/Matthes 2018.
37  | See Dengler/Matthes 2018, p. 1.
38  | The requirement levels are defined as follows Unskilled: Helpers with no vocational training or one-year vocational training; Skilled: Professionals with 

at least two years of vocational training or a professional qualification at a vocational school or college; Specialists: Master or technician education or 
advanced technical school/bachelor’s degree; Experts: University degree of at least four years (Dengler/Matthes 2018, p. 5).

39  | See Hirsch-Kreinsen 2018, p. 17.

The RTI is defined as:

RTIi = Ri – Ai – Mi 

(Where Ri ;  Ai ;  Mi correspond to the Routine (cognitive and man-
ual routine), Abstract (cognitive and interpersonal non-routine), 
and Manual (non-routine manual) tasks indexes, respectively.33)  
RTI characterizes the countries’ stages in the de-routinization 
process. The United States, for example, represents a highly 
de-routinized country (RTI=-0.39). Germany (RTI=-0.12), similar 
to other central European countries, is characterized as a medi-
um de-routinized country. Japan (RTI=0.26), however, is posi-
tioned in the group of so-called low de-routinized countries.34 

The most serious problem is how to deal with low-skilled workers 
who either are unwilling or unable to skill up, even after a series 
of retraining and relearning. Germany, as well as Japan, is look-
ing for socially acceptable approaches to solving the problem. 

Case study in Germany: Potential substitution of 
parts of the human workforce

The assumptions of the potential substitution of parts of the hu-
man workforce have also been taken up in macroeconomic labor 
market studies for Europe, concluding that employment will de-
crease, since short-term compensation through novel activities 
wouldn’t be feasible.35

Similar results can be found in the German context.36 The risk of 
substitution generally falls when a higher knowledge level is re-
quired to complete a task.37 Figure 5 shows which requirement 
levels of human work are most likely to be substituted by techni-
cal systems.38 Between 2013 and 2016, the gap between the 
high and low requirement levels had become even larger.

Various studies also anticipate – at least from a short-term per-
spective – a potential risk of substitution for qualified, non-rou-
tinized jobs characterized by a high level of creativity and inter-
action. These jobs are not only on the shop-floor in the 
industrial sector, but also in administration, development, and 
management.39 There are even scenarios that forecast a 
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potential decrease of nearly 60% of employment (mostly rou-
tine jobs) in Germany.40 For an overview of estimated substitu-
tion potential by segment, see Figure 6. Again, it can also be 
seen that not only manufacturing processes in Industrie 4.0 are 
effected, but also the service sector.41

The digital transformation will enable companies to react fast-
er and more precisely to changing customer needs and new 
market conditions. It is already well understood that a fast im-
plementation of data-based business models and a high level 
of flexibility, adaptability, and willingness to change among 
organizations and its employees are crucial for success in the 
face of global competition.42 Key factors in the successful intro-
duction of Industrie 4.0 include the acceptance of new technol-
ogies by employees and the design of attractive forms of 
work.43 

At the same time, the higher degree of flexibility, in turn, opens 
up the chance for workers to also achieve a higher level of work-
life balance and to safeguard their long-term employability by 
personalized re- and up-skilling measures. In this context, the 
ability of workers to learn (and retrain) throughout the span of 
their careers is key to ensuring their future employability (life-
long learning). Companies share the responsibility by providing 
the corresponding education and training, and their employees 
obviously benefit from these measures.44  

40  | See Ittermann/Niehaus 2018, p. 43, Brzeski/Burk 2015, p. 3.
41  | See Allianz Industrie 4.0 Baden-Württemberg 2017.
42  | See Jacobs et al. 2017, p. 9, Lanza et al. 2018.  
43  | See Abel et al. 2019.
44  | See Jacobs et al. 2017, p. 9.
45  | See JMA 2018. 
46  | See JMA 2018, p. 38.

The phenomenon that not only routine jobs and tasks that require 
minimal qualifications potentially bear the risk of replacement is 
evident in the following Japanese case study, which refers to the 
application of AI in the Japanese health care sector.

Case study in Japan: AI applied to health care

This case study in the 9th Academic Promotion Council Report by 
Japan Medical Association Academic Promotion Council describes 
the application of AI in hospitals.45 AI “learns” treatment results 
from all over the world and advises doctors on the treatment of 
their patients. AI plays an “advice-giving” role for humans, where-
by humans are responsible for the final assessment.

The report stated that Japan, which has an unprecedented aging 
population, may contribute to the world by pioneering cut-
ting-edge medical care using AI. A further report shows that the 
misdiagnosis rate has decreased by 85% due to cooperation be-
tween doctors and AI. In the 2016 metastatic breast cancer diag-
nosis challenge (Camelyon Grand Challenge), the misdiagnosis 
rate of AI was 7.5% and the misdiagnosis rate of pathologists 
was 3.5%. Furthermore, with the cooperation of AI and patholo-
gists, the misdiagnosis rate decreased to 0.5%.

The report also explained that “even if individual AI technology 
is developed, it should not be put to practical use unless the ef-
fectiveness and safety of AI are sufficiently secured. In particular, 
the health care field is related to human life, and ensuring effec-
tiveness and safety is extremely important. And no matter how 
skillful [AI] is, the presence of a doctor will continue to be neces-
sary. But what doctors do may vary greatly”46. In the report, Prof. 
Tsumoto of Shimane University noted that when AI supports a 
health care business, the business itself changes.

The same can be said for factories in which AI provides “ad-
vice”, with the final assessment being made by humans. This 
type of scenario could establish a good relationship between 
AI and humans.

When the above-mentioned AI or robots replace the even “more 
skilled routine cognitive tasks” performed by humans, economic 
disparities in society will grow. That will give way to the phenome-
non in which the total number of employees in the low-skilled, low-
wage labor market increases, wages stagnate, and employment 
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becomes unstable. This happens when jobs for medium-skilled em-
ployees are lost, and they fall into lower-skilled positions, although 
the total amount of low-skilled jobs remains unchanged. The num-
ber of employees in occupations that require low skills has been 
rising continuously, as well as accelerating.

Case study in Japan: Potential substitution of parts 
of the human workforce

As for Japan, the Cabinet Office of the Japanese Government 
published an Economic and Financial White Paper in 2018 
that included the results from a corporate survey held in Febru-
ary 2018. According to the paper, jobs are expected to increase 
or decrease with the introduction of IoT (Internet of Things) 
and AI (Figure 7).

Occupations that companies expect to be replaced by AI are 
shown in Figure 8. With the progression of IoT and AI, managers 
of Japanese companies anticipate having to reduce skilled work-
ers in factories, second to office clerks.

47  | See METI 2017.

According to Gini coefficient of Japan,47 the time-change for eco-
nomic disparity has been relatively small until now in the trend 
of developed countries. But as the era of full dissemination of 
RPA (Robotic Process Automation) arrives, there is a possibility 
that the economic disparity will expand at once.

Case study in Japan: Required skill change in office 
workers

Currently, the replacement of routine cognitive tasks with RPA is 
in progress in the administrative functions at Japanese compa-
nies. In particular, the banking and finance industry is the most 
heavily impacted. According to recent press announcements by 
three megabanks, ICT investments are expected to lead to the 
reduction of about 30,000 positions. Those who perform routine 
cognitive tasks are primarily regular and non-regular employees 
holding clerical jobs. As RPA progresses, Japanese companies 
will presumably protect regular employees through personnel re-
alignments, where as non-regular employees will be dismissed. 
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48  | See Iwamoto 2018.
49  | See BMWi/BMAS 2016, p. 14.

A look at hiring statistics for new graduates in the spring of 
2019 shows that banks have greatly reduced the recruitment of 
regular employees for clerical jobs.

In addition to the banking and finance industry, local govern-
ments are also active in implementing RPA. They have many rou-
tine cognitive tasks that deal with prescribed forms, many of 
which could be replaced by RPA. Local governments have strong 
needs to cut employment wages due to budget shortfalls.

RPA is now extending to manufacturing companies in Japan. An 
example is Nitto Denki, a manufacturer of switchboards with 
150 employees. RPA has been introduced into the process of 
printing design drawings – a task previously performed by de-
sign engineers – thereby cutting printing time by 20 hours per 
month.48 This example shows that even in manufacturing compa-
nies, some routine office work processes can be replaced by RPA.

Thus, in Japan, the banking and finance industry and the local 
governments are now leading in the implementation of RPA. 
Eventually, this development will expand to manufacturing and 
other industries. Higher-skilled routine cognitive office work is 
about to be replaced by computers. These employees are expect-
ed to enter the labor market looking for unskilled low-wage jobs 
just to make a living. In this low-skilled, low-wage labor market, 
unemployed Japanese workers will be competing against resi-
dent foreign workers for job opportunities. 

Case study in Germany: Required skill change in 
shop-floor workers

Autonomous systems potentially relieve human operators in cer-
tain areas, such as in monotonous daily job scheduling opera-
tions. Yet at the same time, the volume of complex tasks is in-
creasing. Consequently, people have displayed a high willingness 
to acquire new skills in order to keep pace with the changed re-
quirements, e.g., via various assistive systems or further qualifica-
tion programs and concepts. All employees involved in the pro-
duction process must increasingly adopt interdisciplinary forms 
of work. This is due to the fact that cooperation is required, espe-
cially with IT. Moreover, it is obvious that demand is likely to shift 
from foremen to IT specialists.49

In the past, nearly every technological development or progres-
sion was accompanied by new skills needs. In the context of the 
digital transformation, Industrie 4.0, and new forms of HMI, 
companies are particularly challenged by the fact that these 
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*Administrative professions refer to survey analysis or legal, 
etc. Technical specialist refers to research and development, 
system design, etc. As for administrative specialist/profession 
and customer service/interpersonal service, companies expect 
both increases and decreases. Therefore, the categories appear 
in both charts.
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requirements are now changing at an accelerated rate. Addition-
ally, almost all activities are affected.50 As a consequence of the 
short innovation cycles and the changing requirements, tailored 
employee training activities are necessary. Therefore, a compre-
hensive analysis of the skills an individual worker or employee 
possesses is crucial. In a second step, necessary skills have to be 
identified. All learning measurements with respect to qualifica-
tions and education should be modified in order to guarantee 
systematic and individually tailored professional development 
methods that both meet the needs of the individual worker and 
the whole company.51 While conceptualizing an adequate (re-)
qualification and learning strategy, the potential diversity (espe-
cially between younger and older people) has to be considered.52 
In terms of technology-related skills, developing abilities for IT, 
and in particular AI, is a necessity.53 This insight, however, has so 
far not been completely acknowledged across the German econ-
omy and in the workforce. While the spread of the term “Indus-
trie 4.0” draws increasing attention to digitalization, there are 
still companies that are failing to grasp the need for action when 
it comes to fostering development in terms of skills and 

50  | See Jacobs et al. 2018, p.27.
51  | See Jacobs et al. 2017, p. 9.
52  | See Majkovic et al. 2018.
53  | See also PLS 2019.
54  | See Jacobs et al. 2018, p.27.
55  | See Schallock et al. 2018, p. 28, see also the “Case study in Germany: Learning Factory” in Chapter 5.
56  | See Schallock et al. 2018, Elbestawi et al. 2018.
57  | See Ansari et al. 2018a, Schallock et al. 2018.

qualifications. Therefore, fast and well-founded training and re-
training is crucial for a successful transformation into deploy-
ment, employability, and “good work”.54 

In order to enable and provide the workforce with greater qualifi-
cations (and also students as a future workforce), various strate-
gies and measures can be undertaken (e.g., seminars, workshops, 
business games, and practice-related case studies). Moreover, dur-
ing the last years, a promising approach has been developed 
called learning factory55. Especially in Europe, a variety of different 
learning factories has been established with specific forms, focus-
es, and purposes. However, a common element among all learning 
factories is hands-on qualification, which combines theory and 
practice.56 A key advantage of learning factories, as opposed to 
real production environments, is that certain training and demon-
stration activities can be carried out without the risk of potential 
production downtime. Recently, more and more learning factories 
and labs have been focusing on Industrie 4.0-related topics. The 
approaches, however, mostly fail to combine both learning as-
pects of humans and machines.57

Figure 8:. Occupations likely to be replaced by AI (in %) (Source: own presentation based on Cabinet Office 2018, p. 142)
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Case study in Japan: Required skill change in shop-
floor workers

In Japan, there is a history of cherishing skilled shop-floor work-
ers in factories. The new digital technologies now being intro-
duced to the factories aren’t replacing human work with comput-
ers; instead, these technologies make the best use of these 
skilled workers. When IoT is introduced, the workers acquire the 
new skill while receiving little training, so the problem of re-edu-
cation or retraining of shop-floor workers has not become obvi-
ous in Japan. Rather, the focus is on the introduction of AI in a 
few years. The new digital technologies now being introduced to 
the factories in Japan are a “visualized” system, meaning that 
skilled workers are still responsible for looking at the displayed 
visualized data, exploring the cause of the failure of production 
machines, and devising countermeasures. However, in the near 
future the aspects of operations based on precedent (such as 
learning the precedent) and judging measures from the dis-
played data will be taken care of by AI.

In Japan, only a few large manufacturers are fully introducing 
new technologies to their factories and improving their output. 
According to Fujitsu executives58, the emphasis is on “empow-
ering humans” with new digital technology, which reduces the 
burden on employees. Furthermore, the company’s IoT system 
compensates for the lack of shop-floor workers and their declin-
ing skills due to aging, and at the same time it supports work-
ers with the rise in many various and small-volume products. 
Mitsubishi Electric’s executives say that in the 1990s invest-
ments were focused on mechanization,59 automation, and la-
bor-saving measures. But now the focus is to replace jobs suit-
able for machines with machines, and to maintain other jobs 
suitable for humans, which is said to engender “harmony be-
tween humans and machines”. The executives of DENSO,60 a 
Toyota supplier, stress that “the concept for the IoT system of 

58  | See Iwamoto 2018.
59  | See Iwamoto 2018.
60  | See Iwamoto 2018.
61  | See https://www.mitsubishielectric.co.jp/fa/sols/ and https://www.hitachi.co.jp/products/it/lumada/index.html.
62  | See Iwamoto 2018.
63  | See Iwamoto/Tanoue 2018.

DENSO is human-centered”. DENSO positions the skilled work-
ers as a company asset to create competitiveness. It is worth 
pointing out that visualization by digital technology alone is 
insufficient for the skilled worker to provide sufficient perfor-
mance on the shop-floor. And they state that it’s important to 
actually measure shortcomings in production equipment and 
to formalize how the shortcomings can be solved by skilled 
workers. Both Mitsubishi Electric’s e-F@ctory and Hitachi’s 
Lumada,61 which are representative IoT platforms in Japan, are 
designed on the same idea. In addition, the executives of Nip-
pon Steel Co. emphasize62 that they “continue to invest in [are-
as] where the number of skilled workers is rapidly decreasing in 
factories and it is difficult to ensure manufacturing quality“. As 
can be seen from these cases, maintaining and expanding hu-
man capabilities is one of the main targets of digital invest-
ment in Japanese companies.

RIETI conducted a survey from August to October 2017 target-
ing 10,075 Japanese companies to understand the trend of IoT 
in Japanese industry; responses were collected from 1,372 com-
panies for a recovery rate of 13.62%.63 Through the introduction 
of new digital technologies, 34 companies replied that the num-
ber of employees is “decreasing”, and 43 companies answered 
that it is “increasing”. Technical experts, such as data engineers, 
are needed to operate new digital systems. The survey revealed 
an increasing need for technical experts as well as for adminis-
trators who manage them and office clerks who support them. 
Meanwhile, in the administrative divisions of the banking and 
finance industry and others, computerization of routine cogni-
tive tasks is ongoing, leading to a continuous reduction in cleri-
cal office workers. A comparison of the present increases and 
decreases shows that the increases are greater than the decreas-
es. It can be deduced that Japanese companies are more eager 
to digitalize factories than offices. In any case, going forward the 
trend needs to be monitored carefully.

https://www.mitsubishielectric.co.jp/fa/sols/
https://www.hitachi.co.jp/products/it/lumada/index.html
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Case study in Germany: A positive scenario in 
contrast to the previous discussions

In Germany, there is a scenario that the substitution potential can-
not be equated immediately with the probability of occurrence. In 
addition, the current implementation of modern technologies or 
Industrie 4.0 solutions and automated projects in the area of HMI 
shows that today‘s activities cannot be fully automated at reason-
able costs.64 The pessimistic view focuses on potential substitution 
effects in the human workforce and a devaluation of industrial 
work; the optimistic view highlights the potential aspects or conse-
quences of the implementation of modern technologies and In-
dustrie 4.0 systems, e.g., by referring to improvements in competi-
tiveness, quality of life, work-life balance, etc.65 

Therefore, in the context of this optimistic scenario, positive la-
bor market effects are expected. This is forecasted, for example, 
in a study by the Boston Consulting Group that assumes em-
ployment growth of 6% in Germany within the next ten years. 
The positive effects are primarily based on the increasing de-
mand for highly qualified industrial workers in mechanical en-
gineering, the automotive sector, and electrical engineering.66 
A rather moderate technological change in the industry and 
the successive enrichment of work and production processes by 
new technologies is often regarded as a basis for this develop-
ment.67 Moreover, it is argued that even low-skilled workers will 
still be needed, and that nearly all kinds of routine work entail 
non-routine elements like experience-based knowledge that is 
hard to substitute with technical systems.68 In addition, a gen-
eral overestimation of technological potential and implications 
was stated, which in turn leads to potentially misleading con-
clusions as described in the pessimistic and optimistic 
scenarios.69

The optimistic scenario also features a new perspective on inter-
actions between humans and machines, as well as on the related 

64  | See Allianz Industrie 4.0 Baden-Württemberg 2017.
65  | See Ittermann/Niehaus 2018, p. 39f.
66  | See Ittermann/Niehaus 2018, p. 39f., BCG 2015.
67  | See Ittermann/Niehaus 2018, p. 40., Vogler et al. 2016.
68  | See Pfeiffer/Suphan 2015, See Ittermann/Niehaus 2018, p. 53.
69  | See Hirsch-Kreinsen 2018, p. 17.
70  | See Ittermann/Niehaus 2018, p. 41f.
71  | See Becker 2015, p. 25.
72  | See Becker 2015, p. 26.
73  | See acatech 2016, p. 16.

distribution of control and/or responsibility of the technical and 
personal systems. As orchestrators of technical systems, highly 
qualified and skilled people are in the center of the industrial 
production system. In case of problems or a breakdown, they are 
able to intervene, drawing on their past experience. All in all, 
qualified workers are supposed to be fully in control over the en-
tire work and production processes. If necessary, technical assis-
tance systems provide flexible and adequate support.70 

As a result of changes in interactions between humans and tech-
nology brought on by novel forms of communication and collab-
oration, it is necessary to restructure work. Furthermore, lifelong 
learning needs to be implemented so that employees have the 
skills required to control the also changing CPS. Such assistance 
systems are a prerequisite to maintaining and continuously im-
proving the physical and mental performance capabilities of 
humans.71

Today, it is generally accepted that a person’s individual produc-
tivity does not primarily depend on the chronological but on the 
biological age. In particular, assistance systems allow machines 
interacting with workers to make work less strenuous.72 Together 
with activities involving work design and initiatives for compe-
tency development, interactive collaboration between humans 
on one side and technological systems on the other create new 
opportunities for companies to benefit from demographic chang-
es. In times of a shortage of skilled workers and an increasing 
diversity of employees (age, gender, cultural background), Indus-
trie 4.0 enables diverse and flexible career models and thus sus-
tainable productivity.73

In conclusion, the positive scenario is also supported by forecasts 
suggesting an upgrade in activities and qualifications. Accord-
ing to Ittermann/Niehaus (2018, p. 40), upgrading can be un-
derstood as a process of enriching activities and abilities that 
tends to affect all groups of employees.
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Case study in Germany: Hybrid teams of humans, 
robots, and virtual agents in a production setting74

[Concept video available from below link; 
https://robotik.dfki-bremen.de/de/
mediathek/video archiv/hysociatea-aus-
gewaeh.html]

In Germany, the project Hybrid Social Teams for Long-Term Col-
laboration in Cyber-physical Environments (HySociaTea) 
demonstrates that – in contrast to any risks of substitution – re-
cent developments in HMI are enabling new forms of coopera-
tion in hybrid teams. In this project, funded by the German 
Federal Ministry of Education and Research (BMBF), specialists 
at the German Research Center for Artificial Intelligence 
(DFKI GmbH) aim to realize and examine the collaboration of 
humans with autonomous robots, virtual characters, and 

74  | This case study is described in Schwartz et al. 2016. 
75  | SoftBots can be defined as purely software-based agents or computer programs that can act autonomously in virtual worlds. 

SoftBots to work out common tasks and to meet future produc-
tion requirements characterized by a high degree of complexity 
and flexibility. 

Not only the technical feasibility is analyzed, but also the devel-
opment of (robotic) team competencies and intelligent multi- 
agent behavior. By proactively assisting workers in the produc-
tion process, they are seen as partners without being directly 
instructed. This, in turn, has important implications on (future) 
decisions for team organization and configuration.

Characterized by the high level of cognitive abilities and flexibil-
ity, humans are at the center of the hybrid teams, while robots 
are responsible for the physically demanding tasks. The digitally 
available information, moreover, is provided on an interface of 
the virtual agents. The SoftBots75 aggregate the data that is pro-
duced by the other team members, update databases, and pro-
vide meaningful, refined data.

https://robotik.dfki-bremen.de/de/mediathek/videoarchiv/hysociatea-ausgewaeh.html
https://robotik.dfki-bremen.de/de/mediathek/videoarchiv/hysociatea-ausgewaeh.html
https://robotik.dfki-bremen.de/de/mediathek/videoarchiv/hysociatea-ausgewaeh.html
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4  Emerging gap due to 
diversity and policies 
that promote sustain-
able innovations

This chapter discusses the anticipated increase in the diversity of 
workers and machines in the near future, and advocates for pol-
icies that promote sustainable innovations across the life cycle of 
products and services.

4.1 Emerging gap due to diversity

Since the industrial revolution, companies have striven to stand-
ardize production in order to achieve high production volumes at 
high speeds. However, standardization has reached its limits. 
The declining population has led to a diverse workforce with var-
ied capabilities in the manufacturing sector. In addition, old ma-
chine tools are being used alongside AI robots (Figure 9).

These developments have caused imbalances in tasks and the 
actual capabilities of workers and machines, which may lead to 
a loss of business opportunities.

In Japan, the declining population has been boosting workforce 
diversity, bringing more women, older people, and non-Japanese 
people into the employment market (see Table 3). At the same 
time, the advancement of automation that is currently taking 
place in the manufacturing sector is transforming job profiles 
and the way humans and machines interact at the workplace.

Additionally, many companies have been extending the life of 
their facilities annually. Especially, after 1990, the average life of 
a manufacturing facility was increased to over 16 years, as 
shown in Table 4.

Germany has also been facing several social and technical chal-
lenges, which have led to changes in employment as illustrated 
in Table 5. Furthermore, companies have been compelled to 

Diversi�ed workers

Diversi�ed machines

Figure 9: Possible changes on workers and machines in factories 
(Source: Hitachi Brand Channel 2019)

Trends of the times

Employment ratio of women
(range of age: 25 to 44 years)

61 [%]
(2000)

66 [%]
(2010)

+0.5 [%]/year

72.7 [%]
(2016)

+1.1 [%]/year

Employment ratio of older people
(range of age: 65 to 69 years)

36.2 [%]
(2000)

36.4 [%]
(2010)

+0.02 [%]/year

44.3 [%]
(2017)

+1.1 [%]/year

Number of non-Japanese employees
486k

(2008)
718k

(2013)
+50k/year

1279k
(2017)

+140k/year

Table 3: Employment trends in Japan (Source: own presentation based on MIC 2019b, MHLW 2019)
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consider groups that were previously underrepresented in the 
job place, including people with disabilities, people with a mi-
gration background, and older people who have an extensive 
knowledge base.

Moreover, there is a shortcoming of skilled workers in science, 
technology, engineering, and mathematics (STEM), as well as in 

76  | See Pfeiffer et al. 2016.

nursing. But these trends have been ongoing for some time now, 
having started long before Industrie 4.0 was introduced. While 
job profiles and requirements may change, it does not mean that 
workers with necessary qualifications cannot be found and that 
today’s vocational training is inadequate. However, it’s impor-
tant that workers stay on track with the changing skill demands. 
Because of the adaptivity and flexibility of the German vocation-
al training system, only slight adjustments are necessary in the 
vocational profiles.76

In the context of HMI, it is necessary to focus not only on how 
humans or machines learn, but also on how they improve their 
skills by learning from one another. Today humans and machines 
follow distinct learning concepts. In the future, however, hybridi-
zation of learning concepts will be necessary to achieve mutual 
learning success. 

Table 4: Trends on the average lifetime of facilities in Japan 
(Source: own presentation based on Hamagin Research 
Laboratory 2016)

Trends of the times

Average lifetime

8 [years]
(1971)

10 [years]
(1991)

+2 [years]

16 [years]
(2016)

+ 6 [years]

Table 5: Employment trends in Germany  
(Source: own presentation based on Eurostat 2019, Destatis 2018b, Federal Employment Agency 2018)

Trends of the times

Employment ratio of women
(range of age: 20 to 64)

60.8 [%]
(2000)

69.7 [%]
(2010)

+0.89 [%]/year

75.2 [%]
(2017)

+0.79 [%]/year

Employment ratio of older people
(range of age: 65 to 69)

3.9 [%]
(2010)

5.9 [%]
(2015)

+0.40 [%]/year

7 [%]
(2017)

+0.55 [%]/year

Number of non-German employees
2219k
(2012)

2919k
(2015)

+233k/year

3470k
(2017)

+275k/year

Human Machine

Ca
pa

bi
lit

y Quality 
variation in

Mechanical job

 § High inter-individual differences and diversities
 § It can be improved by training and job 

satisfaction
 § High inter-individual differences and diversities 

depending on problem-solving abilities, 
competences, experiences, and qualification 
level

 § Personal, societal, and institutional interests 
may influence human decision-making

 § The complexity and sensitivity (risk) of the 
decision may affect it

 § Relatively high (depending on individual 
capacity, motivation, and commitment)

 § High possibility of work fatigue and job 
dissatisfaction

 § Very low
 § It can be degraded over time due to 

inappropriate maintenance
 § Low to high depending on the quality of data 

(affected by disturbances and noises), 
preciseness of algorithms, degree of 
preparation by humans, and complexity of the 
problem field

 § Quality can be improved after training the 
system with (relatively large) datasets

 § Very low (depending on the lifetime, 
associated degradation rate, and service 
quality)

Decision-making

Performance 
variation in

Carrying out a 
task

Table 6: Comparing capabilities of humans and machines, based on quality and performance variation  
(Source: own presentation based on Ansari et al, 2018a, p. 119)
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Ansari et al. 2018a define mutual learning as  “a bidirectional 
process involving reciprocal exchange, dependence, action or in-
fluence within human and machine collaboration, which results 
in creating [a] new meaning or concept, enriching the existing 
ones[,] or improving skills and abilities in association with each 
group of learners”77. 

This is affected by different capabilities of humans and machines 
in performing different tasks as shown in Table 6.

The learning process may either be independent (distinct train-
ing for each group) or dependent (co-occurrence of learning by 
executing a common task). At present, there is a strong tendency 
to favor distinct training and a lack of exploration into co-occur-
rence of human-machine learning.

Case study in Japan: Learned nonuse phenomenon 
in manufacturing

In the future, AI robot technology will be increasingly introduced 
into manufacturing systems in order to obtain high performance 

77  | Ansari et al. 2018a, p. 119.
78  | See Taub et al. 2002.
79  | See for example Carr 2014.

to produce high-quality goods at a low cost. But to what extent 
will AI robot technology influence humans in the long term? Tak-
ing the easy way of introducing AI robot technology may have a 
negative effect on the proficiency of humans. This could occur 
because humans might grow accustomed to a situation in that 
they do not need to employ any skills in the manufacturing pro-
cess. We need to consider the possibility of this emerging vicious 
cycle of AI robot technology and a corresponding decline in hu-
man skills (left cycle in Figure 10).

In the field of brain science, substantial neurological injury usually 
leads to a vicious downward spiral that results in “learned nonuse” 
of the affected extremity.78 Similar discussion has been conducted 
for the relationship between automation and humans.79.

As for the methodology to overcome the learned nonuse phe-
nomenon, in brain science and rehabilitation medicine con-
straint-induced movement therapy (CI therapy) has been pro-
posed. Here, training procedures can be used to reward patients 
systematically for using the affected limb for a period of con-
secutive weeks. 

Decrease of Role of Human Workers

Decrease of Motivation 
in Human Workers 

Decrease of Skill 
in Human Workers

Necessity of Automation for Skilled Tasks

Demand for introducing 
AI Robot technology in Manufacturing 

Good Balance of Roles between Workers and Machine

Increase of Motivation 
in Human Workers

Increase of Skill
in Human Workers

Necessity of Training 
of Human Workers

Demand for Revitalizing
Human–Machine Interaction

Vicious Cycle Virtuous Cycle

Figure 10: Vicious and virtuous cycles in humans and AI robot systems (Source: own presentation based on The University of Tokyo)
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In addition, use of the uninvolved limb can be restricted, so 
much so that the subject is rendered virtually helpless unless he/
she tries to use the affected limb. A similar approach might be 
possible for manufacturing sites. So that humans and AI robots 
work together in future manufacturing sites, two requirements 
need to be fulfilled: 

1. The efficient achievement of tasks with the cooperation of 
humans and AI robots and 

2. the enhancement of skills in human workers through training. 
One possibility is to construct a management system (could 
be based on AI) to implement a systematic harmonization of 
HMI that can arbitrate the two sides (right cycle in Figure 10).

4.2 Managing the real world and the 
cyber world 

Especially in research and development (R&D), manufacturing 
companies are traditionally dominated by classical engineer-
ing roles, particularly mechanical and electrical engineering. In 
fact, mechanical and electrical engineering have been at the 
core of innovation activities in manufacturing since the 19th 

century and have made a big impact on industry as we know it 
today. 

Nevertheless, over the past few decades, software has become 
an important driver for innovation in machinery and electric/
electronic products. Software innovations have mainly occurred 
within embedded systems, physically confined to a single 
machine.

Meanwhile, the software industry has grown significantly over 
the last decades at an ever-increasing speed to become ever 
more present in various aspects of daily life and business 
processes. 

Software itself is an abstract entity, and understanding its inner 
workings requires a higher level of abstraction than a problem in 
mechanical engineering. Increasing complexity and the addition 
of new software layers have given way to the field of software 
engineering, which has its own methods, tools, unique process-
es, and organizational procedures.

The emergence of Industrie 4.0 heralds in the connecting and 
merging of both worlds. This leads to a whole new arena of 

innovation in an overlapping world that leverages the methods 
and procedures of the cyber world as well as classical engineer-
ing know-how. 

Manufacturing companies are now faced with methods like ag-
ile development, scrum development, and pair programming 
that are different than waterfall approaches and detailed engi-
neering specifications. On top of that, organizational principles 
like teams of ten and flat hierarchies are typical for software 
companies, and manufacturing firms need to adopt these princi-
ples in order to be agile (and to be perceived by potential soft-
ware talents). Given the traditional approaches and the long 
and highly successful history of manufacturing companies, mak-
ing this adjustment is a huge challenge. But these changes 
won’t go away; companies must actively address them in their 
workforce, organizational principles, and management 
procedures.

Software development itself is a desktop-based activity, confined 
to the virtual world of computers and servers. This opens up ca-
reers to people who have hitherto been excluded from the work-
force to a large degree. We will give an example of this in the 
following chapter. Furthermore, the development of software 
embedded in machinery requires not only software skills, but 
also a deep understanding of the production machines in which 
the software is to be integrated. Therefore, skilled workers who 
have earned additional qualifications in software development 
are particularly valuable with their insights and decades of expe-
rience in machinery and production technology.

To sum it up, the real and cyber worlds merge with Industrie 4.0 to 
give way to a new domain of innovations where a new set of tools, 
methods, and principles are the foundation to success. However, 
these new tools have to be combined with existing processes, tech-
nological paths, and valuable manufacturing qualifications and 
experiences. Manufacturing companies must actively acquaint 
themselves with new challenges and adopt new technologies 
while employing their unique manufacturing expertise.

4.3 Sustainable innovations with 
diversity 

Both Germany and Japan face a shortage of skilled workers and 
an aging workforce, leading to more diverse workforce structures 
in industry in regard to age, gender, and skills. To attract the most 
talented employees in a tight labor market, inclusive working 
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environments will become an even more significant competitive 
differentiator and a driver of business success. Inclusiveness has 
proven to boost engagement and creativity among employees. 
Moreover, when employee structures reflect the societal strata of 
customers, their needs can be better understood and met. And af-
ter all, collaboration among colleagues with different points of 
view generates a greater mix of ideas, and that spurs innovation.

Case study in Germany: SAP – Autism at Work

[Concept video available from below link;  
https://www.sap.com/corporate/en/
company/diversity/differently-abled.
html?source=social-atw-mailto&sharedId=9e
6909ee-6a7c-0010-82c7-eda71af511fa]

This case study describes how an organizational culture based on 
diversity and inclusion appreciation at SAP, Europe’s largest soft-
ware company, has laid the foundation for integrating people with 
autism into the workforce. SAP’s program can serve as an example 
for other companies on how to expand the talent pool. Further-
more, it prepares manufacturing companies for the type of em-
ployee structures they may find in software companies such as 
SAP – a key partner for the transformation to Industrie 4.0.

The software industry has been a sector exposed to fast-paced 
change and characterized by speedy growth rates from the very 
beginning, making talent acquisition a crucial factor for success. 
In this “war for talents”, SAP was faced with the prospect of la-
bor shortages in the ICT sector early on. The need of both ad-
dressing volatile market trends as well as obtaining talented em-
ployees motivated the company to create an inclusive and 
accessible work environment for a diverse workforce. Diversity in 
employees, offering a broad range of perspectives, is seen as an 
important source of innovation and an unquestioned necessity 
for dealing with complex technological challenges. What is 
more, as SAP software is used by a wide breadth of societies 
around the globe, the benefit of having the workforce reflect the 
diversity of customers with different abilities and needs was an 
additional business driver for the recruitment strategy.

This open mindset was a crucial precondition for launching the 
Autism at Work program, which integrates people with autism 
into the company‘s workforce. It allows the company to tap into 
a talent pool that has thus far remained largely unaddressed by 
the labor market.

The Autism at Work program was officially launched in 2013. As 
per Q2 2019, SAP has over 155 employees from 13 countries 
with autism working in 26 different roles. The retention rate is 
above 90%. The program was initiated through a local project at 
SAP India, where first experiences with people on autism spec-
trum were gathered. Their outstanding performance convinced 
the company of the superb contribution to software develop-
ment that people with autism can make.

Autism is a neurological disorder that can create challenges with 
social, emotional, and communication skills. It is estimated that 
an approximate 1% of the global population is affected, while 
90% of them are un- or underemployed. People with autism are 
often attentive to routines and sameness, and have difficulties 
adjusting to unfamiliar surroundings or changes in routine. But 
this is only one side of the medal, as SAP’s own experiences with 
colleagues on the autism spectrum have shown. Creating an en-
vironment in which the needs of employees with autism are ad-
dressed helps bring out their unique strengths and skills, includ-
ing among others:

 § a meticulous attention to detail and pattern recognition,
 § the ability to remain focused on a task for a prolonged dura-

tion of time, 
 § analytical and logical thinking, 
 § and the skill to detect irregularities. 

Stable and open work conditions are an important prerequisite 
to make employees with autism feel welcome. This is achieved, 
among other things, with a set group of internal and external 
people at each program location who hire, on-board, support, 
and coach their colleagues with autism while at work. Although 
this requires investment, most colleagues quickly become inde-
pendent in their new workplace, creating a true return on invest-
ment – not only for the company, but for society at large with 
saved social welfare costs and strengthened social cohesion. Af-
ter all, stable structures are crucial for running the program in a 
sustainable and scalable way.

But necessary adjustments already start in the recruitment 
phase: Mainstream processes frequently look for people who 
have good communication skills and who are team players – cat-
egories that candidates with autism typically do not fulfill. For 
that reason, SAP has attuned its recruitment practices, focusing 
on the passions of candidates with autism and incorporating 
practical tasks in the interview process. 

https://www.sap.com/corporate/en/company/diversity/differently-abled.html?source=social-atw-mailto&sharedId=9e6909ee-6a7c-0010-82c7-eda71af511fa
https://www.sap.com/corporate/en/company/diversity/differently-abled.html?source=social-atw-mailto&sharedId=9e6909ee-6a7c-0010-82c7-eda71af511fa
https://www.sap.com/corporate/en/company/diversity/differently-abled.html?source=social-atw-mailto&sharedId=9e6909ee-6a7c-0010-82c7-eda71af511fa
https://www.sap.com/corporate/en/company/diversity/differently-abled.html?source=social-atw-mailto&sharedId=9e6909ee-6a7c-0010-82c7-eda71af511fa
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In order to help the program succeed, SAP has built a network of 
partners, including NGOs, research institutes, and government 
agencies, to support the company in reaching potential employ-
ees with autism. These stakeholders help identify possible candi-
dates and advise the company on supporting colleagues with 
autism to integrate them smoothly. With the future stream of 
employees already in mind, SAP has also initiated cooperation 
with select high schools and universities to make students with 
autism aware of job opportunities at the company. Since many 
people with autism are used to being left out by conventional 
recruitment programs, it is essential that they are made aware of 
the fact that their skills are sought after.

— — —

Harmonizing interaction between a variety of humans and ma-
chines is more than just simply compensating for the lack of func-
tions or synchronizing; it can also lead to attractive results by re-
specting individual characters and helping and enhancing one 
another. 

To ensure sustainable economic growth, we must realize a world 
in which humans find fulfillment in their work while evolving 
hand in hand with machines. The corresponding transition for 
HMI is discussed by means of Figure 12. 

80  | See Hitachi Brand Channel 2018.

The former model (left in Figure 12) is a traditional technology 
model, basically applied to humans, in which a master teaches a 
student. Scalability is a potential challenge due to the availabil-
ity of appropriate masters.

Case study in Japan: Technology traditions

In Japan, traditional crafts such as lacquer ware are still 
learned mainly through the apprenticeship system. The same 
applies to manufacturing processes, such as the brazing work 
required for a heat exchanger (the main component of an air 
conditioner). Soldering the thin copper tubes together is very 
difficult, and for skilled masters to train beginners efficiently 
has become a major issue.80

Today’s manufacturing model (middle in Figure 12) is one in 
which machines assist humans. That means humans do not need 
to be trained to the same extent as before. Machines provide rel-
evant instructions and automatic support to compensate for the 
gap in human skills. However, excessive computer aids could 
lead to an increase in the learned nonuse phenomenon, and hu-
mans in turn risk losing a key skill.

Family

Local
AaW Team

AaW Mentor

Team Buddy

HR Partner

Other Personal
Supports

Personal
Counselor

Manager

SAP Autism at Work Support Circle

Job/Life
Skills Coach

AaW Colleague‘s
Workplace

Support Circle

AaW Colleague‘s
Personal Life

Support Circle

Figure 11: SAP’s Autism at Work program (Source: SAP)
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Case study in Japan: Issues of excessive assistance

In Japan, many machining processes such as drilling and turning 
are operated by numerical control (NC). Sometimes an operator 
can hardly understand the reasoning behind the parameters 
that have been set by the skilled operator or by the implemented 
AI, for example, the feed amount and cutting amount of the cut-
ting tool.81 Industrial robots are used in many cases to assemble 
home appliances and spot weld automobile bodies. Sometimes 
changes in a robotics program lead to a bottleneck in a process 
chain, again because it’s difficult for an operator to understand 
the reasoning behind the program parameters set by the skilled 
operator or by the AI.82

— — —

So the future model for systematically harmonizing HMI would 
have a multiverse mediation process among humans and ma-
chines (right in Figure 12). Based on digitalized knowledge, the 
mediation would adjust interactions as mutual aids between hu-
mans, humans and machines, and machines. The result is a sus-
tainable improvement for both humans and machines.

This future model not only observes human-human, human- 
machine, and machine-machine interactions, it also accumulates 
observed information. In the case of a skilled worker, the 

81  | See Nonaka 2019. 
82  | See Hitachi Brand Channel 2019.

mediation process identifies potential improvements that could 
lead to adjustments in mutual aids.

Focusing on the interaction of 1) humans and 2) humans and 
machines based on this future model, companies need to adopt 
the following strategies:

1. Revisit traditional workforce structures and create an inclu-
sive environment for a wider set of talented workers whose 
characteristics may differ from the majority in the current 
employee base. 

2. Systematically measure the skills and capabilities of humans 
and machines in the same plant and, subsequently, harmo-
nize task plans and adjust the programming of smart ma-
chines so that they can assist their human counterparts 
optimally.

In a first step, the mediation process and sharing data should 
happen within a company. In a second step, this procedure 
should be transferred to the whole of society. For a sustainable 
society focused on human well-being, knowledge acquired from 
interactions among humans and machines could be made avail-
able to the public – as long as there are no infringements on in-
tellectual property.
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Figure 12: Transition of interaction models (Source: own presentation based on Hitachi)
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The next case study describes Hitachi’s activities in systematic 
harmonization of HMI, called Multiverse Barrier-Free.83

Case study in Japan: Hitachi – Multiverse Barrier 
Free

[Concept video available from below link; 
https://www.youtube.com/
watch?v=NWq6wQ_XzwQ]

In Japan, the diversity of workers is progressing, mainly due to 
the declining birthrate and aging population. In addition, diver-
sity is also progressing in machines, meaning that old machines 
introduced during the period of high economic growth are used 

83  | See Hitachi Brand Channel 2019.
84  | Hitachi R&D Group 2017. 

together in the factory with the latest robots introduced in re-
cent years. Hitachi is promoting the development of a flexible 
production system utilizing human and robot cooperation84 that 
optimizes work allocation between humans and robots.

At conventional worksites, workers are taught by an expert, and 
they perform according to the expert’s model. However, as work-
ers diversify, so too do their abilities. So even if they receive uni-
form work and instructions, their ability to do a job varies. As a 
result, they cannot work as instructed, and problems such as 
stress, a higher workload, a decrease in productivity, and a loss 
of growth opportunities may occur.

In factories with progressing machine diversity, there is a poten-
tial risk that human work is substituted by machines. 
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Figure 13: Key three steps of Hitachi’s Multiverse Barrier Free (Source: own presentation based on Hitachi)

https://www.youtube.com/watch?v=NWq6wQ_XzwQ
https://www.youtube.com/watch?v=NWq6wQ_XzwQ
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That, in turn, could lower the workers’ motivation. In addition, 
there is also the problem that the machine supports the workers 
excessively, which causes the workers’ ability to fall behind and 
prevents growth opportunities, as mentioned in the case study 
on the learned nonuse phenomenon in manufacturing.

Given these problems, Hitachi proposed the concept of Multi-
verse Barrier Free. It is a mechanism to promote sustainable 
growth rather than over-supporting one another, and it takes ad-
vantage of the individual characteristics of a diverse set of hu-
mans and machines. In this concept, a mediation (which is men-
tioned in Figure 12) is created for interactions between humans, 
humans and machines, and machines with the following three 
steps as shown in Figure 13.

 § First step: Measuring
 The characteristics of HMI are digitalized and a private me-

diation is created for each interaction. Hitachi assumes the 
HMI consists of 4M (Man, Machine, Material, and Method) 
entities, and a cross-analysis of 4M behavior can extract key 
tips of HMI. Hitachi then collaborates with OKUMA to ex-
tract key tips of machine tool manufacturing for manufactur-
ing efficiency maximization.85 

 § Second step: Harmonizing
 In this step, the mediation generates an appropriate policy 

of HMIs to compensate for performance bottlenecks. For ex-
ample, the mediation promotes an optimized organization 
plan for humans and machines to achieve a task, an appro-
priate support menu from machines to humans, and an ap-
propriate operation policy from humans to machines. Factors 
such as a machine’s condition are taken into consideration. 
With this policy, Hitachi has developed technology to opti-
mize both the production line configuration and product de-
sign.86 Since product design specifications assign some 

85  | See Nonaka 2019.
86  | See Tsutsumi et al. 2018.
87  | See Hitachi Brand Channel 2018.
88  | For more information regarding the Hitachi Social Innovation Forum, see http://hsiftokyo.hitachi/en/. 
89  | See Hitachi Brand Channel 2019.

production capabilities to workers, robots, etc., and since the 
capabilities of workers and robots limit product design spec-
ifications in terms of weight, fineness, etc., a harmonization 
technology was established and examined in automotive de-
vice manufacturing. 

 § Third step: Sustainable growth
 For the purpose of achieving growth in humans and ma-

chines, mutual aids need to be provided for each human and 
each machine. With this policy, Hitachi is collaborating with 
Daikin for the sustainable growth of HMI for brazing.87 In 
the collaboration, a new process visualization function was 
added to the existing brazing system for copper tubes in 
heat exchangers for air conditioners, and an improvement 
program for worker’s brazing skills was established with the 
function.

In summary, the essential value of Hitachi’s Multiverse Barrier 
Free is:

1. Help humans and machines develop their creativity 
continuously.

2. Replace operations that become obsolete with automatic 
control as much as possible to free humans from having to 
perform tedious tasks. 

3. This continuous expression of creativity contributes to main-
taining and developing machines in a sustainable society.

Hitachi launched this Multiverse Barrier Free concept at the 
 Hitachi Social Innovation Forum 201888 and has released con-
cept videos on YouTube89. Hitachi contributes to the creation of 
a society where diverse humans and machines grow together.

http://hsiftokyo.hitachi/en/
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5  Challenges in the   
new paradigm of  
human-machine  
collaboration

The impact of the digital revolution on industry and society is 
already evident. With the projected growth in population and 
increase in prosperity, a rise is expected in the overall global mar-
ket volume for products and services. Demand could even devel-
op toward increasingly customized products. However, manufac-
turing labor is expected to decrease globally. 

To address the societal trends mentioned above, industry in gen-
eral is changing, becoming increasingly diverse and complex. 

Industrie 4.0, for example, is not based on the vision of the 
complete automation of the manufacturing process, but on an 
adaptable and individualizable process even for small batch 
sizes, making next-generation HMI a necessity in the manufac-
turing sector.

The new paradigm of industrial manufacturing can rapidly ad-
just cyber-physical systems (CPS) to changes in customer require-
ments. Responsiveness to the customer is most visible with hu-
man-machine collaboration, which is more productive and 
presents opportunities for companies to gain a new competitive 
advantage. However, how will humans and machines interact 
with each other, and what role will our thoughts play?

In this chapter, we focus on the human-machine collaboration in 
the context of smart manufacturing and the impact it will have 
on manufacturing work in the future. Potential solutions may 
give rise to new styles of interaction. Additionally, integrating 
humans and self-learning machines will call for operations and 
management to be flexible and adaptable. A possible result 
could be the creation of better and more satisfying work.

5.1 Current situation 

Many efforts have been taken to equip machines with sensing 
technology or AI to function more intelligently and self-learn. 
The current situation is shown in Figure 14, whereas advanced 
machines or robots are more efficient in adapting routine cogni-
tive tasks, traditional machines require more effort. In addition, 
workers have to adjust to the upgraded machines, and manage-
ment needs to be prepared for fast-changing manufacturing 
processes. 

More machine support
is needed!

More operational tasks
can be done!

Basic skilled
worker

Advanced skilled
worker

Professional skilled
worker

Aging machine Advanced machine Robot

Support Operation

Figure 14: Current situation in manufacturing (Source: own presentation based on Mitsubishi Electric Corporation)
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5.2 Future development 

To properly address the challenges, the following approaches are 
recommended:

 § Increase the intensity of cognitive technology and HMI.
 § Enable the collection of human intelligence on the shop-

floor along with knowledge-sharing management.
 § Merge human intelligence with CPS and learning in process 

management.
 § Foster collaborative robotics and activity recognition for 

highly skilled workers (see “Case study in a collaboration 

between Germany and Japan: DFKI and Hitachi – worker 
 activity recognition, evaluation, and transfer”).

 § Increase the intensity of supervising skills to utilize the 
workers’ potential and increase management’s visibility of 
the company. 

5.3 New paradigm of human-machine 
collaboration 

The new paradigm (Figure 15) can be interpreted as a generali-
zation of Figure 13.

Dynamic
optimization

Statistical
optimization

Knowledge sharing
management

Learning in process
management

Mediation

Machine
Aging machine

Advanced machine

Robot

Learning assistance

Machine
Aging machine

Advanced machine

Robot

Learning assistance

Human
Professional skilled

worker

Advanced skilled
worker

Basic skilled
worker

Skill augmentation

Human
Professional skilled

worker

Advanced skilled
worker

Basic skilled
worker

Skill augmentation

Figure 15: New paradigm of human-machine collaboration (Source: own presentation based on Mitsubishi Electric Corporation)
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In a workplace in which self-learning machines are being increas-
ingly introduced, employees who work with these technical sys-
tems must become adept at statistical and dynamical optimiza-
tion, learning in process management, and knowledge sharing 
management supported by digital technologies. It is therefore 
imperative that enterprises embrace the new paradigm of hu-
man-machine collaboration.

The following case studies introduce some of the new aspects. 

Case study in Japan: Mitsubishi Electric – collective 
intelligence

Collective intelligence, which is based on lessons-learned and ide-
as gathered by members of a company, an organization, or society, 
contributes not only Kaizen (successive improvement of products 

90  | See de Bono 1967.
91  | TRIZ is a Russian acronym for the “Theory of Inventive Problem Solving”. See Altshuller/Shapiro 1956.

and productions), but also to innovations, as shown in lateral 
thinking90 and Theory of Inventive Problem Solving (TRIZ)91. 

However, a reduction in the productive population leads to the 
deceleration of Kaizen and innovation, because less knowledge 
and fewer lessons-learned and ideas can be collected from work-
sites. In the future, workers will have to come to terms with increas-
ingly complex manufacturing processes. In manufacturing, the 
ability to adapt and efficient operations will grow in importance.

In addition, less productive populations prevent companies from 
providing for long-term skills development in their workplaces. 
This also concerns, first and foremost, efforts aiming to establish 
a culture that is more accommodating in regard to the approach-
es implemented in a workplace itself. However, considering the 
drastic and dramatic changes occurring in the current business 

Collective 
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learned
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Suggestions and
recommendations

4

Simulation and rapid 
prototyping for ideas

5Observing fair 
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6

Protection7

Data collection 
and analysis

1

Figure 16: Collective intelligence platform  (Source: Mitsubishi Electric Corporation & the University of Tokyo)
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environment, it is key to have employees’ latest feedback on 
their working environment and to ensure that cutting-edge train-
ing is introduced as quickly as possible.

In order to overcome the barriers, collective intelligence (Fig-
ure 16) is a goal worth striving for. Collective intelligence seeks 
to ensure that the lessons learned and the ideas collected in the 
workplace can continue to be implemented and explored. This is 
done via a collective intelligence platform that reflects the in-
creasing diversity of manufacturing and the accelerating pro-
cesses in the actual manufacturing environment. Such a 

platform can also assist in utilizing data and leveraging skills 
and knowledge efficiently to contribute to the collaboration and 
training of humans on worksites to enable them to focus on 
more creative and value-adding tasks.

As shown in Figure 17, the collective intelligence platform gath-
ers data not only from machine systems, but also from humans 
via a communication platform that explains the lesson-learned 
idea and makes suggestions and recommendations based on 
data in the growing knowledge base. AI is integrated into the 
platform to evaluate and correlate data, compare methods, and 
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Figure 17: Use of a collective intelligence platform (Source: Mitsubishi Electric Corporation)
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prototype ideas. The information gained from AI analysis is high-
lighted as skills and knowledge, and it is stored as use cases in 
the knowledge database. The skills and knowledge will be 
shared by humans who are involved as members via a communi-
cation platform for on-demand education, idea evaluation, and 
simulations. As a result, ideas developed by members will be ac-
celerated. Furthermore, categorizing skills and knowledge re-
garding key performance indicators in the collective intelligence 
platform can provide guidance and accommodate the actual 
transformation cycles of skills and knowledge with the goal to 
successfully promote smart manufacturing maturity.92 

Enabling the diversity of manufacturing with collective intelli-
gence exploits breakthroughs in a company, such as a cell-style 
production system. For Mitsubishi Electrics electromagnetic switch 
assembly93, one worker who collaborates with robots takes charge 
of a broader range of manufacturing processes to accomplish the 
assembly. Here, robots compensate for the worker’s weaknesses, 
whereby the worker’s value lies in process judgment. The knowl-
edge gained from one cell can be put into practice faster through 
collective intelligence management. Management can evaluate 
the return on investment and the time plan.

With the support of a collective intelligence platform, humans 
on the worksite can leverage skills and knowledge effectively to 
create innovative product manufacturing.

Case study in Japan: The University of Tokyo – 
Digital Triplet

An important approach to promote human-centered manufactur-
ing is to encourage on-site engineers and technicians to develop 
new ways of executing engineering activities at their own initia-
tive, in addition to routines specified in manuals and by super-
visors. This is the traditional way of Kaizen with Japanese manu-
facturers. While this means that cyber-physical production 
systems (CPPS) should be equipped with this functionality, this is 
not yet the case. Digital Triplet as discussed in this subsection is 
the concept to add this functionality to CPPS.

Although continuous improvement (Kaizen) by manufacturing en-
gineers and shop-floor technicians to pursue lean production is 
important for high-quality manufacturing, activities of continuous 
improvement are not digitalized to be “smart” in CPPS94, since 

92  | See Shi et al. 2019.
93  | See Mitsubishi Electric’s concept of the e-F@ctory. URL: https://us.mitsubishielectric.com/fa/en/solutions/efactory.
94  | See Monostori et al. 2016, Geisberger/Broy 2014.
95  | See Umeda et al. 2019.
96  | See Monostori et al. 2016, Geisberger/Broy 2014.
97  | See Ansari et al. 2018b, 2018c.

many engineers and technicians cannot follow the digital transfor-
mation. With the growing digitalization of manufacturing systems, 
the question is what kind of next- generation system we need to 
support engineers in creating maximum value in manufacturing, 
rather than just “automate” engineers’ activities.

This section deals with situations, as seen in typical Japanese 
manufacturing companies, in which manufacturing system engi-
neers are always stationed at the shop-floor and continuously 
improve manufacturing systems with workers. They conduct en-
gineering activities, including operating manufacturing systems, 
problem solving when troubles occur, Kaizen for pursuing lean 
production, and developing new manufacturing systems. 

In order to solve this problem, we are proposing “Digital 
 Triplet”.95 Digital Triplet aims to support engineers to solve 
problems and to create value throughout a product life cycle. 
As a type of CPPS,96 Digital Triplet encourages engineers to de-
velop new methods of executing engineering activities on their 
own initiative. 

As can be seen in Figure 18, engineering activities consist of 
data collection, information analysis, decision by the engineer, 
and execution of a plan in the physical world. We call this the 
“engineering cycle”. When an engineer executes a cycle, value 
from the data is created. The terms in the rounded rectangles 
in Figure 18 are represented in the traditional CPPS. But impor-
tant aspects to support manufacturing system engineers in 
constructing engineering cycles are included in rectangles in 
this figure (such as Selection of data to be monitored and Se-
lection of  Analysis Methods and Tools). They are not described 
in the traditional CPPS, but they are main players in Digital 
Triplet. In other words, the manufacturing system engineers 
targeted in this section execute Kaizen by constructing their 
own engineering cycles based on their own initiatives. Digital 
Triplet aims to support this process. Among others, human-cen-
tered CPPS97 is a good reference for this framework. The main 
difference between human- centered CPPS and Digital Triplet is 
the subject who develops engineering cycles: in human-cen-
tered CPSS, it’s the developer; in Digital Triplet, it’s the manu-
facturing system engineers on the shop-floor.

We are going to describe these engineering cycles as reusable 
process knowledge. In other words, we would like to formalize, 
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collect, and archive the process knowledge of manufacturing sys-
tem engineers; support human activities by reusing, deploying, 
and sharing the knowledge; and employ the knowledge for edu-
cation. By utilizing this process knowledge, we can improve engi-
neering cycles, including the HMI method. This is a new form of 
knowledge transfer from experts to novice engineers. When an 
expert engineer develops an engineering cycle for a specific 
problem (e.g., to increase productivity of a manufacturing sys-
tem), Digital Triplet records this engineering cycle as a process of 
data collection; the use of several AI tools, simulators, and other 
software; and the execution of actions by the engineer. By track-
ing this process record, a novice engineer can study an expert’s 
approach to solving a problem.

Digital Triplet is an extension of CPPS, focusing on the integration 
of Kaizen, which encourages engineers to construct and execute 
various engineering cycles based on their own initiatives, into 

CPPS. This also facilitates and enables knowledge transfer from 
experts to novice engineers, and aids in training novices in smart 
manufacturing. In other words, Digital Triplet makes a smart man-
ufacturing system possible that fully utilizes the varied abilities of 
diverse manufacturing system engineers to create value in a re-
spectful manner, thus improving their skills and abilities.

Case study in Germany: Infineon – collaborative 
robotics

The latest generation of collaborative robots (CoBots) demon-
strates that the benefits outweigh the risks of humans collaborat-
ing with robots. Moreover, these risks can be minimized or even 
nearly eliminated with the right combination of semiconductor 
solutions and advanced algorithms. First and foremost, CoBots 
need advanced safety and security capabilities as well as the 
ability to scan their surroundings with utmost precision. 
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Figure 18: An engineering cycle on Digital Triplet (Source: Mitsubishi Electric Corporation)
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Unlike conventional industrial robots, CoBots operate without 
safety cages and interact directly with humans. The lack of cages, 
however, significantly increases the safety risks for humans and 
production materials. If you want to liberate robots from their cag-
es, you also have to ensure that human beings are protected from 
entering the critical reach of a robot operating at high speed in 
the first place and risking injury, either through their own negli-
gence or a malfunction. Making robots sufficiently sensitive only 
works with sophisticated sensor technology. Basically, the area be-
tween humans and robots, but also between the robots them-
selves, must be made safer. The aim is to make protection zones 
more flexible so that, for example, a much smaller protection zone 
moves dynamically with a moving robot arm. A zone concept is 
used to implement virtual fences. If a human enters the outer pe-
rimeter, a warning signal is emitted, but the robot continues to 
operate at full speed. If the human gets closer, the speed is re-
duced, and a warning is issued accordingly. The CoBot stops if the 
human is directly about to enter the danger zone.

Although both terms, safety and security, sound similar at first, 
there is a clear distinction: While safety deals with human pro-
tection, security embraces data protection and thus aims at pro-
tecting robots from cyberattacks. Only systems that are appropri-
ately safe in terms of data security can also be functionally safe 
– an aspect that is becoming increasingly important in the con-
text of Industrie 4.0 and IoT. Encryption systems protect the com-
mands sent to the robot from manipulations, whereas authoriza-
tion mechanisms protect the robot from executing wrong 
commands. Security mechanisms also aim to prevent the robots 
as part of the production process against manipulation during 
wired or remote software updates. Secured authentication of us-
ers and newly added components is also required to prevent un-
authorized access.

In order to function correctly, robots must also be calibrated. 
However, if an attacker manipulates the calibrations, for exam-
ple, the robot could exceed its programmed motion limits. 

Figure 19: Structure of a CoBot including sensing and security components (Source: Infineon)
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This is where safety and security converge – without efficient se-
curity protection, functional safety doesn’t exist. This is a key re-
quirement for future systems and is being addressed by special 
security controllers or microcontrollers with functions such as 
Hardware Security Module (HSM). Since the security functions 
are implemented in the hardware, users need only minimum 
knowledge of encryption technologies. In addition, the impact 
on existing software is extremely low.

The automation equipment and robots employed can only get 
work done when they fully function. In order to do so, they need 
to be maintained regularly. However, turning these machines off 
to perform maintenance takes away valuable time from produc-
tion activities. In addition, automation teams might replace 
parts that are still fully functional because of the specific load 
profile within the production process. This may cause significant 
costs that could be avoided. 

Robots provide us with a wide range of signals that we can use 
to diagnose their “health”. For instance, a change in their whir-
ring sound or a slight shuddering motion are signs that a motor, 
gearbox, or bearing is in need of repair or maintenance. For in-
stance, power consumption that goes up slightly but steadily 
could be an indication of increased mechanical resistance. This 
can result from close-to-failing bearings that cause the electrical 
system to draw more current than usual. The semiconductor in-
dustry has used the unique properties of silicon to create inex-
pensive, tiny sensors to measure a wide variety of signals. With 
this wealth of low-cost but high-quality sensing capability, there 
is little reason to not integrate a range of sensors into robots to 
monitor their health. For example, temperature, vibration, noise, 
positioning and motion, acceleration, and force sensors could be 
integrated into the joints of a robot. Many of them can be found 
there already, as they are required to enable the intended func-
tion of the robot or any other machine. But in addition, monitor-
ing all these sensors together would, like an intuitive human, 
recognize signs of potential early failure.

If this continual sensing is to be of use, it also needs to be eval-
uated immediately in order to highlight pending failures. Micro-
controllers can be used to collect, pre-process, and evaluate the 
data. Featuring all the necessary data interfaces to connect to 
such sensors, these tiny number crunchers can also be integrated 
inside robotic joints. This fusion of sensor information can be 
evaluated on-chip or passed on to a central computer using In-
dustrie 4.0 data networks. By continuously reviewing the robot’s 
signals, AI could later easily highlight when some of these pa-
rameters are starting to fall outside their expected range. This 

  98  |  See Abele et al. 2018.

would be the trigger for the maintenance team to inspect the 
robot for excessive wear. The combination of continuous sensing 
and data analysis by AI systems enables condition monitoring 
and predictive maintenance solutions in robotic as well as other 
production systems, thus enabling high availability for all types 
of equipment. Therefore, robots need to be equipped with sen-
sors that detect their surroundings. Technologies like radar or 3D 
imagers are based on the time-of-flight principle that might func-
tion as “eyes”. MEMS microphones might give “ears” to ma-
chines and pressure sensors provide a kind of “feeling” to them. 
This reliable “understanding” of the environment improves the 
safety of human coworkers.

Case study in Germany: Learning factory

Learning factories typically are factories that are designed and 
implemented to educate and train workers on new skills neces-
sary to create an advanced production environment.98 Produc-
tion technologies rapidly adopt the concepts of information and 
communication technologies, as well as new production para-
digms such as additive manufacturing and collaborative robot-
ics. In the future, the frequency of changes in production will in-
crease. Competence building in a production environment is 
required increasingly, which in turn also has implications on new 
forms of human-machine interaction. 

Learning factories provide a new education and training ap-
proach, complementary to the traditional education and train-
ing concepts of higher education and industrial training. The 
approach combines both concepts and integrates research-driv-
en state-of-the-art solutions with industrial strategies for compet-
itive production. The main goal is to strengthen the human role 
in advanced value chains. 

Figure 20: Cyber-physical education and training environment 
(Source: ETA-factory, Darmstadt)
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As ICT increasingly impacts production technologies, it becomes 
more and more important to train workers to keep pace with the 
high development dynamics in an ICT-driven production environ-
ment and with new forms of  human-machine interaction.

For society 4.0, lifelong learning and a high level of flexibility 
in education or up-skilling play a key role. Lifelong learning, 
however, also requires places where skills are updated and fur-
ther competences created. Such places need to be established 
either physically or in cyberspace, or a combination of both to 
create a cyber-physical education and training environment. 
Learning factories represent such a cyber-physical education 
and training environment, dedicated to support lifelong 
learning.

One practical example of a learning factory is the ETA factory, 
which was initiated by the interdisciplinary research group Ener-
gy Technologies and Applications in Production (ETA) of the Insti-
tute of Production Management, Technology and Machine Tools 
at TU Darmstadt. As a real research tool, the ETA factory offers 
not only excellent opportunities for research, but also serves as a 
learning environment in which the insights gained in industry 
and teaching are transferred. The production hall of the ETA fac-
tory consists of two complete value chains in which small-scale, 
market-ready products can be produced (see Figure 20).99

 99  |  See further https://eta-fabrik.de/bildung/lernfabrik/.
100  |   For the “map Industrie 4.0” of the German Plattform Industrie 4.0, see https://www.plattform-i40.de/PI40/Navigation/Karte/SiteGlobals/Forms/For-

mulare/karte-anwendungsbeispiele-formular.html.

In recent years, more and more learning factories or labs have 
been established. In Germany, too, the concept of learning facto-
ries has already been taken up and put into practice. For exam-
ple, Map Industrie 4.0 provided by Plattform Industrie 4.0 lists 
use cases, test beds, and support services that have already been 
realized in the context of Industrie 4.0. It demonstrates various 
initiatives, activities, and implementations of learning factories 
initiated by companies (e.g., SAP, Festo) or scientific and public 
institutions (e.g., the wbk Institute of Production Science at the 
Karlsruhe Institute of Technology, Fraunhofer IGCV).100 

Generally, the concept of learning factories is not restricted to 
qualification measures on production sites, as it also can be 
transferred, e.g., to so-called learning labs, learning laboratories, 
and learning groups. Therefore, the term can be generalized to 
learning places where human-machine interaction topics play an 
important role.

Case study in a collaboration between Germany 
and Japan: DFKI and Hitachi – worker activity 
recognition, evaluation, and transfer

An aging society and declining birth rates are some of the big-
gest social issues in mature societies such as Europe and Ja-
pan. Especially for manufacturing companies, the retirement of 

Figure 21: Conventional model vs. Easy-to-deploy activity recognition model (Source: DFKI)
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experienced workers, who are the backbone of a strong indus-
try, is a serious problem. Therefore, there is an immense need 
for technology that can benefit from experts to support novice 
workers. Worker (either human or machine) activity recognition 
can play a vital role to support workers in factories, for in-
stance, for quality control, reducing accident risks, maintaining 
worker health, and transferring knowledge between machines, 
experts, and novices. 

The main difficulty in applying an activity recognition model to 
different factories is the diversity of the activities between these 
factories. Since the important activities to be recognized vary from 
factory to factory, the target activities are different depending on 
the factories. In addition, even if the target activities are the same 
among some factories, their representation in each factory may be 
different. For example, in factory A the activity of “check manual” 
may refer to a situation where a worker is reading from paper, but 
in factory B it may describe a situation where a worker keeps look-
ing at a display (to read a digitalized manual). In this case, the 
conventional methods used need to create separate recognition 
models for these factories, because the model created for one fac-
tory cannot be used for the other factory, even though in both fac-
tories the target activity has the same name of “check manual”. In 
other words, with conventional methods a customized model has 
to be created for every individual customer.

101  |  See Al-Naser et al. 2018.
102  |  See Al-Naser et al. 2018.
103  |  See Palacio et al. 2018, Siddiqui et al. 2018.
104  |  See Ohashi et al. 2017.

In addition, even if a customized model is successfully developed, 
it lacks the flexibility of further modification. For example, if a dis-
play to read a digitalized manual is introduced in factory A after a 
customized model was developed, a lot of data for the new “check 
manual” activity needs to be collected, and a new customized 
solution needs to be developed. Similarly, any decision made by 
these systems is not supported with the explanation, i.e., why a 
particular decision was made, which is critical, especially in envi-
ronments where human-machine collaboration is indispensable.

The goal of this research is to develop an easy-to-deploy hu-
man-activity recognition model,101 which can be applied to differ-
ent factories as a standard solution with limited or no customi-
zation, which makes it deployable at a low cost. In addition, 
explaining a machine’s decisions to a human is a vital compo-
nent of this approach. 

The key idea is to recognize complex activities based on the com-
binations of simpler components,102 like the actions and objects 
involved in the activities, and explain the recognition to humans 
in both visual103 and textual form104.

We used two wearable sensors: One is smart glasses, or an 
eye-tracker, with a camera that provides the view of the worker. 
The other is motion-tracking sensor on the body, either in the 
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Figure 22: Overview of the framework (Source: DFKI)
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form of an armband sensor or full-body sensor. These sensors are 
used to recognize gazed objects and basic actions, respective-
ly.105 Although many conventional systems use fixed cameras as 
sensors, wearable sensors are more appropriate in a complex in-
dustrial environment because fixed cameras are often limited by 
occlusion and view angle.

We assume that even though the representation of the activities 
may differ from factory to factory, the differences are in how ac-
tions and objects are combined (after they are collectively called 
“basis”). In other words, we assume that the recognition modules 
for the basis, namely the action and object, can be commonly 
used in different factories.

Figure 22 provides an overview of the proposed model.106 This 
framework enables recognition of new activity without time-con-
suming retraining processes, assuming that a new activity can 
be represented by a combination of predefined basic actions 
and objects. Here, “action” is defined as a simple motion of body 
parts such as “raise arm” or “bend down”, while “activity” is de-
fined as a combination of a basic action and an object. Recogni-
tion decisions of both actions, as well as gaze-guided object de-
tection, are supported both with visual107 and textual 

105  |  See Al-Naser et al. 2018, Ohashi et al. 2017, 2018.
106  |  See Al-Naser et al. 2018, Ohashi et al. 2017, 2018.
107  |  See Palacio et al. 2018.
108  |  See Ohashi et al. 2017.
109  |  See Al-Naser et al. forthcoming, Munir et al. 2019.

explanations108. These explanations play a vital role in building 
trust in machines in situations in which humans and machines 
work in close proximity.

In the above-mentioned example of “check manual” activity, the 
possible action is “look at”, and the possible object in factory A 
is “paper” and in factory B “display”. By breaking the complex 
activity into simpler actions and involved objects, the intermedi-
ate recognition module of “look at” can be used for both facto-
ries. This framework enables the recognition of many activities in 
various factories without customization but with a sufficient 
 level of explanation.

This system introduces a deep neural network (DNN) based on an 
explainable action recognition method that utilizes wearable sen-
sors and a gaze-guided object recognition method109 to recognize 
activities. The experimental results showed comparable perfor-
mance to conventional methods with an accuracy of over 90%.

By developing an easy-to-deploy explainable activity recogni-
tion system, we will support many workers in various manufac-
turing factories in terms of training, guiding, quality control, 
and reducing risk.
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Conclusion

6 Conclusion

This paper focused on social challenges associated with factors 
such as a maturing workforce and aging machines and infra-
structure, discussed how these problems should be defined, and 
explored new approaches in HMI through use cases in Germany 
and Japan. Digital technologies like CPS, AI, and robotics are ex-
pected to help solve these social challenges. Applying these 
technologies also impacts social transformation, since the tech-
nologies perform routine cognitive tasks that were previously the 
domain of humans. 

In order to establish a sustainable society, it’s necessary for 
 humans to be able to continuously create high-value-added 
work, and to be able to shift from non-high-value-added work 
to high-value-added work at any time. It’s also necessary for 
 machines to not only carry out non-high-value-added work, but 
to also be a mechanism to create high-value-added work by 
constant interaction with humans. According to these require-
ments, the digital transformation can enable a novel, 
 human-centered manufacturing system in which humans con-
centrate on lifelong skill improvement and continuously create 
high-value-added work. Essentially, this system revitalizes hu-
man-machine interaction, allowing both humans and machines 
to play a role in digital society.

Ultimately, we should work to strengthen the public interest in dig-
ital society, share knowledge acquired from interactions between 
humans and machines, and establish a sustainable society that 
focuses on human well-being. In this paper we called for a media-
tion process, and we encourage society start considering and dis-
cussing the scenarios and actions together for the future.

Based on various country-specific case studies, we observed how 
Germany and Japan are changing traditional HMI with digital 
technologies. It appears that a new HMI model – a social medi-
ation process that adjusts for mutual aids, as explored in the 
previous chapter – is under development. However, a mechanism 
for storing the experiences of HMI as social collective intelli-
gence and attempts to improve the performance of humans and 
machines using the collective intelligence have not been ex-
plored in both countries. In order to realize this potential, it is 
necessary to establish a mechanism and rules to share experienc-
es at various levels, such as the individual, regional, factory, com-
pany, country, world, etc.

This collaborative project between Germany and Japan is quite 
valuable, as we have recognized similarities and differences 
among the two countries on how to deal with the issue at hand. 
Although both countries are aiming for a similar goal, their his-
torical backgrounds and social structures are impacting their 
methodologies and focal areas. In closing, we encourage keep-
ing discussions open among multiple countries in the effort to 
establish a sustainable society.
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In recent years, countries such as Germany and Japan are being 
faced with social challenges such as a maturing workforce or 
aging machines and infrastructure. Also, productivity declines can 
be expected in an older population due to diminishing physical 
and reactive capabilities. Digital technologies like cyber-physical 
systems (CPS), artificial intelligence (AI), and robotics may help 
solve these social challenges. However, applying these technologies 
also  impacts social transformation, since the technologies perform 
primarily routine cognitive tasks that were previously the domain of 
humans.

This acatech DISCUSSION seeks to establish how these problems 
should be defined and what new approaches in human-machine 
interaction (HMI) can contribute to achieving the goal of sustain-
able societies. Against the background of a qualitative change of 
humans and machines, it proposes that the digital transformation 
can enable a novel, human-centred manufacturing system in which 
humans concentrate on life-long skill improvement and continuously 
create high-value-added work.
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