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Editorial

The rising level of digitalization of products, processes, and services and

the interconnecting computer networks are the driving factors for the increasing

complexity of work systems. However, digital networked systems are not only

causes of increasing complexity but at the same time they also enable us to

individualize the work processes and adopt the job to fit the worker through

deliberate research activities. We are just beginning to explore the potential of

these new technologies in order to incorporate them in the design and evaluation of

work systems.

These proceedings include a selection of papers presented at the 62nd Annual

Meeting of the German Human Factors and Ergonomics Society (Gesellschaft

f€ur Arbeitswissenschaft GfA), held at the Institute of Industrial Engineering

and Ergonomics of RWTH Aachen University from March 2 to 4, 2016. The

conference featured more than 200 presentations and 36 posters reflecting the

diversity of subject matter in the field of ergonomics, human factors, and industrial

engineering. The book provides a wide range of thematic areas and deals with

aspects of complexity in the design of work systems, considers digitalization in

the design of products, and takes role of networks in the design of processes

into account.

The contributions in this book address research questions on the interindividual

as well as on the individual level. The contributions at the interindividual level

regard work processes within the overall context of society as well as issues at the

organizational and team level. Furthermore, contributions on the individual level

deal with the characteristics of work activities and technical fundamentals of

workplace design.

Considering the wide range of topics covered and the variety of scientific

methods applied, it is apparent that advances in the field of human factors and

ergonomics may only be achieved by a multidisciplinary approach. Thus, these

proceedings address human factors and safety specialists, industrial engineers,

work and organizational psychologists, specialists in occupational medicine, as

well as production planners and design engineers.
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Ethical, Legal, and Social Issues in the
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Abstract

Future robots will process work tasks with a high degree of complexity even for

small batch sizes in collaboration with the working person, simultaneously, and

within a specified workplace. Due to the transformation from robots that are

spatially and temporally separated from the working person and are programmed

to execute tasks in a deterministic manner towards collaborative, adaptive

lightweight robots, ethical, legal, and social implications (ELSI) should be

considered. The purpose of this contribution is to determine how changing

human-robot collaboration impacts technology. To this end potential ELSI

problems and their possible causes and effects are identified and quantitatively

analyzed based on the Aachen Model of Identification, Classification and Anal-

ysis of ethical, legal, and social Implications (AMICAI). Furthermore, the

impacts of technology are identified and evaluated alongside potential risks,

opportunities, and potentials of human-robot collaboration. This best-practice

approach describes the results of applying AMICAI based on expert workshops

focusing on the application example of a human-robot collaborative workplace

in manufacturing.
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1 Introduction

Recent developments in the robotics industry lead away from robots as part of

highly automated manufacturing facilities for large batch sizes, through to collabo-

rative (light-weight) robots in individualized manufacturing processes. Previously

robots were spatially and temporally separated from the working person. Robots

under development now are placed in a collaboration area together with the

working person. This collaboration area is an area in which the robot and the

working person can perform manufacturing tasks simultaneously (DIN EN ISO

10218-2). Working persons and robots work in immediate proximity and perform a

work task together. This change requires ethical, legal, and social questions to be

considered.

To approach these questions in a best-practice approach, (1) basic factors of

technology ethics are mentioned, (2) the need to involve all stakeholders is

highlighted, (3) methodological approaches to detect ethical aspects are discussed,

(4) the model for ethical evaluation of socio-technical arrangements (MEESTAR)

for gathering different planes of observation is explained, and (5) within the

framework of the AMICAI the MEESTAR and the failure mode and effects

analysis (FMEA), a qualitative as well as quantitative analysis, are combined.

As part of this investigation potential ELSI problems and their possible causes

and effects are identified and quantitatively analyzed by the Aachen Model of

Identification, Classification and Analysis of ethical, legal, and social Implications.

Furthermore, the technological impact is identified and demonstrated alongside

potential risks, opportunities and potentials of human-robot collaboration. This

contribution describes the results of applying AMICAI based research to expert

workshops using the application example of a human-robot collaborative work-

place (Wille et al. 2016).

2 Background

The increasing use of (collaborative) robots in manufacturing companies involves

advantages as well as disadvantages. On the one hand working persons can be

supported in physically strenuous or monotone tasks. On the other hand, the growth

of robotic systems can cause job loss and a decline of human skills and knowledge.

This dualism of technology leads to the necessity of considering an ethical point of

view in the development of human-robot collaboration systems. Such questions

belong to the field of technology ethics, an applied and problem-centered field

which concentrates on normative uncertainties when dealing with technology. It

includes moral questions of equipment and tool production and the use of technol-

ogy (Bendel 2015). Technology ethics reflect on design and impact of technology.

Therefore it is not concerned with technology itself, but with technology in the

context of application. This reflection includes three criteria: aims and purposes of

technology implementation (e.g. the support of humans at work by robotics),

instruments and means which are necessary for the application of technology

2 J. Nelles et al.



(e.g. materials for building a robot, location of production), and consequences that

arise by using the technology (e.g. risks of production for society and environment).

Examining these criteria, technology ethics specifically focuses on the moral

aspects involved. Besides, they also relate to scientific and technical progress.

Additionally, they consider and integrate alternative options (Grunwald 2013).

An important aspect concerning technology ethics is the concept of safety. The

absence of unacceptable risks and dangers for humans should be guaranteed with

the operation of the system (Kagermann et al. 2013) and the so called “safety”

(Liggesmeyer and Trapp 2014) must be created. Safety can be subdivided into two

aspects: (1) the systems must not cause any danger for human beings and (2) the

systems themselves and the data they contain must be protected against misuse

(Kagermann et al. 2013). Moreover, ethical questions arise with ensuing

implications for substitutability of humans by machines. Thus, it depends on the

question of how far human working processes will change by increasing automa-

tion. Concerning automation, two effects appear: (1) the so called down-skill effect:

in this case the demand for complex skills declines while the demand for more

simple skills increases; (2) the so called up-skill effect: the number of technical

monitoring tasks on the activities of the robots rises to the extend that higher skills

are required. Consequently, questions about the distributive justice of tasks between

humans and robots arise. As a result, on one hand a high degree of automation

implies a loss of workplaces, while on the other hand the manufacturing costs for

the company will decrease. Additionally, risk of an employee’s instrumentalization

in the work place emerges (Grunwald 2013; Dworschak 2015). Further, technology

ethics deal with the usage and promotion of new opportunities that are enabled by

technology—for instance when a service robot reports back errors to a factory and

thereby helps the maintenance team fixing them (Bendel 2015).

2.1 Ethical Constructive Technology Assessment

When developing new technologies, various aspects need to be considered. Social,

legal and ethical implications must be integrated into the process of development

and design. Especially ethical aspects of new technologies should gain more

attention to guarantee fair, safe and usable technologies. To make it easier for

developers and designers to assess all relevant ethical problems, Palm and Hansson

(2006) developed a checklist considering nine ethical aspects which need to be

integrated into the process of development and design of technologies. These

aspects are (1) dissemination and use of information, (2) control, influence and

power, (3) impact on social contact patterns, (4) privacy, (5) sustainability,

(6) human reproduction, (7) gender, minorities and justice, (8) international

relations, and (9) impact on human values. Palm and Hansson describe their

checklist as a tool which shall identify adverse effects of new technologies at an

early stage of development. To make this possible ethical implications of technol-

ogy under development should be investigated continuously. This, of course,

requires a close interaction with technology developers (Palm and Hansson

Best-Practice Approach for a Solution-Oriented Technology Assessment:. . . 3



2006). The checklist approach is part of a project they introduce as the so called

ethical technology assessment, which is based on earlier forms of technology

assessment. The main aim of the TA is to gain political control over the potentially

negative effects of technological development by means of early warnings. Another

form is the participatory technology assessment, which demands the participation

of stakeholders like politicians, scientists, journalists etc. in the developing process.

The ethical technology assessment is an extension of these forms which demands

detection of potential ethical problems by means of a continuous interaction. By

involving relevant stakeholders all different perspectives, interests and solutions

shall be considered (Palm and Hansson 2006).

A checklist approach is one way to assess ethical problems. It certainly offers an

organized way to work through aspects which need to be considered. Nevertheless

it does not genuinely reveal the complexity and relations between the different

aspects. This is also criticized by Kiran et al. (2015), who speak of the process of

technology development as co-evolution of technology and morals. Hence, both the

developed technology as well as the morals and ethics are related to each other in a

complex way, by which they influence each other so that they both change over

time. This is why a firm checklist is not sufficient to analyze the issue. The authors

therefore suggest an ethical constructive technology assessment which analyzes

ethical implications in a dynamic way. Another aspect which is criticized by Kiran

et al. (2015) is that it does not take into account different cultural settings and the

diversity with which users appropriate new technologies. The critique of checklist

approach leads the authors to four principles the constructive technology assess-

ment should consider. First of all there is the “subject constitution”: the developed

technologies do not only influence moral frameworks and social processes at the

macro-level, but also the everyday lives of their users. Then, the “accompaniment”:

the ethical Constructive Technology assessment should be framed in terms of

technology accompaniment rather than assessment. Third, the “technological medi-

ation” needs to be considered: the ethical constructive technology assessment

should focus on an accompaniment that is done in such a way that design practices

incorporate openness to situatedness, alternative lifeworlds and changing moral

routines. And at last “non-use”: the approach should take into account how tech-

nology influences users, as well as selective users and even non-users. After

discussing the basic factors of technology ethics, the need to involve all

stakeholders and fundamental methodological approaches to detect ethical aspects,

the model for ethical evaluation of socio-technical arrangements for gathering

different planes of observation is clarified.

2.2 Model for the Ethical Evaluation of Socio-technical Systems

The MEESTAR (in German: “Modell zur ethischen Evaluation sozio-technischer

Arrangements”) is an ethical evaluation instrument, which was constructed for

investigation and assessment of ethical questions within the scope of the study

“Ethische Fragen im Bereich altersgerechter Assistenzsysteme”. With the help of

4 J. Nelles et al.



this model, ethical problems and potential fields of conflict, as well as questions,

potential opportunities and future fields of action can be identified for the use of

socio-technical systems. Like this, ethical questions can be systemized and

analyzed so that an overview of possible solutions for the use of socio-technical

systems is gained. MEESTAR does not deliver prefabricated solution. It rather

represents a heuristic instrument to ethically locate socio-technical systems in a

structural dialogue (e.g. workshop) so that ethical reservations and concerns can be

identified by employing the systems (Manzeschke et al. 2013).

The MEESTAR model contains three axes: on the x-axis there are seven ethical

evaluation dimensions—care, self-determination, safety, equality, privacy, partici-

pation and self-conception—which were identified by a study as the core

dimensions. On the y-axis there are four stages of the ethical sensibility—the

range is from harmless implementation to rejecting implementation. On the z-axis

there are three perspectives of observation—individual, organizational and social.

In the following, the x- and z-axis shall be described more precisely.

With the help of these seven evaluation dimensions on the x-axis, evaluating

people can lead to ethical questions in a concrete scenario and assign them to the

respective dimension. Care in this context means that care, decisions and responsi-

bility are assumed for needy persons if they are not be able to do this for themselves.

This care thereby shall work towards the autonomy of the individual. Self-

determination describes the autonomy of an individual, which, from a modern

perspective is comparable to a maximum freedom of decision and action of the

single person. Furthermore, safety either means—from an objective perspective—

the protection against harm or—from a subjective perspective—the increase of a

feeling of safety. Privacy shall shape an inviolable area around the individuals

(Volkman 2003). Thereby privacy belongs to the sphere of the negative freedoms

and security rights (Berlin 2002). With such rights and freedoms it shall be

guaranteed that individuals can act freely inasmuch as they do not influence the

rights and freedoms of other persons negatively. Privacy therefore is a condition for

individual freedom and autonomy (Cooke 1999). Social equality (e.g. the access to

age-appropriate assistance systems) is especially important. Here, both questions of

intragenerational and intergenerational equality are relevant. Furthermore, partici-

pation means offering people accesses, rights and goods that enable them to live as

an individual in a community together with other people. Eventually, self-

conception describes the evaluation and perception of a subject towards itself

which can be influenced through the evaluation of other persons. Self-conception

of individual factors like age, illness and infirmity does also play an important role.

The three levels on the z-axis cover the respective perspectives of the responsi-

bility of action. Individuals as well as corporate actors have to take responsibility

for their actions (individually and organizationally). The responsibility on the social

level can be summarized by the question how one would like to live in society and

which rights and duties will be bestowed in this society (Heidbrink and Hirsch

2006). With these levels it can be ensured that possible fields of action will be

considered from different perspectives.

Best-Practice Approach for a Solution-Oriented Technology Assessment:. . . 5



An advantage of the model is that it provides a platform to discuss ethical

questions in practice from the perspective of different stakeholders. However,

when applying the model a disadvantage can be that the different evaluation

dimensions on the x-axis might come into conflict. For instance, a strong focus

on care might influence the autonomy and privacy of an individual negatively.

3 Consideration of ELSI with the AMICAI in the Context
of Human-Robot Collaboration

In this contribution, existing models and methods were presented to assess ethical

aspects of new technologies. All approaches offer advantages apart from aspects

which need further improvement. The ethical technology assessment concept

provides a method for assessment of all relevant aspects which need to be consid-

ered when developing new technologies via a checklist. This has the advantage of

gaining a good overview on all the important factors. On the other hand it neglects

the interactions and relation between these different factors. This aspect can be

solved by using a model which illustrates these interactions. In the MEESTAR one

can either see all important single factors playing a role in technology development

and furthermore the way they are related to each other and to external factors.

Besides, there is one important aspect that is still not considered in the model,

namely the quantitative aspects of technology assessment.

On the basis of the failure mode and effects analysis (FMEA) according to DIN

EN 60812 the quantitative aspects can be included. The FMEA is a method

frequently used in constructive development processes for systematic analysis

determining possible types of error conditions, their causes and effects on the

behavior of the system. Using the Aachen model of identification, classification

and analysis of ethical, legal, and social implications the MEESTAR and the

FMEA, a qualitative as well as quantitative analysis are combined (Wille et al.

2016).

Within this best-practice approach, ethical, legal, and social issues of human-

robot collaboration are considered. Here the context of observation is the imple-

mentation of human-robot collaboration workplaces. Subsequently for the system-

atic classification of ethical, legal, and social issues the MEESTAR was selected.

The stakeholders include individual (e.g. user or working person), organizational,

and societal aspects. As explained by the participatory technology assessment,

possible problems caused by new technical developments need to be discussed by

experts considering the ethical, legal, and social context. The inclusion of relevant

stakeholders (e.g. designers, engineers, manufacturers, supplier, and customer) is

recommended to involve all different perspectives, interests and solutions.

At the beginning, possible problems caused by the development of human-robot

collaboration and the implementation of human-robot collaboration workplaces are

identified. Furthermore the most likely causes of the problems and the problem

effects for the stakeholders were discussed. Finally the methods used to detect the

problems were examined. Additionally the severity S of the problem’s effect is

6 J. Nelles et al.



evaluated. Next is the quantification of the probability of occurrence O. In AMICAI

the whole causal chain of cause, problem and problem effect is considered. The

probability of detection D is to be quantified for the problem in combination with

the method of detection. The risk priority number RPN is calculated as the product

of S, O and D. In this manner, all problems are completed by row and respectively

given their cause, effect, method of detection, severity S, probability of occurrence

O, and probability of detection D. In conclusion, the problems can be ranked

according to their risk priority number, meaning a higher RPN should be considered

first. Finally, the solutions are supposed to be developed for the relevant problems

that were identified. The earlier analysis helps, for example, by providing informa-

tion about the problem causes (Wille et al. 2016).

As part of this work, ethical, legal, and social issues which might result from the

implementation of human-robot collaboration workplaces and the accompanying

change of work were addressed in several expert workshops. The expert committee

consists of automation, robot gripper and robot manufacturers, system integrators,

universities, end users of manufacturing systems and cooperative robot workplaces

as well as of representatives of employers, social partners, and people with

disabilities. In a kick off workshop general ethical, legal, and social questions

were discussed in terms of the technical consequences of human-robot collabora-

tion. Here, open questions and potential barriers as well as previous practical

experiences were debated. In following workshops ELSI questions in the context

of human-robot cooperation were identified, summarized and discussed in more

depth. In addition, the collection of ethical, legal, and social problems was classi-

fied by means of the MEESTAR. Subsequently the various items have been

discussed in a further workshop and analyzed with the help of the AMICAI. The

aim is to identify potential ELSI problems in the implementation of human-robot

cooperation workplaces early in the process.

4 Results

In the kick off workshop numerous ethical, legal, and social issues—first without

differentiation between concrete problem causes, problems, and problem effects—

were discussed. In the following workshops, after a consolidation, 25 ELSI aspects

were identified. Finally, in a further workshop 15 ethical, legal, and social issues—

differentiated between problem causes, problems, and problem effects—were

analyzed. A summary of the results of the expert workshop is shown below

(Table 1).

According to the evaluation of expert workshops the AMICAI (Table 1) for the

observation context implementation of human-robot collaboration workplaces

follows a number of potential ELSI problems and corresponding causes and effects.

It is notable that about three fifth of ELSI problems concern individual aspects. In

particular, a little less than half of the problem effects relate aspects regarding

acceptance (sabotage, demotivation, lack of acceptance). The solution-oriented

approach provides the possibility to focus on the problem causes and to create

Best-Practice Approach for a Solution-Oriented Technology Assessment:. . . 7
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reasonable measures consequently. On the basis of the requirements of an ergo-

nomic human-robot collaboration and the TOP-model technical, organizational and

personal-related/behavioral-based measures should be taken into account (Schlick

et al. 2010). For example, Brandl et al. (2016) describes technical factors

influencing distances that humans will accept between themselves and an

approaching service robot. In the area of personal-related measures Broehl et al.

(2016) derives factors for increasing acceptance of robots in production through the

technology acceptance model for human-robot cooperation in production systems.

5 Discussion and Conclusion

This best practice approach shows that the solution-oriented application of the

Aachen Model of Identification, Classification and Analysis of ethical, legal, and

social Implications is an essential tool to detect potential ELSI issues in applied

research projects at an early stage. In this contribution AMICAI is appliedon the

basis of workshops in the context of the implementation of human-robot coopera-

tion workplaces. During planning, execution, and evaluation of the expert

workshops, the methods shown in the fundamentals were useful to understand to

background of ELSI.

The approach of participatory technology assessment (Palm and Hansson 2006)

was helpful to involve the relevant stakeholders in the development process of

human-robot collaboration workplaces early in the process. The ethical technology

assessment (Palm and Hansson 2006) and the ethical constructive technology

assessment (Kiran et al. 2015) showed which aspects should be taken into account

in establishing ethical, legal, and social implications.

The Aachen model of identification, classification and analysis of ethical, legal,

and social Implications (Wille et al. 2016) used in this contribution based on the

model for the ethical evaluation of socio-technical arrangements (Manzeschke et al.

2013) and the FMEA (DIN EN 60812)—leads to a systematic overview of the

ethical, legal, and social implications that may arise in the implementation of

human-robot collaboration workplaces. The previously described AMICAI

approach allows the identification of ethical, legal, and social implications early

on in an applied research project, quantify their criticality, and prioritize them based

on their relevance.

In principle, the application of AMICAI in expert workshops is adopted to raise

ethical, legal, and social issues in the implementation of human-robot collaboration

workplaces. In a first step the needs and expectations of stakeholders are

interrogated and considered during the course of the workshops. Moreover, it

should be taken care of that in heterogeneous groups particularly the participants

are sufficiently familiar with both the wording and the method to be used. Further-

more it should be ensured that the causal chains of cause, problem and effect are

prepared consistently. During implementation it is to be remembered that the

classical restrictions of the FMEA are obviously the limitations for AMICAI as

well. Thus, the multiplication of the criteria S, O and D is not defined in a strict
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mathematical sense due to the ordinal scale. Also, on the one hand it is not

guaranteed that similar risks are assigned the same RPN, and on the other hand it

is possible that there are risks with the same RPN that are not equally acceptable.

This stresses the fact that the RPN are only supposed to be an orientation and not

deemed to be interval-scaled “hard facts”. However, they are suitable for arranging

and prioritizing ethical, legal, and social implications.

Depending on the requirements future workshops can go into more detail and

focus on individual ethical, legal and, social issues. Further considerations will be

needed in order to develop solutions and design recommendations based on the

causal chains of problem cause, problem and problem effect and on the detection

method.
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Human-Oriented Productivity
Management as a Key Criterion for Success
in the Digitalised Working World

Patricia Stock and Sascha Stowasser

Abstract

The world of work and business is constantly changing. At the moment, the

digitalisation megatrend is significantly changing framework conditions for

companies with a range of new requirements. Within this context, a growing

desire for more flexibility, which can be achieved thanks to new developments in

information and communication technology, can be seen both at companies and

among employees. To ensure the long-term success of digitalisation at

companies, work must be organised with a human-oriented focus in all operating

areas. Human orientation has both a direct as well as an indirect impact on

productivity. For efficient human-oriented productivity management, new

methods and tools in industrial engineering are required, which would allow

the digitalised working world to be analysed and shaped.
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1 Digitalisation as a Driver of Change in the World of Work
and Business

1.1 Transformation of the World of Work and Business

The world of work and business is currently undergoing a fundamental change

initiated by various megatrends. Changing information and communication tech-

nology and the resulting digitalisation of the world of work and business is one of

these megatrends [for more detailed information, see e.g. BDI (2011), Rump and

Walter (2013), Spath et al. (2013), REFA-Institut (2016)]. Digitalisation unlocks

new forms of flexibilisation potential for companies to create work and value-

adding processes by primarily providing access to intelligent tools, instruments and

automation, production and networking technologies as well as access to globally

distributed information, knowledge, skills, resources, work partners and markets

(Picot and Neuburger 2013). For employees, this results in new qualification

requirements and changes the strain that is placed on them. In particular, the rising

acceleration of processes, the increasing speed of change and the consolidation of

work have resulted in new employee requirements (Rump et al. 2011).

Furthermore, not only technology is changing–employees are changing, too.

Younger generations (known as “digital natives”) grew up with these new

technologies, which is why they are less afraid of using them and have an intuitive

and rather playful approach to these technologies. On the other hand, older

generations (known as “digital immigrants”) first need to learn how these

technologies are used [for more detailed information, see Prensky (2001a, b),

Palfrey and Gasser (2008)]. This requires various strategies for using new

technologies and the qualifications that are needed in order to use them.

As a result of the value shift, our perception of work has also tremendously

changed. Employees also want the time they spend at work to be meaningful,

fulfilling and stimulating. A person’s job should not compete with his or her private

life but, where possible, harmonise with it (Zukunftsinstitut 2011). As a result,

employees are ever less willing to adapt to external conditions imposed by

companies that do not meet their expectations, wishes and needs

(e.g. Zukunftsinstitut 2011; XING 2014).

Due to the demographic change, there is growing evidence of a skills shortage

that is forcing companies to actively seek out new employees and retain them

through attractive working conditions, while also giving employees a new sense of

confidence. In light of this, companies must always consider their employees’

wishes and needs because of their growing significance for companies. Companies

that pursue corporate goals exclusively and lose track of their employees in the

process will face significant problems in the medium term.
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1.2 The Flexibilisation of Work

Overall, a growing desire to make work more flexible can be seen both at

companies and among employees, although both sides want to be able to control

this flexibility. New information and communication technologies offer

flexibilisation opportunities. This means that it is the company’s duty to identify

business potential that could be exploited in a useful and cost-effective way using

digitalisation. Special attention should be paid to the requirements and needs of

employees. This includes the creation of framework for human-oriented personnel

deployment. The qualifications and inclusion of existing staff and the acquisition of

additional, suitable skilled workers provide a basis for this. In the context of

demographic change, the professional experience of older employees in particular

is becoming increasingly significant as well. However, since these employees are

usually unable to intuitively master the new technologies of digitalisation as

“digital immigrants”, they need to be given access to these technologies by

means of suitable qualification measures to allow them to further contribute their

knowledge and experience to the company as well.

In addition, flexible work opportunities created on the basis of digitalisation

need to be implemented on a company-specific basis to allow the company,

customers and employees to make use of this flexibility in the best possible way.

There are various schemes for flexible work: In the case of trust-based working

hours, an employee’s performance is measured exclusively on the basis of the

results of their work. In addition, time tracking and attendance checks do not

apply. In the case of mobile work or telework, employees carry out at least part

of their work outside the employer’s premises–for example, in cafés, during train

journeys or in co-working spaces. In the case of home-based work, employees work

at home. Offices that are organised based on the open-plan principle do not provide

employees with a fixed workstation. In most cases, there are various workstation

types that are explicitly designed for different employee activities (e.g. rooms

allowing people to concentrate on their work, creative rooms or conference

rooms). This allows each employee to book a workstation for the task at hand,

where they can complete this task in the most efficient way.

The relevant legal requirements must be observed for the design of flexible

work. In Germany, the Works Constitution Act, the Occupational Safety and Health

Act, the Federal Data Protection Act and the associated regulations are particularly

relevant here as they set the framework for flexible work.

For the purpose of human orientation, both the works council and employees

need to be included in the organisational process. However, new work

flexibilisation schemes all require an adequate corporate culture, which is often

only created by means of suitable awareness and qualification measures. Both

managers and employees are called upon here to create a win-win situation as

partners.

The systematic and methodical exploitation of digitalisation and flexibilisation

potential can be supported using human-oriented productivity management.

Human-oriented productivity management thus forms the basis for the
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implementation of digitalisation within the company by combining profitability and

human orientation. Human-oriented productivity management therefore interprets

the consideration of employee interests as a key criterion for success, which can

also have a positive effect on productivity.

2 Human-Oriented Productivity Management as the Basis
for the Sustainable Implementation of Digitalisation

2.1 Tasks of Productivity Management

The aim of productivity management is to increase a company’s productivity.

Productivity is generally defined as the ratio of output to input (Gabler

Wirtschaftslexikon 2015). For instance, this can be the amount, volume or weight

of the products manufactured or special performance parameters, such as gross

register tonnage in the case of a shipyard. The denominators are measurable values

for the input factors “workforce” (number of employees, working hours, remunera-

tion), “operating means” (number, value) or “material” (quantities, value). The

output and factors used (input) can also be valued in money at all times and used in

the productivity ratio.

To determine the aggregate productivity of a company, the company’s overall

performance needs to be used accordingly as an output value (also known as the

gross production value). Various parts of the overall performance (e.g. net value

added) can also be used for the analysis of partial productivity (e.g. labour produc-

tivity). Ideally, the objective should be to consider the partial performances that are

relevant to the partial productivity in question on a nuanced basis (Dikow 2006).

Companies operating in differing industries or with different production structures

can be compared on this “standardised” basis.

Various influential factors that have an impact on the output (revenue or added

value), input (workforce, work equipment, materials) and throughput (optional

factors; e.g. process organisation, quality capability) can be identified (Nebl and

Dikow 2004; REFA-Institut 2016; see also Fig. 3). These influential factors can be

used as a lever to increase productivity. In doing so, there are always interactions

between the various influential factors. This is why it is impossible to improve all

productivity factors at the same time. Productivity management generally focuses

on the influential factors that can provide the best support in the pursuit of corporate

goals.

A methodical and systematic approach that includes planning, controlling,

implementation and monitoring measures is recommended (Dorner and Stowasser

2012; Dorner 2014; DIN EN ISO 9241–2 1992). With REFA methods, the follow-

ing input factors in particular can be influenced: “workforce” (the ability to perform

and its maintenance, the use of available capacity and work organisation),

“operating means” (available capacity and its use) and “materials” (material flow

and lead time) [for more detailed information, see REFA-Institut (2016)].
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Work productivity is considered as one of the key indicators to determine a

company’s efficiency. In addition to internal and cross-business comparisons, time

flow is also particularly significant in this context (Dorner 2014; DIN EN ISO

9241–2 1992). For example, work productivity can be specified as the number of

employees involved, working hours spent or staff expenses in euros.

2.2 Human Orientation as an Operating Criterion for Success

In addition to profitability (i.e. the ratio of income to expenses), human orientation

also plays a key role in the organisation of work. People are shaped by the work that

they do. Well-being, health and personal development are influenced by work and

can either be negatively or positively impacted. Therefore, work needs to be

organised in an acceptable way on the economic, human and social levels. Both

objectives–economic efficiency and a humane organisation–can be complementary,

but also incompatible (Nullmeier 2011).

The necessity of human orientation is nothing new. In the 1970s, working

conditions in Germany improved as part of a government-funded research

programme to humanise working life (In German: “Humanisierung der Arbeit”)

in order to reduce the number of accidents and occupational illnesses. The amend-

ment to the Works Constitution Act strengthened the rights of co-determination of

employees and the works council [for more detailed information, see Nullmeier

(2011)]. Here, the focus was on “humane work”, i.e. the extent to which a job fulfils

the physical, mental and social requirements and needs of an individual (Schlick

et al. 2010). However, the discussion on digitalisation and Industry 4.0 usually

focuses on technological aspects at present (cf. Jeske 2015) while the changes that

need to be made to the structure and organisation of work are usually neglected. As

a result, human orientation is not the focus of many companies at the moment.

In the area of human orientation, work is organised in line with the physical,

mental and social requirements of the individual. According to Hacker (1986), there

are four assessment levels in the organisation of work, which are structured

hierarchically. As a result, the criteria of the lower levels need to be met before

other levels can be considered. The assessment levels of humane work are (Hacker

1986):

– Practicability: Physical and mental requirements, such as body mass, physical

strength or cognitive ability, need to correspond to the requirements of the task.

– Safety: Carrying out work–even over a lengthy period of time while taking

breaks and holiday into account–should not result in any damage. For example,

adverse health effects as a result of work-related accidents, occupational

illnesses or contaminants need to be prevented.

– Freedom from impairment: Work-related harm is the result of strain or stress

due to performance requirements–for example, after being qualitatively or

quantitatively over- or underchallenged. Work-related harm can be prevented

if the damage caused by high levels of stress or strain can be reversed in the short

term by recovering during breaks and free time, for example.
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– Personality-building: Work should offer opportunities to develop one’s per-

sonality during work activities.

For every assessment level, there are specific operational areas and

organisational fields where the criterion in question can be implemented. These

are the workstation, work task, technical and social work environment and the

individual. The organisation of the workstation, work task and the qualifications

and development of employees have been REFA’s core competences for decades.

Approved REFA methods and tools are thus also suitable for supporting companies

when fulfilling human-oriented requirements.

2.3 Impact of Human Orientation on Productivity

Human orientation can initially be described using the criteria provided in Sect. 2.2:

practicability, safety, freedom from impairment and personality-building. The

lower levels “practicability” and “safety” of this schema primarily affect the

sub-factor “the ability to perform and its maintenance” of the “workforce” input

factor of productivity (Fig. 1). An employee’s ability to perform is primarily

determined by their qualifications in addition to their physical and mental abilities

and skills. This can also be ensured and promoted by means of qualification

measures, training and further training in addition to occupational health and safety,

the organisation of the workplace and measures to promote health.

By contrast, the levels “freedom from impairment” and especially “personality-

building” have an indirect and significantly more complex and multi-faceted impact

on productivity, and thus affect other input factors as well.

For example, “maintaining the efficiency” of operating means can be facilitated

significantly by a well-trained employee who is willing to perform, makes use of the

optimal condition of work equipment, reports potential issues to maintenance at an

early stage or even rectifies them.

Indirect, complex impact 
on the influential factors

of productivity

The performance capability
and its maintenance

Safety

Practicability

Personality-building

Freedom from impairment

Fig. 1 Impact of human orientation on productivity (source: REFA-Institut 2016)
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The assessment criteria of human orientation can be divided into other

sub-criteria–for example, in accordance with DIN EN ISO 9241–2 (1992) (see

Fig. 2, left). Figure 2 illustrates the direct effects of human-oriented criteria on the

“workforce” input factor. For example, selected effects are [for more detailed

information, see REFA-Institut (2016)]:

– User orientation, which considers the comparison between the employee’s

abilities and the requirements of the task.

– Versatility, which allows for the development of various skills and abilities and

prevents one-sided strain.

– The possibility to develop, which promotes the development of existing skills

and the acquisition of new ones.

– Activity of scope, which supports the autonomous situational use of available

capacity in line with capacity requirements.

– The characteristics of a holistic approach and activity of scope can support a

work organisational structure that promotes productivity.

Human-oriented work organisation has both direct and indirect effects on the

individual’s performance and thus on labour productivity as well. However, human

orientation also has a significant impact on other influential factors in productivity.

This is because these factors are directly or indirectly influenced by the perfor-

mance offer and thus the employee’s responsible actions which are closely

associated with this (REFA-Institut 2016; cf. Fig. 3; fields marked in dark blue:

performance offer; fields marked in light blue: sub-factors of productivity

influenced by the performance offer). This does not include:

Criteria of human orientation

User orientation, versatility, activity scope, 
feedback, the possibility to develop

User orientation, versatility,
holistic approach, significance,

leeway, feedback, the possibility to develop

Activity scope

Holistic approach, activity scope

Performance capability 
and its maintenance

Willingness to perform

Using available capacity

Work organisation

Input factor workforce

Fig. 2 Impact of human-oriented criteria on sub-factors of the “workforce” input factor (source:

REFA-Institut 2016)
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– Sub-factors relating to the overall performance, revenue and added value, which

management establishes

– The ability to perform and the capacity of work equipment, which is essentially

determined by management on the basis of investment decisions

– Material properties, which are determined by design within the context of

product development

– The company’s market position in the supply pyramid, which employees cannot

directly influence.

In principle, all other productivity factors can be influenced by employees who

are willing to perform and take responsibility. The significance of the particular

impact depends on company-specific conditions.

Productivity = 

Revenue or added value

Innovativeness

Long-term corporate goals

Marketing strategy

Market position/market power

Throughput

Logistics chain

Production planning
and control

Quality capability

Process organisation

Workforce

Work organisation

Performance ability
and its maintenance

Willingness to perform

Using available capacity

Operating means

Using available capacity

Ability to perform

Maintaining the 
performance capability

Available capacity

Materials

Material properties

Material flow

Material requirements

Lead time

Material value

Market position

Performance

 Factor input

Fig. 3 Possible indirect effects of the performance offer on other sub-factors of productivity

(highlighted in colour; source: REFA-Institut 2016; Nebl and Dikow 2004)
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2.4 Challenges of Human-Oriented Productivity Management

Human orientation is becoming increasingly relevant in the current transformation

of the working world. This is because individuals, and therefore employees, are

becoming increasingly significant for companies. Human-oriented productivity

management combines company requirements regarding productivity as well as

the requirements of employees with their work and work environment while

harmonising them at the same time. In the 2014 autumn survey of the ifaa trend

barometer, “human-oriented productivity management” indirectly came first place.

This is the result of the combination of issues relating to process orientation and

occupational health and safety, which were the most relevant according to those

surveyed (ifaa 2015).

Human-oriented factors have indirect, long-term effects on productivity. This is

why human-oriented productivity management initially needs to raise awareness of

the links that exist and try to make positive effects plausible in the long run. To

achieve this, productivity and selected influential factors need to be measured and

observed over a longer period of time.

In this context, productivity management establishes strategically relevant influ-

ential factors and attempts to positively influence productivity by means of suitable

improvement measures for these factors. Human-oriented productivity manage-

ment also takes into account the impact of employees on influential factors. It also

aims to have a long-term positive effect on influential factors via employees–for

instance, by using knowledge and experience, qualifications and HR development,

involvement, communication, appreciation or by promoting other measures, the

ability to perform, the willingness to perform and personal responsibility.

The implementation of human-oriented productivity management results in

specific requirements with regard to:

– the inclusion and involvement of employees

– communication

– leadership

– the development, measurement and interpretation of human-oriented key figures

and indicators

– the operational inclusion of and collaboration with additional players, such as

the HR department and HR development

– the development of a human-oriented corporate and trust culture

By considering the entire range of human-oriented sub-criteria, the value of

work is enhanced and employees are shown appreciation, which therefore results in

a positive impact on their potential and willingness to perform (REFA-Institut

2016). Last but not least, consistent human orientation can also maintain the

employee’s ability to work in the long run.

To remain competitive in the digitalised world of work and business in the long

term, it is crucial that the willingness to perform, personal responsibility, expertise

and the creativity of employees are promoted and ensured. With the same
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technological equipment available worldwide, this is the only way for productivity

and innovation advantages to be permanently maintained and expanded in Germany

(REFA-Institut 2016).

3 New Requirements in Industrial Engineering

3.1 REFA as the Architecture of Innovative Industrial
Engineering

Within the context of the working world’s transformation, the methods and tools of

work and business organisation need to be constantly adapted or redeveloped in

order to implement human-oriented productivity management. REFA makes avail-

able methods and tools that can be used to organise various structural levels within a

company in a holistic and sustainable manner while fulfilling the new requirements

of the working world (cf. Fig. 4). These methods and tools are aimed at finding a

balance between productivity and a sustainable corporate culture that takes the

interests and requirements of employees into account. The traditional strategies and

methods of industrial engineering and HR management are currently being further

developed by the REFA-Institut. As a link between science and practice, the REFA-

Institut will continue to assist companies and employees in this turbulent day and

Developing corporate networks

Successful companies

Political and legal environment

Socio-cultural environment Natural environment Economic environment

Human-oriented productivity management

Mission and objectives of the company

Time Costs Quality Variability

Process design

Modern industrial engineering

Developing holistic corporate systems

Design of work places and work systemsW
or

k 
da

ta
 m

an
ag

em
en

t

W
or

k 
da

ta
 m

an
ag

em
en

t

Technological environment

Fig. 4 REFA: methods and tools for the holistic and sustainable organisation of companies

(REFA-Institut 2016)
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age and provide them with the support they need to adapt to the working world’s

transformation.

On the basis of these methods and tools, the purpose of industrial engineering is

to specifically identify the right methods and tools for a business and initiate them

within the company. In particular, the objectives and success factors that are

relevant to the company need to be taken into account accordingly.

Based on its original core task–the compilation of data for order planning and

remuneration structuring–industrial engineering is becoming the driver of

company-wide human-oriented productivity management. As a result, modern

industrial engineering no longer organises work systems in production exclusively,

but rather considers the company and the value-adding process as a whole, for

example, with regard to the following aspects of the value chain:

– For instance, this includes packaging and shipping as well as services including

maintenance and repair. The requirements of these areas are often unknown and

not taken into account. For example, product development can have an impact

on the types of packaging or shipping that are possible, how well products can be

disassembled, the frequency of their maintenance and the tools with which they

will need to be maintained and whether remote diagnosis or remote maintenance

is possible, etc. These and other–often unknown–factors can be decisive for the

competitiveness of products on a global market.

– Other processes and areas, such as marketing and sales, also need to be more

closely linked to other departments in the product creation process in order to

better fulfil the increasing number of requirements in customer orientation and

individualisation. This would allow for quicker and more reliable checks in

order to establish whether new customer requirements can be implemented,

and if so, how. For stronger customer orientation, it could also be useful to

increasingly involve customers and suppliers in product development in future

and, if applicable, in the product creation process as well. For example, this

could be done using digitalisation tools (known as open or crowd-sourced

innovation).

– To achieve a holistic approach that does not consider only the product creation

process but also the product life cycle as a whole, new requirements that have not

yet been considered need to be incorporated. The reuse of components and

materials and the targeted handling, preparation and disposal of toxic substances

lead to requirements for disassembly that have hardly been considered to date,

especially in the case of consumer goods. Quick and cost-efficient product

assembly continues to be a priority, while product disassembly is not considered.

Whether products can be taken apart and the amount of effort required and

permitted for this purpose need to be considered in product development.

– In product development, it is also necessary to clarify the services that a

company wants or needs to offer with its product in future. Options include

remote diagnosis or remote maintenance, product monitoring or the compilation

and interpretation of data beyond the product life cycle (big data or smart data).

It is also necessary to clarify whether these services will be rendered by the
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company itself or if strategic partnerships will be initiated for this purpose, if

applicable.

Industrial engineering needs to expand its scope of action not only within, but

also outside the company. Cross-company value chains and networks require cross-

company processes that must take into account the prevailing capacity and work-

load situations in a quick and flexible manner. These processes need to be organised

in a secure and reliable way. Their interfaces and quality requirements also need to

be defined and aligned.

3.2 Interface Management Within the Company

Industrial engineering cannot solve all these problems alone. The successful man-

agement of the outlined tasks is closely related to interdisciplinary collaborations

with the company’s other functional areas (Hinrichsen et al. 2014). The list below

shows a variety of divisions that industrial engineers have to work closely with,

depending on the task (Hinrichsen et al. 2014):

– Management to align the organisation of work and production systems to the

company’s strategic requirements.

– Marketing to consider market requirements (delivery periods, quantities, prod-

uct specifications, etc.) when developing work and production systems.

– Product development to ensure a product design that is suitable for the produc-

tion and assembly processes and set requirements for the work and production

system structure

– Maintenance to consider maintenance requirements in the work and production

system structure and fulfil any requirements to efficiently use work equipment in

production

– Production to fulfil the requirements for the efficient operation of work and

production systems

– Procurement to allow raw materials, consumables and supplies as well as

investment goods that significantly contribute to the efficiency of processes

and investments to be procured

– Controlling to comply with the target budget for the work and production

systems to be organised (“target costing”) and create a data basis for accounting

using time data

– IT to ensure efficient order processing

Collaborations between different business areas are not yet a matter of course.

Departments frequently act more or less independently of each other and hardly

exchange any information. This results in numerous interface issues. In addition,

this complicates the end-to-end optimisation process along the company’s value

stream. To solve these problems, industrial engineering will need to cover new

fields of action and develop or create new methods in future. However, it is
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particularly crucial that it encourages and assists or coordinates the company in

order to face these challenges. Industrial engineering is particularly suitable for this

task since it is performed in this case using a holistic approach. This is because it

has the most comprehensive overview of the company’s different departments and

processes and synergies among various operating areas. This means that industrial

engineers are frequently confronted with the task of having to create an appropriate

communication and cooperation culture within the company. This is only possible

with the company’s management and managers’ support.

Industrial engineers work at companies and therefore act as an interface between

employees, managers and management (see Fig. 5). In their role, industrial

engineers act as individuals who actively shape the process of change in the long

run.

3.3 Skills of the Industrial Engineer

The profile and expertise that industrial engineers need to have are highly diverse

(cf. Fig. 6). Industrial engineers must have comprehensive methodical skills in the

areas of ergonomics, work preparation, work and business administration, logistics,

project management and the ability to plan and implement holistic corporate

systems (Stowasser 2010). In addition to professional and methodology compe-

tence, system competence–i.e. the ability to understand, control and change systems

and identify risks and opportunities–is also required. Since industrial engineers

occupy a key position between managers and employees, they also need to have

good social and personality competences. Using these areas of competence with a

problem-solving focus is key for industrial engineers in order to resolve situations

and solve problems.

Personality
competence

Employees

Action competence 
and problem-solving

competence

Management

Industrial engineer

Professional
competence

Methodical
competence

Social
competence

System
competence

Fig. 5 Position of the industrial engineer within the company (REFA-Institut 2016)

Human-Oriented Productivity Management as a Key Criterion for Success in the. . . 27



The use and combination of various skills depending on the situation allows

industrial engineers to see activities and processes from an external and specialised

perspective, develop measures, and ensure that their suggestions are accepted.

4 Summary

In addition to stable and mastered processes, the organisation of work also needs to

be adapted in order to sustainably introduce digitalisation. At the moment, the

technological possibilities of digitalisation are largely being discussed (cf. Jeske

2015), while necessary changes to the organisation of work are still frequently

neglected. In the digitalised world of work and business, a company’s economic

success is also based on the potential of its employees and requires skilled, healthy,

Areas of competence

Professional
competence

Methodology
comptence

Personality
competence

Social
competence

System
competence

Skills Task-specific 
and activity-
specific
professional
skills and
knowledge

The ability
to structure
problems and 
reach decisions
in a targeted
manner

Self-assessment
skills and the 
ability to develop
autonomously
within the 
context of work

The ability to 
take action in 
social interaction
situations in a
communicative
and cooperative
way

The ability to 
understand
systems,
effectively
take action in
systems and
change systems

Characte-
ristics

Professional
training

Professional 
skills

Professional
knowledge

Professional
commitment

Problem-solving
thinking

Abstract and
holistic thinking

Analytical skills

Transferable
skills

Planning skills

Decision-making
skills

Information
gathering skills

Own standards
and values

Responsibility

Creativity
and rhetoric

Motivation,
initiative
and dedication

Willingness
to learn 
and perform

Flexibility and
perseverance

Emotional 
intelligence,
ability to stand 
criticism

Creating a 
positive work 
climate

Team capability 
and readiness
to help

Social
responsibility

Fairness,
readiness to 
cooperate

Empathy

Delegation skills

Tolerance

Critical and
self-critical skills

Taking
responsibility
for self and others

Sound system
knowledge,
system control,
early recognition
of system options
 not only to be
acquired
by means of
training, shaped
by personal
experience.

Fig. 6 Skills and characteristics of the areas of competence of industrial engineers (REFA-Institut

2016; Wagner 2010, supplemented)

28 P. Stock and S. Stowasser



motivated employees who can take responsibility, be efficient and who are willing

to perform.

This means that successful companies need human-oriented productivity man-

agement that aligns the company’s requirements to productivity as well as the

requirements of employees to their work and work environment. Therefore, the

methods and tools of work and business organisation constantly need to be adapted

or redeveloped in order to implement such a form of human-oriented productivity

management. The traditional strategies and methods of industrial engineering and

HR management are currently being assessed and further developed by the REFA-

Institut. These methods and tools are aimed at finding a balance between produc-

tivity and a sustainable corporate culture that promotes employee orientation as a

key factor for success. As a link between science and practice, the REFA-Institut

will continue to assist companies and employees in this turbulent day and age and

provide them with the support they need to adapt to the working world’s

transformation.
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Recource-Constrained Project Scheduling
Problem: Investigation of the Quality of
Project Plans

Human Competitiveness of an Evolutionary
Metaheuristic
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Abstract

This paper introduces the results whether humans are able to develop project

plans with a high quality for the well-established Multi-criteria Resource-

Constrained Project Scheduling Problem (RCPSP). To analyse this, an

empirical study was conducted in which activities had to be serialized or

parallelized in the plan, process steps had to be inserted or removed and

durations as well as resource requirements had to be modified dynamically

during planning. In contrast to this human based planning, a specific

multicriteria evolutionary metaheuristic is presented that identifies human

compatible plans to relatively large project management problems within a

reasonable period of time. To evaluate the level of human competitiveness, a

metric for measuring plan quality and the results of the empirical study are

presented. The results derived from data of 100 participants and the

metaheuristic show that only very few people were able to identify optimal

solutions. Furthermore, humans are focusing on one target criteria when

solving conflicting planning objectives.
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1 Introduction

The development of project plans is an important task in project management. The

combination of strict and weak structured precedence relations between activities as

well as the limited capacity of resources make project scheduling a difficult task.

In practice, project management software is used to support the development of a

project plan. Thereby, a project scheduling problem can be traced back to the

different variants and extensions of the Resource-Constrained Project Scheduling

Problem (RCPSP) that have been proposed in the literature (Artigues et al. 2008;

Hartmann and Briskorn 2010). While the relevant authors fail to agree on a single

theory for planning a project implementation, the following characteristics are

generally regarded as important for the development of a project plan (Hartmann

and Briskorn 2010; Shtub et al. 2005).

A project plan in the form of a Gantt Chart or a graphical network is a pros-

pective description of the expected approach to implement the project. Such an

implementation consists of sequences of tasks/activities which are predetermined

due to technical, chronometrical and organizational restrictions. Thereby, not all

relations between tasks of a project are highly structured. Therefore, actors

involved in a project have often an own scope of decision-making concerning

which task they will execute next. Functional relations and dependencies of tasks

are refined with respect to the situation. As a result, the implementation of a project

heavily relies on the task selection and performance of individuals. A project plan is

merely a useful resource and should support the decision making.

The critical element for developing a project plan is the valid and optimal assign-

ment of tasks to actors with a limited capacity and to determine the point in time

when the tasks are optimally processed. Based on the absence of empirical data for

a quantitative statement on the quality of project plans, this paper addresses the

research questions:

– To what extent is there a human competitiveness of the plans developed by an

evolutionary metaheuristic for a multicriteria resource constrained project sche-

duling problem?

– What are the key differences between the project plans developed by humans

and the solutions of the evolutionary metaheuristic?
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2 Creating Project Plans

2.1 The Concept of Planning

To develop a plan which defines a sequence of future tasks and to realize them

through appropriate actions is one of the more multifaceted cognitive abilities of

humans (Funke and Fritz 1995). Therefore, Scholnick and Friedman try to capture

the concept of planning in the following terms (Scholnick and Friedman 1987):

Planning has been used to account for so many diverse facets of functioning that the

definition of the term has become vague. Two theorists who use the term may not share

the same focus. Miller, Galanter, and Pribram (1960) define planning as execution of a

behavior that matches a scheme, whereas Hayes-Roth and Hayes-Roth (1979) include

anticipating a course of action as well.

Most authors are therefore in agreement that the core of planning is to consider

the consequences of certain actions and check whether they are able to lead to an

approximation of the desired goal (D€orner 2010; Funke and Glodowski 1990).

Planning can be taken as a “trial action” previous to the actual action. Therefore,

planning occurs before the plan is realized, while acting means that decisions are

outperformed (D€orner 2010). The result of such a planning can be defined as the

predetermination of a course of action aimed at achieving some goal (Hayes-Roth

and Hayes-Roth 1979). A further concept of planning is presented by Funke and

Glodowski (1990). They define planning as the design of a sequence of actions,

which can be regarded on different levels of resolution, while taking into account

restricting constraints. In the following we will be referring to the nomenclature of

Funke and Glodowski because the distinction between plan establishment and plan

execution is useful to differentiate the project phases and to identify several basic

competencies for the development of a project plan (Funke and Glodowski 1990).

To measure and optimize the quality of a project plan, we focus on the plan

establishment phase. Our understanding of the establishment of a plan is that it

covers the anticipatory ordering of partial steps that lie in future, the consideration

of boundary conditions and the use of memory contents. According to Funke and

Glodowski four competencies are required to develop a plan (Funke and Glodowski

1990):

– Identification of valid and efficient temporal sequences of activities,

– Evaluation and consideration of direct and indirect boundary conditions during

scheduling and parameterization of an activity (e.g. duration, cost, actor

assignment),

– Determination of the objectives of the desired action and transfer to planning

targets. Thereby, it could be helpful to divide the scheduling task into inde-

pendent building blocks,

– Development and assessment of valid scenarios of further actions which should

be robust against external environmental influences.
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There are numerous written references confirming the success factors of projects

(Lechler 1997), but there has been little research on how well people develop

project plans. Pietras and Coury even assume that humans lose track of an efficient

sequence of activities and a valid resource allocation due to their limited cognitive

capabilities (Pietras and Coury 1994). Therefore, not all humans are able to develop

an optimal plan for a given RCPSP. To evaluate the degree to which a person can

develop a plan with a high quality, adequate metrics to measure the difficulty of a

project planning problem as well as the quality of a project plan is required.

Mendling provides a metric for task difficulty and error determinants of business

process models which can be adapted to a project planning problem (Mendling

2008). Despite these developments, a generally established suite for measuring the

quality of project plans does not exist in project management.

In the following we will present a metric to evaluate the quality of developed

project plans for different variants of the RCPSP. Therefore, a focus is set on the

assessment of the accuracy and correctness of the initial project plans developed by

humans. Furthermore, we investigate the fulfilment of the multicriteria planning

objectives by comparing the initial plans of humans to the solutions of the evolu-

tionary metaheuristic. This concept of “plan quality” is influenced by a variety of

factors such as the complexity of a planning problem, personal factors like planning

competence, domain knowledge and verbal or graphical representation of a plan.

In this paper, we only investigate the planning problem related aspect.

2.2 Formal Description of a Project Planning Problem

The development of a project plan can be regarded as a standard for planning

problems with sequence relationships and boundary conditions (Artigues et al.

2008; Hartmann and Briskorn 2010; Brucker et al. 1999). Due to the restricted

capacity of resources, a RCPSP is defined as a project to be planned which consists

of a set of tasks i ¼ {1,. . ., N + 1} to be processed. For each task an expected

duration pi exists. The planned duration pi and the set of immediate predecessors of

a task j ∈ Pi as well as the allocation of resources r to tasks result in a Gantt chart.
Only if the predecessors j of task i within a Gantt chart are fully processed, i can
start without time lag. For working on a task i, rik units of the renewable resource
k during each period of processing are required. The capacity of a resource type k in
a period is Rk, k¼ 1, . . . , K. An answer for a RCPSP is a schedule S, which consists
of a set of starting times (S1, S2,. . ., SN+1) for the tasks i¼ 0,. . ., N + 1, where S0¼ 0

and the precedence as well as the resource-constraints are fulfilled in a way that the

schedule length T(S)¼ SN+1 is minimized.

From a computational point of view, the most problem instances of a RCPSP are

NP-hard (Bartusch et al. 1988). Therefore, for scheduling real-world project plans

of reasonably large size, exact methods, such as the branch-and-bound algorithms

studied by Bartusch et al. (1988) and De Reyck and Herroelen (1996) often fail to

identify efficient plans within reasonable computational times, in particular when

heterogeneous objectives have to be optimized simultaneously. One approach is

that the multiple objectives are linearly combined into a scalar objective (Tan et al.
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2005). The drawback to this approach is determining the weights of the function.

Therefore, a predetermined aggregating function often has the disadvantage of

missing all efficient plans. Heuristic algorithms can evaluate performances of

plans regarding multiple objectives simultaneously and have been shown to be

very suitable for several variants of the RCPSP. Heuristic approaches can be classi-
fied into two categories: the priority-based heuristics (Alvarez-Valdes and Tararit

1989; Kolisch and Drexl 1996) and metaheuristic approaches, such as simulated

annealing, genetic algorithms, and tabu search algorithms (Hartmann 1997; Cho

and Kim 1997; Thomas 1998).

The drawback of the RCPSP is that it is assumed that a task can be processed in

one specific way with a deterministic expenditure of time and a fixed resource

requirement. Therefore, the development of a project plan corresponds to a Multi-
Mode RCPSP (MM-RCPSP) and aMulti-Skill Project Scheduling Problem (MSPSP),
which are both extensions of the RCPSP. A MM-RCPSP allows heterogeneous

modes m¼ 1,. . ., Mi to process a specific task (Kolisch and Drexl 1997). Here,

each mode of a task corresponds to a specific activity m which can be regarded as

sufficiently meeting the targets of the task. Such an activity is determined by the

duration pim as well as rikm units of the required resource k and must be processed

without preemption. During a project, there are decisions to be made regarding the

alternatives of further processing. These heterogeneous project scenarios can be

considered in the initial plan. Therefore, the RCPSP is extended to include an

“exclusive or” logical operator (Belhe and Kusiak 1995). As only exactly one

successor activity is selected, the activities are connected by an “XOR” node.

TheMSPSP considers workers with heterogeneous skills (Bellenguez-Morineau

and Néron 2008; Néron and Baptista 2002). Each task of a problem requires

abilities and capabilities of workers to process one of the potential activities for

this task. For processing a non-preemptive task based on the required levels of

skills, a subset of workers has to be identified that can process the activity

(Bellenguez-Morineau and Néron 2008; Néron and Baptista 2002). A MSPSP is

mainly determined by the restriction that one worker can fulfill only one skill

requirement at a time (Li and Womer 2009). But there are also extended models

which assign one worker to different skill requirements of one task (Fırat and

Hurkens 2011). Therefore, the model of Firat and Hurkens demands that a set of

workers and activities has to be assigned to teams and these teams must stay

together during all day (Fırat and Hurkens 2011). Further restrictions of the

planning problem are the limited capacity of a worker, the fixed structure of a

team during a working day, and that the team members can process only one

activity simultaneously.

Therefore, scheduling the tasks of a project is based on the skill levels of workers

and the chosen processing strategies which lead to concrete activities. Thus, there is

a 1:n relation between a task and the activities which solve this task. But, a worker

(resource) can cover more than one skill/function requirement of a task. The

assignment of a task i to one or a group of workers (resource) is given by a mode

m. Such an assignment may have a direct effect on the duration pik and the cost cik of
the activity i.

Thus, the considered scheduling problem regarding the development of a project

plan is based on our previous work (Tackenberg et al. 2012) and can be formally

described as follows. If several project scenarios have to be considered the
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exclusive or logical operator leads to different varieties of the MSPSP. All further
used symbols and their definitions are presented in Table 1.

gkl≔
1, if resourcek and larenot allowed toworksimultaneously

0, otherwise

�
ð1Þ

2.2.1 Decision Variables

xitkm≔
1, if theprocessingof activity iby resourcek is startedat time t inmodusm
0, otherwise

�
ð2Þ

yij ¼ 1, if activites iand joverlap
0, otherwise

�
ð3Þ

lij ¼ 1, if there isnooverlappingplanned foractivity iand j
0, otherwise

�
ð4Þ

zijtkm ¼ xitkm ∙ lij 8i, j∈A, t∈T, k∈K,m∈M ð5Þ

2.2.2 Objectives
The two objectives f 1 xð Þ and f 2 xð Þ have to be optimized simultaneously:

f 1 xð Þ ¼ min
X

t∈T, k∈K,m∈M

t ∙ xinþ1tkm ð6Þ

Table 1 Sets and parameters

Symbol Definition

A Set of tasks/activities (i, j ∈ A)

T Set of point of time (t ∈ T)

K Set of resources (k, l ∈ K)

M Set of modes (m, d ∈ M)

pikm Duration of activity i in mode m while being processed by resource k

cikm Costs of activity i in mode m while being processed by resource k

rik Usage of resource k to process activity i

oijm Time units of overlapping in mode m between activity i and activity j (oijm ¼ 0, no

overlapping is allowed)

F �0

γijm Interval of [0,1], overlapping between activity i and activity j in mode m, 0 for no

overlapping
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f 2 xð Þ ¼ min
X

i∈A, t∈T, k∈K,m∈M

xitkm ∙ cikm ð7Þ

2.2.3 Restrictions X
t∈T, k∈K,m∈M

xitkm ¼ 18i∈A ð8Þ

X
i∈A

rik ∙
X

b∈ T, m∈M
�� t�pikmþ1�b�t

xibkm � 18t∈T; k∈K ð9Þ

X
b∈T

�� t�b�tþpikmþoijm�1

xibkm þ xjbld � 18k, l∈K; i, j∈A; t∈ T

m, d∈M
��gkl > 0; i 6¼ j; pikm � pjld

ð10Þ

X
t∈T, k∈K,m∈M

t ∙ xitkm þ pikm ∙ zijtkm �
X

t∈ T, k∈K,m∈M

t ∙ xjtkm

� oijm ∙ xjtkm8 i; jð Þ∈P ð11ÞX
t∈T, k∈K,m∈M

��oijm6¼0

γijm ∙ xjtkm � yij8 i; jð Þ∈P ð12Þ

X
t∈T, k∈K,m∈M

t ∙ xitkm þ pikm ∙ zijtkm �
X

t∈T, k∈K,m∈M

t ∙ xjtkm � oijm ∙ xjtkm

 !

�F ∙ 1� yij

� �
8 i; jð Þ∈P

ð13Þ
zijtkm � xitkm � 08i, j∈A, t∈ T, k∈K, m∈M ð14Þ
zijtkm � lij � 08i, j∈A, t∈T, k∈K, m∈M ð15Þ

xitkm þ lij � zijtkm � 18i, j∈A, t∈ T, k∈K, m∈M ð16Þ

lij ¼
X

t∈T, k∈K,m∈M
��oijm¼0

xjtkm8 i; jð Þ∈P ð17Þ

xitkm ∈ 0; 1f g8i∈A; t∈ T; k∈K;m∈M ð18Þ
yij ∈ 0; 1f g8i, j∈A ð19Þ

lij ∈ 0; 1f g8i, j∈A ð20Þ
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zijtkm ∈ 0; 1f g8i, j∈A, t∈ T, k∈K,m∈M ð21Þ
Restriction (8) ensures that a task i is assigned to a worker or a resource k. Thereby,
i has only one starting time. The condition (9) guarantees that the constraints of

k are met. Hence, constraint (10) ensures that tasks are only simultaneously

processed if valid combinations of k are scheduled. For the compliance of the

precedence relations with overlapping of tasks the constraints (11) to (13) are intro-

duced. After task i has started and a period of oijm 6¼ 0 time units have passed, the

activity of task j can initially start in mode m. If oijm¼ 0, i and j cannot be processed
simultaneously. Otherwise, if i and j overlap, the decision variable yij is set to 1 (12)
and due to the mode m the values in restriction (11) and (13) are equal. The

restrictions (14) to (16) are introduced here for a linear program. The variable zijtkm
has the value of 1, if zijtkm ¼ 1 and lij ¼ 1. The constraint (17) defines the value of

the decision variable lij. Restrictions (18) to (21) provide the binary variables.

2.3 Human Competitiveness

Based on the talk of Arthur Samuel entitled “AI: Where It Has Been and Where It Is
Going” Koza et al. present the concept of human competitiveness for algorithm in

the field of genetic programming. As we are dealing with a metaheuristic for the

project scheduling problem, a plan is “human competitive” if it satisfies one of the
following criteria (Koza et al. 2005, p. 4):

– B) The result is equal to or better than a result that was accepted as a new
scientific result at a time when it was published in a peer-reviewed scientific
journal.

– E) The result is equal to or better than the most recent human-created solution to
a long-standing problem for which there has been a succession on increasingly
better human-created solutions.

– H) The result holds its own or wins a regulated competition involving human
contestants (in the form of either live human players or human-written computer
programs).

Thereby, the criterion human competitiveness is independent of the fact that a

project plan is computed by an evolutionary algorithm instead of a plan which is

developed by a human. With this in mind, the multi-mode extension of the RCPSP
is an accepted problem in the literature in the field of operations research and there

are accepted results for corresponding test cases. But much more interesting is a

comparison between human contestants who develop plans for a given multi-

criteria MSPSP and an evolutionary metaheuristic. Considering the concept of

planning in Sect. 2.1, the feasibility of a plan with respect to precedence relations

and skill/resource requirements as well as the achievement against the planning

objectives can be used as an evaluation basis.
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To compute an efficient project plan for a given amount of data, the evolutionary

metaheuristic is based on information, knowledge and intelligence of the human

who employed the scheduling method. Using the metaheuristic, the ratio is of

interest to which extend the underlying algorithms solve a project planning problem

compared to the remained amount of intelligence that is supplied by the human.

Koza et al. term this ratio “artificial-to-intelligence” (Koza et al. 2005). From this

definition it is clear that human competitive plans and a high artificial-to-intelli-

gence ratio imply less influence of a human during a planning phase of a project.

Our goal is to develop an evolutionary metaheuristic that requires relatively little

human effort to handle new scheduling problems and their use is classified as

“routine”.

3 Concept of the Multi-objective Evolutionary Metaheuristic

A Multi-objective Evolutionary Algorithm (MOEA) uses techniques and pro-

cedures inspired by evolutionary biology and serves here as a heuristic meta stra-

tegy to solve complex optimization problems. In this section we present a novel

MOEA approach for the introduced formal description of the MSPSP with over-

lapping and logical operators. The goal of our approach is to successively develop

human competitive plans by a systematic search within a target space.

The algorithm is based on the Strength Pareto Evolutionary Algorithm (SPEA2)
and was extended to the formal description of Sect. 2.2. Before the optimization

process itself is executed, theMOEA generates a structure of islands which is based

on the characteristic of project scenarios and a global archive for nondominated

individuals.

TheMOEA starts by computing an initial population (POP) of individuals. Each
individual represents a single project plan. Based on scheduling objectives, an indi-

vidual is evaluated according to its fitness. We use a fitness value as an indicator for

the dominance relations between the individuals of POP as well as a classification

regarding their unique characteristic. The latter is based on density relations

between the identified solutions and is a control parameter to distribute efficient

individuals uniformly within the search space. Until the quality of plans is insuffi-

cient and the stopping criterion for the optimization process is not met, the genetic

operations recombination and mutation modify the individuals of POP.

3.1 Definition of Individuals

The genetic representation of our MOEA has to reflect the scheduling problem as

well as the mode assignment problem. To solve the scheduling problem, starting

times have to be assigned to the tasks to be processed. The assignment of tasks to

workers or resources and setting up a particular activity are part of the assignment

problem. Therefore, we have developed a MOEA which can deal with both

problems simultaneously because there is no efficient assignment of tasks to limited
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resources without information about starting times and makespan. Kolisch and

Hartmann distinguish different codings of an individual and note the frequent use

of the activity-list (AL) and random key (RK) representation (Kolisch and Hartmann

2006). Using the activity list representation, the position of an activity in the list

describes the scheduling sequence as well as the predecessor relations between

activities. If a random key list is used, the position of an activity does not contain

any information regarding the sequence of activities.

With this in mind, we developed a new random key list for an individual by a

triple I ¼ (λ, μ, η) of a feasible list of activities λ, a list μ for taken decisions

regarding different project scenarios (resulting from logical operators) as well as a

list η regarding the iterative execution of activities. A list λ is feasible if the activ-
ities can be executed by the assigned resources and if all predecessors of a task are

sufficiently executed before this activity starts. A decision μ to select one of several

activity courses is a mapping which assigns to each logical operator o ∈ {1, . . .,O}
one decision μ(o) ∈ Mo. The outcome of a decision refers to at least one path of

tasks (direct successors of the logical operator) which have to be processed. Such a

decision can depend on rules or a random distribution. Similar, to each iteration

operator e ∈ {1, . . ., E} (trigger of an iteration) the characteristic η (e) ∈ Me of an

iteration (activities, frequency of iterated activities) is assigned. The MOEA uses

the following notation for an individual:

I ¼
i0 . . . iI
o1 . . . oI
e1 . . . eI

0
@

1
A: ð22Þ

The MOEA transfers each genotype I ¼ (λ, μ, η) of the population to a unique pro-

ject plan (phenotype). All tasks (0, . . .,I) of the planning problem are part of the

activity list λ and each task i is characterized by several random variables. A dis-

tinction is made between different variable types of a task but each variable type

must occur at least once for i:

λi ¼ si, ei, ni, wi, Ii, di, rið Þ: ð23Þ

– Relative starting time si: The variable defines the earliest point of time at which

the task i can be initially processed. Each value of si refers to the degree of

completion of one of the predecessors of i, j ∈ Pi.

– Processing time ei: The estimation of the makespan for a task can be associated

with uncertainty. If a probability distribution is used to generate a stochastic

duration, the variable ei references to a time value to calculate pikm.
– Number of workers ni: The variable refers to the number of workers which are

scheduled for task i.
– Workers wi: Based on the value of ni, the value of wi defines a single worker or a

group of workers which fulfil the skill requirements. This means that wi is one

subset of all feasible combinations of workers for a given ni.
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– Importance of a task Ii: The variable represents the communicated importance

of a task. This has an impact for the scheduling sequence of tasks.

– Claimed date of completion di: The value di determines the planned deviation

from the claimed date of completion of task i.
– Resources ri: The variable ri references to a specific combination (type and

quantity) of non-renewable and renewable resources.

A combination of workers, renewable and non-renewable resources which

together allow a task processing can be regarded as one mode mi of the formal

description (11). Each λ i is feasible with respect to the precedence relations,

the workers and the renewable resources, but not necessarily with respect to the

non-renewable resource constraints. Therefore, if an infeasible individual with

respect to the non-renewable resources is computed, it is discarded.

3.2 Software

We close this section with a few remarks on the implemented software architecture,

namely the evolutionary cycle and the island concept. The execution of the cycle

(cf. Fig. 1) is repeated until the stopping criteria are met. Then the individuals on the

Pareto front are selected. Here, a standardized problem definition in the form of

several XML-files serves as an input for the metaheuristic. In the following list, the

components of the evolutionary metaheuristic are described according to the

sequence of execution:

– Component “Scheduling Task Interpreter”: The scheduling task interpreter reads
in the standardized description of the planning problem (XML-files).

Pre-Processing Scheduler of 
Activities

Project Plan 
Developer

Fitness Value 
Calculator

Scheduling 
Task Interpreter

Initialisation Optimization

1. 2. 3. 4.

Evolutionary Operators

Mating
SelectionMutation

Recombiation Environ-
mental

Selection

5.

6.

7.

(8.)
(14.)

(9.)
(15.)

(10.)
(16.)

(11.)

12.

13.
18.

17.

Archive

Next
Generation

A1

A2

A2A

A3

A4

Worker 1
10 Min

8 Min

10 Min

0 Min

5 Min

Worker 3

Worker 1

Worker 3

Worker 2 Constraints to be
considered

XML-
File

r

v

Pf3

Pf2Pf1

E_1

A

A

B
B

…

Fig. 1 Software framework
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– Component “Preprocessing”: Before the optimization of a project plan is

started, the individuals for the GA are generated. Therefore, this component

creates for all activities i and logical operators o and e the variables λi, μo, ηe of
the individual I. Moreover, one graph of the activities is computed which

describes all precedence feasible sequences of activities as well as different

project scenarios (Fig. 2). The graph results from all possible decisions regarding

the logical operators. Furthermore, the component computes individuals for the

initial population by the following three steps which are repeated until the

stopping criteria are met. First, the variables λi of all activities i¼ 1,. . ., N + 1

are generated by randomly selecting values which are stored in the list of the

genotype I¼ (λ, μ, η). Thereby, each variable type of λi is set within the validity

range. Second, the values for the logical as well as the iteration operators are

randomly generated. Third, the list is checked for non-renewable resource

feasibility.

– Component “Scheduler of Activities”: For our problem specific representation,

we cannot use any of the standard scheduling schemes. Therefore, we introduce

a component to map the graph of the component “Preprocessing” to a graph

which contains only the processed activities. To achieve this, the current values

μo and ηe of an individual are taken into account. Furthermore, the variable

values of all λi are transferred into plaintext and are assigned to the activity i of
the graph. For illustration, we consider the graph given in Fig. 2 and two

exemplary mapped illustrations.

– Component “Project Plan Developer”: The graph of the component “Scheduler
of Activities” is used to develop a detailed project plan. Based on priority rules

selected by the user and the availability of the assigned workers and resources an

activity is scheduled in the plan. First, the algorithm starts with the dummy

1 Task XOR-Decision

1

2 3

46

7

8

1

2 3

46

7

8

5

A

Decision: Iteration

1

2 3

6

7

8

6A

7A

6AA

7AA

4

A

Legend:

Precedessor
Relation

Graph of the Component
“Preprocessing”

Graph Variants of the Component
“Scheduler of Activities”

[…]

Number of Workers: 2
Workers: Smith, Mayer
Duration: 2h
Priority: high

N. o. W.: 1
Workers: Lukas
Duration: 4h
Priority: low

Fig. 2 Examples of graphs for a project planning problem
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source activity at time 0. Then, subsequently the next unscheduled activity with

the highest priority is taken from the list λ. But this activity can be only

scheduled if all of its precedence constraints and resource requirements are

satisfied. Otherwise, an activity with a lower priority is selected.

– Component “Fitness Value Calculator”: To measure the quality of a developed

project plan, the user can select one of the implemented metrics for the multi-

criteria RCPSP. The well-known schemes are introduced in Sect. 4.4.

– Component: “Evolutionary Operators”: For our definition of individuals, we

cannot use any of the standard crossover and mutation operators of the RCPSP
literature. Therefore, we have adapted the simulated binary crossover operator
(SBX) (Deb and Agrawal 1995). Based on the calculated fitness values for the

developed plans the operator selects two “parent” individuals for crossover, a

mother IM¼ (λM, μM, ηM) and a father IF¼ (λF, μF, ηF). For each variable of I the
operator draws a single random value u [0,1] and calculates a relative distri-

bution factor β:

β ¼ 2uð Þ 1
ηcþ1 if u < 0:5; ð24Þ

β ¼ 1

2 1� uð Þ
� � 1

ηcþ1

, else:

Now the variable values xD and xS for two new individuals, a daughter ID ¼ (λD,
μD, ηD) and a son IS ¼ (λS, μS, ηS) are produced from the parents:

xD ¼ 0:5 1þ βð ÞxM þ 1� βð ÞxF½ �
xS ¼ 0:5 1� βð ÞxM þ 1þ βð ÞxF½ � ð25Þ

The remaining variable values of ID und ISwhich are not selected for modification

are taken over from the mother respectively father. While the crossover operator

combines the information of ID and IF the mutation operator is applied to compute

newly generated child individuals IZ’ ¼ (λZ, μZ, ηZ). Therefore, it can modify each

variable of I. We use an adapted version of the polynominal mutation which enables

us to randomly select and modify each variable of I (Deb and Goyal 1996). Further-

more, a random value v [0,1] is determined and a distribution factor δ is calculated:

δ ¼ 2v
1

ηmþ1 � 1, if v < 0:5; ð26Þ

δ ¼ 1� 2 1� vð Þð Þ 1
ηmþ1, else:

Next, the mutation operator modifies the variable based on the current variable

value xZ (Definition of the permissible value range: xmax, xmin):

xZ
0 ¼ xz þ δ xmax � xmin

� 	
: ð27Þ
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We implemented several variants of a stochastic selection operator which all

follow a survival-of-the-fittest strategy. Such an operator sorts the individuals with

respect to their fitness. First, a detailed project plan is developed by the components

“Scheduler of Activities” and “Project Plan Developer”. Subsequently, the compo-

nent “Fitness Value Calculator” computes the fitness of an individual due to the

objective function values (cf. Fig. 1). Based on probabilities which are calculated

under consideration of the fitness values the component selects individuals for

crossover and mutation (mating selection) as well as for the next generation

(environmental selection). The newly evolved individuals computed by mutation

and recombination are combined with the best individuals preserved from the

previous generation. To select individuals for the next generation all of them

have to be mapped to detailed project plans and evaluated again. Finally, the fittest

individuals are stored in a global archive. We use such an archive to keep the best

individuals over generations. If the pre-defined population and the archive size are

exceeded by the number of individuals, solutions are discarded which are in

crowded areas of the target space. This allows a uniformly distribution of the indi-

viduals within the search space. All other solutions are deleted from the population.

The remaining individuals form the new population of the next generation and the

evolutionary cycle is repeated until the stopping criterion is met.

We close this section with a few remarks on the island model. The island model

is used to simultaneously optimize plans for several project scenarios. One island

represents a specific characteristic of an iteratively processing of activities. The

island model takes into account several sub-populations (1:1 relation between an

island and an iteration characteristic of a project plan) which develop almost

independently. The islands are connected by a migration of individuals. Therefore,

an individual with a good fitness can swim from one island to another and will be

part of this sub-population (Hartmann 2001). Triggers for such a migration are the

crossover und mutation operators which modify the values of η.

4 Empirical Study

4.1 Participants

A total of 100 students of mechanical engineering, 14 female and 86 male between

20 and 27 years of age (mean: 22.51 years, SD¼ 2.52) participated in the study. All

participants reported to have minor or no experience in project planning (minor ¼
36, no¼ 62, not specified ¼ 2) and despite one exception, all participants indicated

German as their mother tongue. All of them had no experience with software tools

for project management and the experience in project management was minor

(minor ¼ 3) or non-existent (no ¼ 96, not specified ¼ 1).
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4.2 Process

With the start of the laboratory experiment the participant’s personal data were

collected, i.e. age, profession, and prior experience in project management. This

was followed by a paper based introduction (approximately 25 min) to the aim of

the experiment, the type of planning task and the planning software to be used

(Fig. 3). The introduction also included an exercise phase in which the participant

had to develop a project plan of five activities together with the test supervisor. At

the end of the exercise, the supervisor presented the plans which fulfilled the

objectives maximally. After a brief pause, the first planning task was handed over

and the participant had to develop the corresponding project plan. During

processing the supervisor left the room but was always reachable by phone to

answer questions. The first planning phase ended when the participant informed

the test supervisor that the development of the project plan is finished. The super-

visor handed out a self assessment questionnaire concerning the quality of the

developed plan and the test setting. During the period of completion of the ques-

tionnaire the supervisor checked the developed plan with respect to completeness

and accuracy. Once an error was detected, the participant had to make re-designs of

the project plan until a valid solution has existed.

After a short break a second planning task was conducted by the participant. The

further procedure was equal to the first planning task. The sequence of both plan-

ning tasks was balanced between all participants. To complete the laboratory

experiment, tasks of a web based sub-version of the BIS Test Version 4 of Jäger

et al. had to be answered (20 min) (Jäger et al. 1997).

4.3 Scheduling Problem

We generated four test scenarios with 15 tasks each. Both were inspired by project

data from an engineering service provider. All instances differ regarding the restric-

tions and represent a RCPSP, aMSPSP, aMSPSP-ov or aMSPSP-It. The RCPSP is

Fig. 3 Screenshot of the web-based test environment for project plan development
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determined by the pre-defined assignment of workers to tasks, whereas, theMSPSP
provides heterogeneous modes of activity-processing. Each mode of a task requires

a minimum and maximum capacity of workers (e.g. Artigues et al. 2008; Hartmann

and Briskorn 2010) with certain level l a skill k (e.g. skill 1 with the level:

“medium”: K1[m]). The parameters of the scheduling problem can be obtained

from Fig. 4 and Table 2. All four planning problems consist of three separate

Building Blocks which are combined differently. Due to the identically

Discussing the
complaint with the

customer
A1

Inform the quality
management
department

A2

XOR

Testing the hard-
ware via remote

diagnostics
A3

Testing the soft-
ware via remote

diagnostics
A4

Determine the
costs of a hard-

ware repair
A5

Determine the
costs of a soft-

ware modification
A6

An external service
provider handels

the complaint
A7

Verifying the
defectA8

Discussing the
costs with the

customer
A9

Release the
repair orderA10

Analyse, locate
and eliminate

errors
A12 Performing a 

test seriesA13

Document the
cause of errorA15

Inform the
specialist

department
A14

Developing a
test rigA11

End

Start

A
B

C

D

Iterations are only part of MSPSP-It

Fig. 4 Semi-formal description of the project planning problems
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parameterized building blocks, both test scenarios of a set (RSPCP, MSPSP,
MSPSP-ov, MSPSP-It) have the same level of difficulty (size, number of relations

between tasks, boundary conditions by assigning a task to a worker). The blocks are

only combined in different order and the designations of tasks were modified to

ensure that effects of memorization can be excluded by processing both tasks in one

Table 2 Parameters for the RCPSP, MSPSP and MSPSP-ov
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set. The instance MSPSP-ov is dedicated here to the determination of the optimal

simultaneous execution of tasks with predecessor constraints. Thereby, the starting

times of tasks A8, A10 and A14 are restricted to a finite number of instants corres-

ponding to the starting time of the predecessor Pi of i (cf. Table 2). Table 2 shows

the information concerning the available workers (skill level, working time).

Very heterogeneous plans can arise from the routing of activity sequences (A3 to

A6 OR A7 AND A8) and the selected modes how the individual tasks are processed.

To solve one of the test scenarios the participants as well the evolutionary meta-

heuristic had to define the starting times of the activities (day, hour) and the task

modes which determine the durations and costs of the activities to be scheduled.

For the MSPSP-It the iterations “A”, “B”, “C” and “D” are integrated in the

model. Therefore, the tasks A5, A7, A8, A11 and A15 have to be iterated if a specific
assignment of workers to tasks is scheduled (Table 3).

4.4 Plan Quality

In order to quantitatively evaluate project planning, it is suitable to evaluate the

outcome of the planning phase, the project plan, instead of evaluating the planning

phase itself. The most common objectives for a project are duration, costs and

quality (Hans et al. 2007). In line with widely recognized findings, Hans et al. state

that it is difficult to simultaneously guarantee a short duration, low costs and high

quality (Hans et al. 2007). Therefore, the criteria optimality of a project plan is

given when all objectives are met to the greatest extent possible. However, a

significant number of projects is still unsuccessful or their realization is not efficient

(White and Fortune 2002). For example, many international high-profile projects

have not been finished on time and/or within the given budget (Feldman 2009).

Generally, the project planning and execution are listed as ‘failed’ if the original

budget is exceeded, the project ran late or the objectives are failed (Hartman and

Ashrafi 2004). Missing the expectations could be caused by plans with an inefficient

scheduling of tasks and resources or an incorrect consideration of boundary

conditions. Therefore, we believe that the two dimensions optimality and correct-
ness can completely describe the quality of a project plan.

The correctness of a plan is evaluated based on the number of errors of a plan as

well as the effect of an error regarding the further course of a project. This under-

standing is in line with Rasmussen’s generic error types of omission and execution

(Rasmussen 1987). An error is classified as an omission type when a required acti-

vity is not in the plan or one parameter of the standardized activity description

(e.g. activity duration, cost) is missing. The second error type results from a para-

meter that exists but which is invalid in terms of planning constraints. To quantify

the impact of an error, the minimum required numbers of adjustment steps neces-

sary to generate a valid plan are measured.

The optimality of a plan is operationalized by the degree to which the objectives

of the project are fulfilled. Therefore, we utilize three metrics: Euclidean distance
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(28), the dominance based hypervolume and the minimum required numbers of

adjustment steps to achieve an optimal project plan.

In each case the values for all objective functions (e.g. project duration, project

cost) are derived from the project plan computed by an algorithm or developed by

humans. These values are used for computing the minimum Euclidean distance of an

identified target vector to an efficient vector. Such a vector is efficient if it is not

dominated and if it is a solution along the Pareto Front. If a minimization problem is

considered, a vector f (I) dominates another vector f*(I) if no component of f (I) is
greater than the corresponding component of f* (I) and at least one value of f (I) is
smaller: f (I)� f* (I) (Zitzler et al. 2004). Clearly, the value of the computed minimum

Euclidean distance for a given plan i and an efficient vector j describes the level of
optimality for each objective function k of the scheduling problem (cf. Fig. 5):

dij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXK
k¼1

f
ið Þ
k � f

jð Þ
k

f
maxð Þ
k � f

minð Þ
k

 !2
vuut : ð28Þ

The second metric considered here, is the S-metric of Zitzler et al. (1999). It creates an

exhaustive order in the quantity of vectors f (I) due to the computation of a scalar fitness

value for each f (I). First, the known vectors f (I) are divided into sets of non-dominated

and dominated vectors. Two vectors f (I) are incomparable if each vector contains a

more advantageous component for one of the objective functions k (cf. Fig. 5). For each
vector f (I) the quantity of all other solutions are determined which dominate f (I). This
number represents the strength of a solution; a value of zero is the very optimum for the

target area. Afterwards, all f (I) with the same strength are sorted according to the first

objective k of vector f (I) (project duration). To achieve an exhaustive order, the

hypervolume for all vectors with an identical strength is calculated.

For a target area with two objectives f1, f2, k ¼ 2, the hypervolume ΔS is

calculated as follows (cf. Fig. 5):

Fig. 5 Metrics for the criterion optimality of a project plan (Tackenberg et al. 2012)
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ΔS x, Fkð Þ≔ f 1 Iiþ1ð Þ � f 1 Iið Þð Þ f 2 Ii�1ð Þ � f 2 Iið Þð Þ: ð29Þ
For a vector f (Ii) of the individual I the distances to the next inferior individual

f1 (Ii+1) regarding project duration as well as the next inferior solution regarding

project cost f2 (Ii-1) are calculated. As we are dealing with a multicriteria sche-

duling problem, this metric can been deemed as one of the fairest and most

useful existing methods for the evaluation of the optimality of a plan.

4.5 Variables and Hypotheses

In our experiments, the different variants of the planning problem are designated as

independent variables. Clearly, the difficulty of the planning problem differs in regard

to the number of tasks due to the possibility of an iterative execution of activities

(MSPSP-It) as well as variable precedence relations due to an overlapping of

acitivities (MSPSP-ov). All planning problems were solved by the three groups

humans, evolutionary metaheuristic and stochastic simulation. Subsequently, the
developed project plans form the basis for the evaluation of human competitiveness.

Testing the quality of a plan, the required time for developing an efficient project plan

becomes an independent variable. Whereas, the criteria for optimality and correctness

of a project plan are interpreted as dependent variables. The following hypotheses are

derived for analyzing the results of the laboratory experiment (Tackenberg 2016):

– H1: It is expected that project plans developed by the evolutionary metaheuristic

are human competitive.

– H2: It is expected that an increase of execution time (group: participants) leads to

a higher quality of the developed project plans.

– H3: It is expected that the participants have developed project plans which are

uniformly distributed along the known Pareto front.

– H4: It is expected that the participants have developed project plans which repre-

sent their intended weighting of objectives.

4.6 Statistical Analysis and Results

We assume that the project plans developed by the evolutionary metaheuristic are

human competitive for all variants of the observed RCPSP. In order to ensure com-

parability between the groups: humans, evolutionary metaheuristic and stochastic
simulation, for each planning task the average processing time of the participants

was set as a baseline. For the evolutionary metaheuristic and the simulation model it

should be mentioned that this time covers the parameterization of the XML-files and
the process of developing efficient plans.

For the investigated planning problems, the number of optimal plans of the

20 participants each is as follows: RCPSP: 16, MSPSP: 2, MSPSP-ov: 1 and

MSPSP-It: 2 (Tackenberg 2016). While the distribution of the objective function
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vectors within the target space is very heterogeneous, the Box plots of the criterion

for optimality are presented (cf. Fig. 6). The weak dominance of the plans devel-

oped by the MOEA compared to the solutions of the participants is statistically

confirmed by the exact Mann-Whitney U-test (U¼ 557.50, z¼�8.840, α¼ 0.01).1

Therefore, the null hypothesis H01 is rejected.

Consider the first front of each group for the planning problems given in Fig. 7.

For the RCPSP which is characterized by a 1:1 relation between resources and

tasks, all three groups fully identify the Pareto-Front. But, the extension of the

planning problem (MSPSP-II,MSPSP-ov,MSPSP-It) leads to deviating first fronts.
Clearly, the developed plans differ with regard to the distance to the known Pareto

front as well as the diversity along the Pareto front. Since the efficient plans of the

evolutionary metaheuristic meet all criteria for a later project implementation, the

algorithm wins the regulated competition against the human players due to a higher

achievement against the multicriteria objectives. Therefore, the project plans of the

evolutionary metaheuristic are unreservedly human competitive (criteria: H).
Due to our definition of an individual and due to the fact that a schedule related

to an individual is always feasible, the evolutionary metaheuristic as well as the

stochastic simulation model fully comply with the criterion correctness. With this

in mind, we evaluate the number of errors as well as their effect on the further

project course only for the project plans of the participants. The Kruskal-Wallis test

does not show a significant difference between the variants of the scheduling
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1The statistical analysis was conducted with the statistical software package SPSS Version 19.0.
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problem and the criteria for correctness; number of errors: χ2¼ 6.086, p¼ 0.193, df
¼ 4, effect of an error: χ2 ¼ 7.479, p¼ 0.113, df¼ 4. But it should be noted that the

developed project plans for the RCPSP contain the smallest number of errors.

The investigated planning problems differ regarding the extent of restrictions to be

considered during plan development. It must therefore be assumed that the variant of

the planning task may have an impact for the time, which is necessary for the

participants to develop such a plan. First, we use the Kolmogorov-Smirnov test to

show that the processing times are normally distributed. Second, an ANOVA is

calculated and a significant correlation is statistically proven (F ¼ 16.067, p < 0.001
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df ¼ 4), effect size: η2 ¼ 0.392. Third, we use the Games-Howell test to further

investigate the correlation. It is shown that the effect in particular results from the

differences between the RCPSP respectively MSPSP and the other variants of the

MSPSP. For the MSPSP we also have analysed if there is a correlation between

the required duration of the participants and the quality of the project plan. The results

are summarised in Table 4. Even though there is a statistically provable link between

the processing time and the plan quality, the observed effect must be regarded as weak

r < |0.4|. Aside from the results of the statistical tests, the chart in Fig. 8 suggests that

the hypothesis H2 must be rejected.

One hundred participants developed project plans for the MSPSP. But only
13 participants were able to identify a plan which is optimal with regard to project

costs and project duration and which also meets all further restrictions. Therefore,

to measure the distribution along the Pareto front which consists of 14 project plans,

each dominated plan was transferred into an efficient solution. This was achieved

by the smallest number of necessary corrections of a participant’s plan. With this in

mind, we expected a uniform distribution of the 100 plans (100 plans/14 efficient

plans¼ 7.14). The χ2 test yields on a level of less than 0.001 a significant difference

Table 4 Correlation

between the processing

time of the participants and

the quality of the project

plans

Optimality Euclidean distance r ¼ �0.246

p ¼ 0.014

Dominance based hypervolume r ¼ �0.229

p ¼ 0.022

Steps of correction r ¼ �0.220

p ¼ 0.028

Correctness Number of errors r ¼ �0.298

p ¼ 0.003

Steps of correction r ¼ �0.336

p ¼ 0.001
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between the observed and the expected values, χ2(1, N ¼ 100) ¼ 167.680,

p < 0.001, df ¼ 13. Therefore, the hypothesis H3 must be rejected.

Consider the distribution of the project plans given in Fig. 9, it is obvious that the

participants putting more weight on the minimization of the project duration.

Therefore, if a delay during a project progression occurs, there is no time buffer

available. With this in mind, a variance from such a plan leads inevitably to a

late project completion.

We also assume that the participants have developed plans which represent their

intended weighting of the objectives. Therefore, we assigned each project plan to

one of four clusters within the target space. We distinguish the following clusters

according to the weighting of the two objectives (project costs, project duration):

1. significant emphasis on minimizing the project duration,

2. significant emphasis on minimizing the project costs,

3. proper balance on a simultaneous minimization of the project duration and

project costs,

4. no targeted project plan development.

The graph below shows the relation between the self-assessment of the partici-

pants and the assignment to a specific cluster (cf. Fig. 10). To statistically investi-

gate this issue the χ2 test of Fisher is used. It verifies that there is no significant link
between the intended weighting of the objectives and the planned course of the

project (χ2(1, N ¼ 99) ¼ 3.612, p ¼ 0.417, df ¼ 4) (Tackenberg 2016). Therefore,

the hypothesis H4 must be rejected. Clearly, nearly all participants who focused on

a minimization of the project costs were not able to develop a plan with low cost.
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5 Conclusion

In the previous sections we addressed the development of project plans. We intro-

duced a project model to formalize the prospective description of a project imple-

mentation. The model enables the developed metaheuristic to identify human

compatible solutions for representative cases of the multicriteria project scheduling

problem. The algorithm was heavily influenced by the findings of Deb et al. (2001),

Emmerich et al. (2005) and Zitzler et al. (1999).

A laboratory study was carried out to evaluate the human competitiveness of

plans developed by the evolutionary metaheuristic. Thereby, all experimental

groups (humans, stochastic simulation model, evolutionary metaheuristic) have

received identical information regarding the scheduling problem. We investigated

several scheduling problems, which represent different variants of the RCPSP.
Comparing the plans identified by the MOEA and the humans, we observe that

there is a considerable difference regarding the procedure of developing and opti-

mizing the degree to which the project objectives have been met. Finally, we show

that the metaheuristic generates human compatible plans for real world resource

constrained project scheduling problems. Therefore, the approach offers project

managers a suitable technique for the quantitative comparison of alternative project

scenarios at an early planning stage. In fact, the laboratory study shows clearly that
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it is already difficult for humans to identify Pareto-optimal solutions for a resource

constrained project planning problem with 15 activities.

In future papers we will present optimization studies of more complex resource

constrained project scheduling problems. These problems will include workers with

heterogeneous working hours. In addition, further project objectives will be identi-

fied and investigated to improve our statements on the quality of plans. The results

to be expected will make an important contribution for the development of an assi-

stance system for project planning and management.
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Fields of Action for Work Design
in Industrie 4.0

Tim Jeske and Frank Lennings

Abstract

The proceeding digitalization in industrial context is named as transformation to

Industrie 4.0. This term has been presented to the public already 5 years ago and

was chosen to point out the meaning of the corresponding changes for industrial

production. Since then the term has become very present in media and is often

discussed controversially. To identify its perception in small and medium

enterprises—the main part of the German industry—a survey has been

conducted. Queried were nearly 500 participants in management positions

from the Metal and Electrical Industry. The survey’s results prove that the

term is very well known while its meaning is often unclear. Furthermore, it

was found that Industrie 4.0 is introduced preferentially in production, planning/

control, logistics, supply chain management and storage. These fields of usage

and the tasks characteristically performed within, indicate fields of action for

work design. Structured by informational and energetic work forms as well as

technical, organizational and personal aspects, many options for work design are

described in detail.
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1 Digitalization and Industrie 4.0

Digitalization is an ongoing process which already started years ago. Initial point

was the development of digital technology—especially the invention of the com-

puter. Since then the technology’s advancement can be illustrated according to

Moore’s law: The number of transistors per unit area in microelectronic

components is doubled every one and a half year (Eigner et al. 2012).

Today digital technologies are already present in private and in occupational life.

For Germany this means 83% of humans and 92% of companies are using

computers (in 2015; Statista 2016a, b). For producing companies digitalization is

also described as transformation to Industrie 4.0. This term refers to the previous

development of the industrial production and its major steps: The first step—

Industrie 1.0—was the invention and usage of the steam machine. Afterwards the

second step—Industrie 2.0—was characterized by the division of labor and

followed by the third step—Industrie 3.0—which describes automation by stored

program control (SPC) etc. Characteristic for Industrie 4.0 is digital information

management based on networking. This means gathering digitalized information,

processing them and providing them along the production process according to the

requirements of every single process section, workplace and employee. Due to that,

Industrie 4.0 is expected to increase productivity and lower costs. For example,

costs of complexity are expected to lower up to 70% (Bauernhansl 2014). The term

Industrie 4.0 was firstly presented to the public in 2011 at Hanover Fair, the world

biggest industrial fair.

Despite the expected advantages Industrie 4.0 is often discussed controversial

and the transformation is developing very differently: Some companies have made

large progress, while others have not yet started and are still searching for their

specific approach.

2 Approach

Due to that the “Institut f€ur angewandte Arbeitswissenschaft” (ifaa) conducted an

online survey within the German Metal and Electrical Industry. The survey aimed

on assessing the transformations progress and the companies’ requirements for

support. To do so 24 questions have been developed and assessed within a prelimi-

nary study. The introductory questions covered the characteristics of the sample,

such as age and function of the participants as well as the size of their companies.

The further questions can be grouped thematically and are examining the compre-

hension and importance of Industrie 4.0, the state of its implementation and the

expected development. Some of these questions where already used in a previous

study which was paper based and conducted from October 2014 to March 2015

(Jeske 2015). This enabled single comparisons in terms of a longitudinal study.

The survey was conducted all over Germany about 2 months from June to July

2015 by using the online platform SosciSurvey.
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3 Results

Altogether 498 participants took part in the survey. They specified their occupa-

tional task area in their companies mostly as management board, production or

personnel management. The age of the participants was predominantly between

45 and 59 years. Their companies’ size was mainly small or medium (<500

employees) (ifaa 2015).

It was found that 92.1% of the participants know the term Industrie 4.0. In

contrast to that, only 32.8% answered to have a clear (subjective) understanding of

its meaning. Compared to the previous survey the terms knowledge (previously

76.2%) as well as its understanding (previously 23.3%) increased (ifaa 2015; Jeske

2015).

The importance of Industrie 4.0 for the future in general was assumed as “high”

or “very high” by 88.4% of the participants (in the previous survey 76.1%).

Contrasting that, a “high” or “very high” importance for the future of the own

company was assumed by 69.1% of the participants (in the previous survey 60.5%)

(ifaa 2015; Jeske 2015). Accordingly, both importances have been assumed 15%

higher than before. The difference between the general importance for the future

and the importance for the future of the own company is constantly 27%.

Queried about their preferred field of usage for implementing Industrie 4.0, most

participants answered production (63.82%, previously 62.82%) and planning/con-

trol (55.00%; previously 59.88%) (Jeske 2015). These preferences were followed

by logistics (50.29%), supply chain management (36.47%), assembly (33.53%)

and storage (32.65%). The latter fields of usage allow no or only limited

comparisons to the previous results since the options for answering were more

detailed in the present survey. However, in the previous survey the fields of usage

related to logistics were also among the preferred fields of usage for implementing

Industrie 4.0.

The fields of usage in which most activities for implementing Industrie 4.0 take

place (see Fig. 1) correspond largely with the aforementioned preferences. Appli-

cation, introduction/rollout or piloting/testing area were stated particularly for the

following fields of usage: production (22.3%), assembly (17.0%), planning/control

(16.5%), logistics (15.7%) and storage (15.0%). Additionally, specific planning

was stated mainly for planning/control (15.8%) and production (14.6%). On

average about all potential fields of usage in 37% of the companies only general

information are collected. On the same average 38% of the companies state no

activities. While most companies state activities at least in one potential field of

usage, there are 15% of companies which state no activity at all—those are

completely inactive according to Industrie 4.0.

The activities for implementing Industrie 4.0 in all potential fields of usage have

proceeded in larger companies substantially more than in smaller ones. This can be

proven by significant correlations between the companies’ size and their activities

in every single potential field of usage (n¼ 286–304; rS¼ .120–rS¼ .262; p< .000–

p¼ .036; α¼ .05). This result is the same as in the previous survey: Also in this

survey significant correlations between the companies’ size and their activities
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showed that smaller companies are less active in implementing Industrie 4.0, while

larger companies have proceeded substantially more (Jeske 2015).

4 Fields of Action for Work Design

Since the term Industrie 4.0 is already very well known it is firstly important to

improve its comparatively low degree of understanding. A clear understanding of

Industrie 4.0 and its meaning for the future is necessary for being basis to explain its

large potential for work design. While the term is often described and discussed

very abstractly or academically, most examples of good-practice are only little

known. Therefore good-practices have to be made accessible to a broad general and

professional public—suitable for that are for example brochures as well as model

factories. This will make the transformations effects vivid and allows discussing

Industrie 4.0 referring to specific existing industrial applications instead of specu-

lative scenarios. Thus, the advantages of digitalization as well as related risks will

become more transparent. Furthermore, the transfer of good-practices between

companies will be facilitated. Consequently, the understanding of Industrie 4.0

should increase while the empirically found difference between the assumed future

importance in general and for the own company should decrease.

Generally a need-based work design is necessary in all departments of a com-

pany and hence in all potential fields of usage for Industrie 4.0. Due to the afore

presented survey and its results some fields of usage can be treated preferentially.

Those are the ones in which the transformation process has most proceeded:

production, assembly and planning/control. Within these fields of usage very

heterogeneous work systems are required since tasks to be performed there consist

Fig. 1 Activities for implementing Industrie 4.0 by fields of usage (sorted by inactivity)
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of directing as well as executing elements in different weightings. Therefore,

informational and energetic work forms as well as combinations of both have to

be taken into account. To do so, for both work forms a structured analysis by

technical, organizational and personal aspects is conducted. Additionally, the work

systems input and output have to be analyzed regarding the information transfer,

which is characteristically for Industrie 4.0.

4.1 Information in Industrie 4.0

The network of digital systems—the character of Industrie 4.0—enables a high

availability of information which is close to real time and leads to a high exchange

of information. The handling and mastering of the related amount of information is

a complex task. Therefore, specific measures and procedures have to be developed

which ensure an adequate empowering of employees who manage information. For

this purpose, there are two substantial technical approaches which are realizable by

cyber-physical systems: modularization and decentralization. Based on cyber-

physical systems information flows have to be organized to ensure that necessary

information is available at the right time at the right place in an appropriate form.

From a personnel point of view, employees require an adequate competency for

selecting information, for choosing communication media and for communicating

to avoid misunderstandings and misinterpretations in the high number of expected

exchange and coordination processes. This includes the capability for self depen-

dent handling of high information availability and accessibility, as they are possi-

ble, for example by e-mail or smart phones.

4.2 Informational Assistance

The design potential for supporting informational work results from the advance-

ment of technical opportunities to gather information, processing them and

providing them. In consequence many approaches arise for further reducing work-

load by cognitive relief.

4.2.1 Technical Approaches
Technical approaches for informational assistance comprise access to and illustra-

tion of information within the work process.

Digital representations of information without any paper are advantageous when

paper based documentations cannot guarantee appropriate topicality due to a high

frequency of changes on product or on process specifications. Additionally,

mistakes caused by using out-dated paper based documentations are avoided as

well as effort on creating those documentations or proving their topicality. For

clearly identifying, products or workpiece holders can be equipped with barcodes,

QR-codes or RFID-tags which are assigned to the related order. This allows

assigning and illustrating the orders current specifications digitally. To do so,
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inter alia displays or data glasses are applicable. In addition, information like task

descriptions or work instructions can be illustrated depending on the current

progress of an order. For this purpose also projection systems and augmented

reality techniques on data glasses, tablet computers or smart phones are suitable.

Thereby, the human’s current field of view or the current camera images are

complemented with information and virtual elements or superimposed by them.

This leads to a direct relation between the reality and the associated information.

For example, in the current research project motionEAP it is explored, how

information can be displayed directly into a workspace by means of a combined

camera and projection system. For this purpose, components to be joined shall be

color-coded or the necessary directions of movement shall be illustrated by appro-

priate indicators (e.g. arrows). Information is therefore presented depending on the

actual work situation. This also allows using such systems for quality assurance. If

mistakes occur, which can be detected by the camera system, a notice can be

displayed automatically and induce correction measurements. This leads to a high

level of quality and allows using mistakes directly for learning.

The information and communication technology helps also supporting mobile

work activities such as in the repair and maintenance area or in the field service.

Besides the various possibilities for contextual presentation of information here the

availability of product- or task-specific information is important. Searching for

specific details can often be done with database support which reduces the neces-

sary time and effort. Moreover, it is conceivable that information, which is based on

the recognition of the contents of a camera image, is combined with historical data

such as frequent malfunctions and possible solutions and is structured on a display.

These approaches require the digital availability of all necessary information. In

case of location-independent use also secure data connections with sufficient

bandwidth are required. The automatic situational provision of information relieves

humans from searching them. By linking information with objects e.g. by the help

of augmented reality or projection systems, also misunderstandings are prevented.

Finally the handling effort for paper-based documents is avoided; dependent on the

particular configuration of the assistance both hands can remain free to perform the

actual work.

4.2.2 Organizational Approaches
Organizational approaches for informational assistance facilitate planning and

coordination by taking many information into account and thereby enable

employees to handle large amounts of information.

Such a planning system can be used e.g. in the context of personnel scheduling

and serve to take into account not only criteria such as the presence and skills of

employees, but also the ergonomic conditions of each combination of employee and

workplace. In this way, a contribution can be done to the preservation of health as

well as to the human working capacity and performance (INQA 2005). For this

purpose, it has firstly to be determined which of the present persons can be assigned

to which tasks by taking into account the required and available qualifications/

skills. On this basis, human and task profiles can be used to apply established
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methods for the ergonomic evaluation of stress-strain situations such as the Key

Indicator Method (BAuA 2001, 2002, 2012) with computer assistance. An appro-

priate summary of the individual assessments’ results enables to determine assign-

ment combinations which lead to a minimal overall stress for the considered group

of employees (Jeske et al. 2014). If during this procedure the existing qualifications

are initially not considered, qualifying potential can be identified which enables a

further reduction of the groups’ overall stress.

A software tool for shift planning—often referred to as “shift-doodle”—has been

developed in the research project KapaflexCy; it is especially designed for the

coordination of additional shifts and is based on a participatory approach (Spath

et al. 2013). If additional shifts have to be assigned specific requests are sent to all

persons, which can be scheduled in principle, due to their qualification and

according to the regulations of the law on working hours. If the employees own a

personal smartphone and agreed to a related use, they receive these requests on their

devices. For all others corresponding terminals are located in the company. For

answering these requests, a company-specific adjustable period of e.g. 2 days has to

be specified. After this period, fixed rules are used for selecting employees out of

those who accepted the request and for notifying them. These rules can be tailored

to the specific needs of the company and can consider, for example, the current

balance of the working time account. In order to identify selection criteria and to

develop rules for applying them a close coordination with the works council has

been proven to be advantageous. In this way, operational and personal needs in the

shift planning can be coordinated with the help of the information and communica-

tion technology. A successful transfer of this approach on the regular shift planning

is expected to allow an improved consideration of the individual life situation of

employees (childcare, care of the elderly etc.). Thus, the access to the labor market

for persons who have to consider time restrictions is facilitated. In this context, also

the principles of ergonomic shift design such as rapid rotation and forward shift

change can be implemented in such a planning system.

Work tasks can be executed location-independently—e.g. in a home office or on

the road—if they are appropriate according to the required information, materials

and equipment. This is mostly the case for directing tasks, since their execution

mainly requires the handling of information. As a result, location-independent work

execution is only possible if a sufficient infrastructure exists, to transmit those data

between companies and employees, which are basis and result of the work.

Thereby, a sufficient data transmission infrastructure is characterized by availabil-

ity, transmission speed (bandwidth), and data security. In contrast to directing tasks

execution tasks usually require appropriate material and equipment, therefore a

location-independent execution is usually impossible. Against this background,

location-independent work execution is inter alia already applied in the field of

remote maintenance and remote control. The flexibility related to location-

independent work execution facilitates the access to the labor market for persons,

who are limited in their mobility due to their life situation or due to personal reasons

and thus are limited in their regional choice of a workplace.
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Since both the improved shift planning as well as the location-independent work

execution facilitate the access to the labor market, these approaches contribute to

lessen the expected reduced number of economically active persons and the related

lack of specialists which are caused by the demographic change. A combination of

both approaches arises when periods of joint presence in the company are coordi-

nated and other tasks are carried out in the home office or location-independently.

In this context, in principle, also a division of the workday into periods with

presence in the company and in the home office is imaginable. Thereby, also the

individual circadian rhythm might find a better consideration.

The software-based combination and handling of information relieves working

persons who are performing the related mostly complex planning tasks. Besides this

a relief is expected due to high data availability for the described temporal and

spatial flexibility of work execution.

4.2.3 Personal Approaches
Personal approaches for informational assistance aim on processing and presenting

adequate information for facilitating decisions as well as for supporting creativity

and learning.

Comprehensive information about a production system and the current status of

the order processing, can be used in case of errors—that occur despite predictive

maintenance—for developing and evaluating action alternatives based on

indicators such as OEE or adherence to delivery dates. This is very important

since in such cases decisions about action alternatives usually are of great conse-

quence and have to be made under time pressure. For the necessary simulations

historical data can supplement current information to improve the validity and

reliability of the simulation results. Historical data are for example specific set-up

times or cycle times of individual processing stations as well as statistical informa-

tion about the likelihood of their adherence.

Historical data can also be used to support the work of design engineers. For this

purpose, potentially usable repeat parts can be identified and proposed automati-

cally based on a current construction progress. Equally, specific errors that occur in

production or assembly of certain components can be visualized to implement

appropriate changes in the current design. The effort for manual search of repeat

parts and unnecessary new designs as well as the consequences of design mistakes

can be reduced in this way.

A further prevention of mistakes can be realized if the systems for displaying

orders and instructions which are already described in Sect. 4.2.1 show information

not only in dependence of the current progress of the work, but also in dependence

of the individual knowledge and experience of the employee. This allows varying

the amount of information which will be displayed for the next step accordingly:

Employees with little experience in the execution of a specific task receive detailed

information and are thus protected from overstrain, while employees with a lot of

experience in the execution of the same task are protected against underload by

giving them relatively little information limited to key aspects such as a custom

variation of a usual standard. Combined with the immediate feedback of mistakes
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(see Sect. 4.2.1) and matching assistance, a highly individualized learning within

the work process is enabled and encouraged; thereby, the amount and detail of the

information displayed is reduced stepwise, depending on the learning progress.

In this context, the support system for personnel scheduling described in

Sect. 4.2.2 can also be extended to ensure the required knowledge and a high

degree of training for specific work tasks by assigning them to each employee at

the latest after a fixed period of time.

As shown by the example of simulation-based decision support the processing of

existing information can contribute substantially to cognitive relief in complex

decision situations. Likewise, information is useful for designing learning within

the work process as well as for supporting the preservation of knowledge and a high

degree of practice.

4.3 Energetic Assistance

The design potential for supporting energetic work results from the technical

advancement in general combined with the advancement of information technology

(especially gathering and processing). In consequence many approaches arise for

further reducing workload by physical relief.

4.3.1 Technical Approaches
Technical approaches for energetic assistance comprise systems to which complete

tasks can be transferred and thus allow a complete removal of the regarding

workload.

For example, simple transport tasks can be transferred completely to driverless

transport systems. In contrast to systems used today, the future use of such aids shall

be considerably simplified and thus become more flexible. For this purpose, it is

analyzed in the research project “FTF out of the box” how setup efforts can be

reduced and how the assignment of tasks can be simplified. To that, those systems

shall be set up without leading marks in or on the ground and shall accept transfer

orders on call or through gestures (Dohrmann et al. 2014). The latter simplifies not

only the daily use, but also the required training measures for their implementation.

A technical support for inventory tasks can be realized by combining the use of

RFID tags with the operation of autonomous flying robots. For this purpose, within

the research project “InventAIRy” storage stocks are equipped with RFID tags so

that they can be identified contact-free. Thus, robots autonomously flying through a

storage can combine their own position with the position of detected RFID tags

which allows a systematically capturing of stock grounds and stock inventory.

Assuming appropriate airworthiness and weather conditions, such flying robots

can in principle also be used outside of storages and capture the inventory of mostly

ample external storage areas. In this way inventories can be carried out continu-

ously and ensure the timeliness and accuracy of booked inventory.

Both approaches show how simple tasks can be transferred to technical systems.

As a result, employees are relieved from monotonous and partly physically
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demanding work tasks as well as overstressing of the musculoskeletal system is

prevented.

4.3.2 Organizational Approaches
Organizational approaches for energetic assistance reduce workload by transferring

elements of tasks to a robot by implementing a human-robot collaboration.

Thereby, the specific strengths of humans and robots can be combined selectively.

For example, the welding of components requires a precisely positioning to

ensure a high-quality welding seam. This element of the task is suitable for the

transfer to industrial robots, since they have both a high positioning accuracy as

well as a high load capacity which is required for heavy components (Busch et al.

2012). In addition, robotic systems may vary the position of the pre-aligned

components, depending on the progress of the welding process. Thus, for example,

the weld seam on a pipe can be performed completely in the flat position which is

favorable for welding. Thereby, the employees task is to handle the welding

machine on the basis of his dexterity and his specific welding experience. For

example, the employee can derive measures to improve the welding process or its

results based on the characteristics of the occurring arc.

To ensure the employees safety against collisions while using this form of

collaboration even without enclosure or fence around the robot, a variety of

information is required. This information is considered for controlling the robot

and does not only affect the work task to be performed, but also the current

positions of human and robot. Besides avoiding collisions also approaches are

implemented to limit the consequences of collisions for humans. For this purpose,

inter alia lightweight robots are suitable; they are characterized by a lower load

capacity than conventional industrial robots and a lower mass which leads to a

lower risk potential.

Thus, the human-robot collaboration can substantially contribute to relieve

employees and their musculoskeletal system from monotonous and physically-

demanding task elements. This concerns not only the described positioning of

heavy components for welding, but also the provision of items from bulk containers

and other transport containers or screw driving. Thus overstress and its

consequences are prevented.

A further contribution for relieving the musculoskeletal system can be realized

by using the already described support system for personnel scheduling with

consideration of ergonomic evaluation methods (see Sect. 4.2.2). For this purpose,

rotation principles are to be developed which propose task assignments by exclud-

ing the current/last assignments. This leads to a systematic and regular change of

stress-strain situations.

4.3.3 Personal Approaches
Personal approaches for energetic assistance have to be chosen when the design of a

task cannot be improved and neither the complete task nor elements of the task can

be transferred to a technical system (mostly a robot). In these cases, exoskeletons

can be appropriate.
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Exoskeletons are energetic support systems that can be worn as outboard

skeleton on the body and are used to hold loads in place of the human skeleton.

Some of these systems use an additional energy source and are suitable to not only

relieve humans, but also to expand their abilities—for example, to allow the lifting

of heavy loads. An exoskeleton designed as a sitting aid is currently tested in the

automotive industry (N€ordinger 2015). For this purpose, the exoskeletons structure
is designed to be worn on the back of the legs (also while walking little distances)

and can be fixed in certain positions in order to serve as a seat.

The physical assistance by exoskeletons relieves employees and helps preserv-

ing their working capacity and performance. In contrast, an expansion of human

abilities through exoskeletons with additional/external energy source does not

necessarily lead to a relief; therefore, it has to be examined in each individual

case—also regarding long-term effects.

5 Summary

Based on two surveys conducted with professionals and executives in the Metal and

Electrical Industry it was shown that the knowledge and understanding of the

concept of Industrie 4.0 have raised within approximately 6 months. Equally, the

estimated importance of the topic has increased.

Since the understanding of the term is still low and the importance for the own

company is estimated often lower than the general importance, there is continu-

ously a high demand for explanation of the terms contents as well as for illustration

by means of transferable practical examples. Industrie 4.0 is currently implemented

mainly in the fields of production, assembly, planning/control and logistics, so that

this results in priority fields of action for work design.

In light of networking and high availability of information which are character-

istic for Industrie 4.0, employees require competencies for communication and

media usage to proper handle large amounts of information. The handling and use

of available information can be supported substantially by appropriate informa-

tional assistance systems. These systems generate solutions for specific problems

based on transparent function and specified rules, which have to be checked, if

necessary also changed and finally released by responsible employees. Addition-

ally, a situational and possibly contextual provision of selected information can

contribute to improving work processes. Besides this, the availability of informa-

tion is also useful for supporting energetic work forms. For this purpose, informa-

tion is used for controlling technical assistance systems such as automated guided

vehicle systems or the human-robot collaboration.

To select context-appropriate assistance systems for supporting informational as

well as energetic work form especially small and medium enterprises need appro-

priate guidelines. This also applies for identifying required skills necessary for the

implementation and use of assistance systems.

Since digitalization respectively the transformation to Industrie 4.0 is a very

dynamic process further research is necessary for designing the transformation
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process by developing adequate solutions which are adapted to the digitalization’s

actual progress.
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Skilled Workers: Are They the Losers
of “Industry 4.0”?

Georg Sp€ottl

Abstract

We are currently experiencing a re-orientation towards industrial work under the

keyword “Industry 4.0”. The structural change towards a service economy,

proclaimed in the twentieth century, has been caught up by the industry. The

share of the industry in terms of gross value added has been comparatively stable

in Germany since the 1990s and today amounts to around 25% (cf. Ahrens and

Sp€ottl, Digitalisierung industrieller Arbeit, Edition Sigma, Baden-Baden, 2015;

Bauernhansl, Industrie 4.0 in Produktion, Automatisierung und Logistik.

Anwendungen—Technologien—Migration, Springer Vieweg, Wiesbaden,

2014, p. 7). “Industry 4.0” has become a new key term in the context of the

“Future of the World of Work”. There are a number of considerations and

activities and a stepwise increasing use of Cyber-Physical Systems (CPS) in

order to accelerate the implementation of “Industry 4.0”. This has a considerable

impact on the skilled employees, above all on skilled workers, master craftsmen

and technicians. One of the central questions is whether this group of employees

will still find its place in tomorrow’s “intelligent” and digitalized production.

This question will be discussed in this article.
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1 Introduction

Within the context of “Industry 4.0” it cannot be denied that work organization and

work processes will change along with proceeding automation and real-time-

oriented control. The same is true for work contents and the interaction and com-

munication between man and technology. So far there are no empirical findings on

how the work task and competence profiles are likely to change as soon as pro-

duction processes will be even more digitalized and decentrally controlled and

closely networked with the help of “Cyber-Physical-Systems” (CPS) and intelligent

work pieces will be able to organize their way within production on their own

(Ahrens and Sp€ottl 2015; Bauernhansl 2014, p. 7).
In spite of the currently observable bias on technological developments in the

context of “Industry 4.0”, the employees will be the pivot for a successful imple-

mentation. In order to identify the impact of the implementation of “Industry 4.0”

on skilled workers, reference will be made to the findings of a study published by

bayme vbm in spring 2016 (cf. bayme vbm Studie 2016).

2 Aims and Core Areas of the Survey

The basic aim of the survey was the identification of changed competence demands

for employees on the “shop-floor” level and on the middle employment level of the

manufacturing metal and electrical industry. Thus the focus was on the qualification

requirements for skilled workers without an academic education and those on the

middle qualification level. The results of the survey also provided recom-

mendations to tackle the question whether a new shaping of occupations in produc-

tion and/or occupational profiles should be initiated and what they should focus

on. Furthermore there are recommendations for the shaping of production work in

the context of “Industry 4.0” for companies and qualification institutions.

The survey started from the future role of skilled personnel. It raised the question

whether an increasingly “individualized production” would also make the work

tasks more demanding in terms of technology, organization and communication.

Which consequences would this development have for employees below the aca-

demic employment level? The following central questions were in the center of

attention:

1. What are the current and future changes triggered by the introduction of the

principles of “Industry 4.0” in the manufacturing industry? What is the scope of

these changes? How many employees will be affected in the future? What are

the requirements for dealing with the control of intelligent production processes?

Will IT- and production competences consolidate?

2. Which impact has the introduction of networked and dynamic production pro-

cesses on qualification, competence and occupational profiles as well as on

skilled workers, master craftsmen, and technicians of the manufacturing metal

and electrical industry?
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3. Which competences are necessary to work in highly automated, networked pro-

duction systems? What are the consequences of these changed forms of

work organization? Are new forms of “knowledge and skills” necessary?

4. Which requirements are imposed on skilled personnel by companies of the

metal and electrical industry in order to be able to implement the potentials of

“Industry 4.0”.

5. What are the relevant occupational profiles and further training profiles that will

be getting in touch with the principles of “Industry 4.0”? Which shaping

principles for occupational profiles and curricula can be derived?

The survey in the described field of application had a multi-level design and was

based on making use of qualitative instruments from vocational and social sciences

(cf. Becker and Sp€ottl 2015; Windelband et al. 2012). In detail: expert interviews,

case studies, and expert workshops. The survey aimed at identifying changes on

production level and consequences resulting thereof for the shaping of occupational

and competence profiles. The concrete background for the survey were findings of a

study on the “Internet of Things” (IoT) in the fields of logistics and industrial pro-

duction, funded by the Federal Ministry for Education and Research

(Bundesministerium f€ur Bildung und Forschung—BMBF) (cf. Abicht and Sp€ottl
2012). On the other hand the study is based on findings from a current study in the

metal and electrical industry on the implementation of “Industry 4.0” and its conse-

quences for skilled work which was conducted under the author’s guidance in the

years 2015 and 2016 (cf. bayme vbm Studie 2016). The epistemological interest

sketched below was pursued with the applied instruments:

(a) 15 expert interviews with experts from different areas of industry, science, and

vocational education and training helped to identify the state of the techno-

logical development up to “Industry 4.0” and digitalization. The interviews

showed the changes of skilled work that are to be expected or are already

reality and their consequences for qualification.

(b) With the aid of six case studies conducted in various enterprises and selected

sectors of the metal and electrical industry, current developments in techno-

logy, changes in work organization as well as work tasks for skilled work were

identified. Statements on future requirements for qualifications should be

generated. The case studies were also meant to reflect an image of the

“sector’s” state of development in terms of “Industry 4.0”.

(c) In two expert workshops changes on the companies’ shop-floor levels and

changes in the ordinances were discussed. It was important to open up differ-

ent interpretations, to clarify real existing and different initial positions and

orientations and to validate the findings of the survey. The findings generated

insights which allowed for making decisions on the consequences and shaping

options in vocational education and training.

(d) A third workshop with further training experts discussed how in-firm and

external further training measures could ensure that skilled workers are swiftly

prepared for the requirements of “Industry 4.0” in a target oriented way.
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The epistemological interest aims at tangible developments on the shop-floor in

order to identify the real challenges for the skilled workers. Macro-analyses have

not been carried through on purpose. On the one hand they are already available. On

the other hand the identification of general interconnections of social, technological

and work organizational dimensions will as a rule not reveal the concrete require-

ments for skilled workers at the plants. The study thus aimed at discovering the

requirements on a micro-level, on the shop-floor, in order to gain insight into a

new shaping of vocational education and training and its curricula.

3 The State of Implementation of “Industry 4.0”

First and foremost the question shall be answered: How far have companies

advanced with the implementation of “Industry 4.0”? Many research projects on

“Industry 4.0” have been launched in Germany only in the last few years. Therefore

a general statement across all branches is currently not yet possible.

In order to assess the diffusion depth of “Industry 4.0” and thus its presence in

companies of the metal and electrical industry, the authors of the bayme vbm Studie

(2016) have developed an instrument for the assessment of the diffusion of tech-

nology and work organization. The former encompasses seven technology dimen-

sions such as sensor technology/actuating elements (networking CPS), networking

(entire value added chain), radio technology (communication), Big Data (data

analysis), Cloud Computing (date storage, data speed), work place intelligence

CPS (share of man and technology) up to data safety (data sovereignty). Within

expert workshops, each of these dimensions was assessed by experts with a view to

diffusion depth of “Industry 4.0” in companies. The result (cf. Fig. 1) is the

midpoint value of all experts. Thus a reference system was created which allows

1

2

3

4

Sensor technology/
actuating elements

Networking (entire
value added chain)

Radio technology
(communication)

Big Data (data analysis)
Cloud Computing (data

storage, data speed)

Work place intelligence
CPS (share man-

technology)…

Data safety (data
sovereignty)

Experten

Experten

Fig. 1 Diffusion steps of technologies—assessment by experts (Source: bayme vbm Studie 2016,

p. 59)
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for a clear-cut characterization of the development steps towards “Industry 4.0”

related to the dimensions of technology (cf. bayme vbm Studie 2016, p. 56). The

result presented in Fig. 1 indicates the implementation depth of “Industry 4.0’s”

technology as assessed by the experts.

Figure 1 also indicates that sensor technology and actuating elements have

reached the highest markedness. This means that the communication of the CPS

via digital communication devices has already been networked within the value

added chain and that this is highly relevant for the level of skilled work. A minor

rating—markedness level 2—was assigned to the dimension of Cloud Computing.

Data storage has so far mostly been taken care of by the companies themselves and

still has a considerable potential for development. Both radio technology and work

place intelligence were also low-rated. The reason for the low rating of work place

intelligence could lie in the fact that it is just being implemented at an early stage.

Data safety is an issue linked to a lot of trust which can apparently not yet be

guaranteed.

The dimension of work organization—Fig. 2—is described by six dimensions,

such as: process organization (across the entire value added chain), process safety

(availability), process efficiency/process optimization (human-machine interface),

process experience (experience knowledge), process quality (failure recording) and

process understanding (within the value added chain). Similar to the technology

dimensions, these dimensions were also rated by experts during expert workshops

with a view to the diffusion depth of “Industry 4.0” in companies. The recorded

result (cf. Fig. 2) shows the midpoint value of all experts. This result must also be

conceived as a reference system which allows for a clear-cut characterization

towards the development of Industry 4.0 with a view to the dimensions of

1

2

3

4
Process organisation

Process safety

Process optimization

Process experience

Process quality

Process
understanding

Experten

Experten

Fig. 2 Diffusion steps of forms of organization—assessment by expert (Source: bayme vbm

Studie 2016, p. 70)
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organization (cf. bayme vbm Studie 2016, p. 70). The result shown in Fig. 2 thus

depicts the implementation depth of dimensions of work organization of “Industry

4.0” as rated by the experts.

The experts rated the dimensions of process understanding and process quality

very favorably—with 3.4 and 3.6 respectively within the development steps 1 to

4. This means that the process understanding is rated to be very comprehensive and

must be mastered by all skilled workers across all work processes. Process quality

reveals a similar picture. Here the companies are increasingly moving towards a

zero-fault production by making use of real-time data. Both dimensions are rated in

a sense that they are highly relevant for the skilled workers’ level and have to be

mastered.

The dimension of process optimization is, however, rated lower although it is an

important task for the skilled worker. Indeed the machine and the technology

respectively as a supporting tool are also taken into consideration. Another conclu-

sion would be that companies still have a long way to go for an autonomous optimi-

zation of the production processes by “Industry 4.0” technologies. This is, however,

contradicted by the high rating of process organisation. The diverging rating could

be explained by the assumption that organisation is seen as a general task for skilled

workers whereas optimization is closer related to “Industry 4.0”. A high rating is

also given to process safety as a dimension of basic importance.

So far it is evident that companies are increasingly dealing with “Industry 4.0”

technologies and are further developing the forms of work organisation. The

development steps of the individual dimensions are, however, marked in a very

different way. Companies are facing a great challenge to create a complete net-

working across the entire value added chain, starting with the suppliers and ending

at the customers. Interface problems caused by different data formats and data

security are playing a major role with the implementation of “Industry 4.0” techno-

logies in companies. Due to the high relevance for a well-functioning production,

solutions for these problems are only cautiously pursued.

4 Overview of Challenges

Based on surveys in companies (case studies) and expert interviews (cf. bayme vbm

Studie 2016), the challenges resulting from the implementation of “Industry 4.0”

can be summarized as follows:

1. Skilled workers, master craftsmen, technicians, i.e. persons with an occupational

technical education and training and corresponding further training should be

qualified for specializations relevant for “Industry 4.0”. They must be able to

master processes in their complexity and to safeguard a flawless operation of

plants.

2. The mastering of networked systems with decentralized intelligence, the ability

to deal with data and their analysis as well as the ability to safeguard a flawless

operation of the plants count among the most important requirements for work
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on production sites. Apart from this, it is of course expected that the still existing

traditional tasks for skilled work are also still coped with.

3. The so-far setting of priorities on general questions of “Industry 4.0” have to be

extended by technological priorities (CPS), by issues of work organization, by

questions of work design, data security, programming techniques, trouble shoot-

ing and problem solving with the aid of assistance systems and data analysis

(cf. bayme vbm Studie 2016, p. 3f).

The software technical networking and its related CPS elements are conti-

nuously becoming prevalent. Along with the increasing diffusion of “Industry 4.0”,

plants and machines must therefore be conceived and handled by starting with

• networking,

• CP-systems,

• the software and

• their embedding into processes.

Thus the interaction between man and machine is changing considerably. This is

underlined by the more intense use of image processing, the transfer of information

via visual processing in different user appliances, the use of videos and of audio-

visual language etc.

In other words: Context related data are dominating which provide information

on plants, production processes and process operations. With the aid of integrated

sensors and actuators the behavior of machines is controlled, analysed, and docu-

mented. The collected data are processed into information for the plant operator, the

workman, the skilled worker. The collected data form again the basis for tools

which have to be used by skilled personnel according to the situation (cf. bayme

vbm Studie 2016, p. 3f).

This amounts to the question of how “Industry 4.0” will change the organi-

zational processes and thus the hierarchies in companies. There are not many

unambiguous research findings available in literature. Therefore it still remains

vague how certain decision making processes will change on the skilled-worker-

level. Is there still room for co-shaping by human beings in “Industry 4.0” or will

“Industry 4.0” promote a “Taylorism 4.0”? The developers and the drivers of the

idea “Industry 4.0” keep on underlining that they are aiming at a cooperative

interaction between all levels. Humans should be given the chance to exert influ-

ence on the shaping of their work within production. The working group “Industry

4.0” comments:

The Smart Factory contains opportunity structures for a new work culture which is oriented

towards the interests of the persons employed. [. . .]Neither technology nor technical

constraints should decide on the quality of work but scientists and managers who will

shape and implement the Smart Factory. What is required in this context is a socio-

technological shaping perspective within work organization, further training activities, as

well as technology and software architectures with a close mutual coordination. They

should be “seamless” and focus on enabling intelligent, cooperative, self-organized
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interaction between the persons employed and/or the technical operation systems along the

entire value added chain (Kagermann et al. 2013, p. 57).

5 Changes on Skilled Worker Level

5.1 The Situation of Skilled Workers: Employment Situation

The development of “Industry 4.0” towards digitalization and its impact on the

workforce has been surveyed in several studies (cf. Hammermann and Stettes 2015;

Schumann et al. 2014; Wolter et al. 2015) and with different objectives. The results

of the studies show that the current state of the implementation of “Industry 4.0”

does not yet allow a reliable determination of the development of the need for

skilled workers. However, all findings of the studies agree upon the fact that

employment opportunities for low-qualified workers will decrease along with the

implementation of “Industry 4.0”. A higher need of companies for trained skilled

workers and academically qualified staff is predicted. The mentioned figures were,

however, only rarely collected in an empirically valid way.

Based on our own surveys, the following tendential statements on the future

need for skilled personnel can be summarized as follows (cf. bayme vbm Studie

2016, p. 44):

1. Trend A: Companies without “Industry 4.0”.

No changes in direct production, however, in indirect production (e.g. work

places for the future implementation of “Industry 4.0”).

2. Trend B: Companies with a low “Industry 4.0” depth.

Stagnation or a slight increase in highly qualified skilled personnel such as

skilled workers, master craftsmen, and technicians as well as a noticeable

increase in productivity.

3. Trend C: Companies with high “Industry 4.0” depth.

Increase by 20–30% in the upper qualification level (well-qualified skilled

workers, master craftsmen, technicians . . .).
(Substantial) reduction of low-qualified workforce (semi-skilled and

unskilled).

These trends show that skilled workers with a high-quality initial and further

training oriented to “Industry 4.0” will probably have very good employment and

career opportunities. This is contradicted by some experts who state that the skilled

worker will be chanceless or even at risk due to the developments towards “Industry

4.0”. Nevertheless this group competes against academically trained persons when

it comes to planning and conceptual tasks. As for other tasks such as trouble

shooting and repair, putting into operation and setting-up as well as maintenance

and repair, skilled workers with an occupational training in metal or electro-

technology with focus on software based networking on the shop-floor cannot be
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replaced and are highly valued, ever more if they have 3–5 years’ professional

experience. The case studies underpinned that this is above all rated favorably by

companies with highly complex plants. Latest with the putting into operation of

plants, skilled workers with their occupational training can safeguard a continuous

operation of the plants, provided they have already learned “to start thinking from

the software” (bayme vbm Studie 2016, p. 44).

The statements of worsening employment opportunities of semi-skilled and

unskilled workers in our survey match the statements given in other scientific

studies. This group does not have the competences required for work at complex

high-tech plants. This target group makes up for about 15–20% of the production

workforce in the metal and electrical industry according to region and branch and

seems to be the loser of the development of “Industry 4.0”.

5.2 Challenges for Occupational Profiles

Apart from results on the diffusion of “Industry 4.0” technologies and forms of

work organization, further results are available regarding the changes of skilled

work on the shop-floor level. These changes have a considerable impact on occu-

pational profiles and will be sketched below.

5.2.1 Empirically Identified Changes
These changes concentrate on:

• Plant maintenance, reading and interpreting of operational data of plants, error

recovery in sensor technology and actuators (mastering signal processing).

The handicraft tasks such as a change of chucks, machine refitting, [. . .] coping with service
and repair tasks will prevail (Case A).1

There will be additional new tasks—they are strongly influenced by the electronic

networking (Case E).

• Trouble shooting in highly complex plants which are networked with other

machines/plants.

• Mastering of precise analysis of causes of malfunction (reading out live machine

images, their assessment and deciding what has to be done).

• Acquisition of knowledge via the Internet, handbooks, data sheets, knowledge

forums.

[. . .] we are responsible for material feeding as well as for the repair of mechanical

malfunctions. If the problems turn out to lie deeper, e.g. in the electrical system, we have

an electrical service team on site. [. . .] This means that we as mechanics have no access to

electrical control cabinets. We need the on-site service team for that. There is also service

1References are case studies in different companies.
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personnel available for programs with camera systems. [. . .] We keep the entire machine

running. Malfunctions caused by SPS are malfunctions we can repair. (skilled worker)

• Autonomous support of process optimization, safeguarding the search for infor-

mation and contributing ideas for improvement based on every-day work.

• Hybrid managing of tasks by skilled workers at the plants (mechanical, electri-

cal, and software-based tasks).

You have to know your job, which processes are dealt with at the individual stations, how

work is dealt with, mechanically, electrically [. . .]. Which kind of spare parts are used. And

then you need training for each malfunction you are supposed to repair—training in

pneumatics, hydraulics, mechanics, electrics [. . .] (skilled worker).

• “IT competences” and especially network technology, router configurations,

firewall technology, separate networks, network translation, identification of

malfunctions, understanding processes, integration and real-time synchroni-

zation of processes along the product life cycle.

Increasing networking can also be witnessed in island production. The employee’s role is

changing towards monitoring tasks. The utilization of machines and quality are becoming

more and more important. Employees are being trained for IT-control—for the new instal-

lation of production islands. (Case E)

• Data analysis and interpretation are playing a most dominant role—Hazards:

Variety of data (Big Data) and data processing for the work process are

increasing.

Sentience is suddenly shifted to the software (production manager).

Machine operators must not only know how these plants are switched on. They must also be

able to read the data displayed on the monitor and to interpret them in order to draw

conclusions. (Case H)

• Conducting parametrizing tasks is part of the range of tasks.

• Experience with mechatronic plants is an important prerequisite for the imple-

mentation of “Industry 4.0”.

5.2.2 Generic Occupational Fields of Action in “Industry 4.0”
The sketched empirical results underpin changes in coping with tasks by skilled

workers below the academic level. Based on the identified changed work require-

ments, nine generic occupational fields of action relevant for “Industry 4.0” were

generated from the empirical fields of action and will described below.

These “generic” occupational fields of action underline “the new” relevant for

metal and electrical occupations due to “Industry 4.0” and the related CPS. Below is

a description of the changes in the form of occupational fields of action.
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Definition: Generic Occupational Fields of Action: “Industry 4.0”
A generic field of action in Industry 4.0 is a field of tasks for skilled workers

extended by “Industry 4.0” which has been identified with the help of empirical

studies in companies. After the implementation of Industry 4.0, companies have

partly already reached an advanced stage. A generic field of action describes new

requirements and tasks within a field of tasks (e.g. plant monitoring) typical for an

Industry 4.0 environment.

The overall nine generic fields of action which could be generated represent a

reference system which helps to describe and characterize the new conditions based

on “Industry 4.0”, i.e. what has actually changed. The reference system can be used

to check whether existing occupational profiles should be changed and established

in order to include them into vocational education and training.

Description of the Generic Fields of Action: Plant Engineering
The planning of new automated plants is first and foremost a task for engineers.

However, companies are increasingly assigning these tasks to mixed teams includ-

ing specially qualified skilled workers. Together with the engineers they must select

plants suitable for production. An important issue is the fact that skilled workers are

confronted with the networking of plants at a very early stage. Within the frame-

work of the planning process they can already acquire knowledge of the function of

the plants and options for networking which they can later use to ensure the oper-

ation of the plant as well as for troubleshooting. Planning processes are increasingly

simulated with the help of Virtual Reality. Virtual Reality allows the imaging of a

realistic production system in order to simulate the behavior of the cyber-physical

production system and to explore it in an interactive way.

Target perspective: Simulation of plants.

Plant Installation
The installation and refitting of automated networked plants mostly assigns coordi-

nating tasks to engineers while skilled workers take care of the actual technical

installation. With the help of the engineers, they learn the exact interrelationships

and functions of the individual work steps at the plant and their integration into the

overall production process.

The network structures within the value added chain and the use of sensors and

actuators are exactly planned and realized. It is also important to consider all

preceding and subsequent processes and to make sure that all data important for

the overall process (programs, interface configurations, statistical data, data for

quality check and networking) can also be processed by skilled workers.

Target perspective: Plant networking.

Set-up of a Plant and Putting it into Operation
Plants must be set up prior to their putting into operation. Tasks such as e.g. the

setting of a zero point, calibration, the balancing of the start position, a disruption-

free data transfer, the correct display of data on the control monitors are tasks that

are taken care of by skilled workers, supported by engineers.
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The putting into operation of automated plants and their networking is done in

close cooperation between engineers and skilled workers. The engineers have to

ensure that the necessary programming functions and interfaces within the produc-

tion system are working flawlessly. The skilled workers, on the other hand, must

make sure that all mechanical, hydraulic, pneumatic, electrical and electronic

functions are safeguarded so that the plant can operate flawlessly and that it can

be integrated into the production network.

Target perspective: Ensuring the data availability of sensor, actuator and process
data in production systems (PPS, MES, SCADA, ERP, SAP).

Plant Monitoring
The monitoring of plants—also of several plants simultaneously—counts among

the important tasks for skilled workers. Above all the flawless operation of plants

must be safeguarded. This means that the available real-time data must be conti-

nuously monitored, analysed and evaluated and the overall operation of the plants

must be monitored and corrected if necessary. The monitoring of noise generation

by machines is as important as data providing information on production monitor-

ing and production quality within the production processes and the products to be

manufactured.

Target perspective: Monitoring, analyzing, and evaluation of real-time data.

Process Management (Visualization/Monitoring/Coordination/Organization)
Another important task for skilled workers in terms of plant surveillance and plant

operation is to safeguard continuous process flows. This means that skilled workers

must continuously monitor processes. In case of identified malfunctions they have

to repair them immediately or to suppress them altogether by preventive

maintenance.

One of the most important prerequisites for these tasks is an overview of the

entire plant control, a sound knowledge of the functions, the flow and the operation

of the plant as well as closely watching the monitoring systems. The skilled workers

must be able to read, analyse, and interpret data transmitted via these systems.

Target perspective: Guarantee process safety by process monitoring and repair

of malfunctions.

Data Management (Dealing with Operational Data/Access to Software/
Parametrization/Programming)
Reading, analyzing, and processing of machine data and their preliminary data is

another important task for skilled workers. Data are most important for the setting-

up of a machine and for a quality-based operation of plants.

Skilled workers must be able to read, analyse, and interpret all relevant oper-

ational data (loads, machine and consumption modes). Deviations from standard

values have to be identified and dealt with immediately in case of malfunctions. The

statistical process control (SPC) in networked production systems is no longer just

focused on an individual machine but more and more on entire production sections

under the responsibility of the skilled workers.
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Skilled workers have to focus their thinking

• by starting from the processes and

• from the software.

and thus optimize plants and their functions. This requires an entirely different

understanding compared to mechanically-electrically operated plants. This other

understanding is highly relevant for both the operation and the optimization of the

plants and their integration into the overall production process.

An efficient plant operation calls for skilled workers to carry out parametrization

tasks on their own. The correction of programming sentences and/or data analyses

are also part of their field of tasks.

Target perspective: Safeguarding machine data for plant quality operation,

analyzing operational data and optimizing processes.

Maintenance
The tasks for skilled workers encompass simple maintenance tasks in order to

safeguard a flawless plant operation. This means that they must have access to

the function of plants and must be able to cope with (metal-technological, electrical,

IT-based) maintenance tasks in plants composed of different technological systems.

Difficult repair tasks are exempted. The maintenance tasks also encompass preven-

tive maintenance prepared by recording, processing, and visualization of opera-

tional and production data and should be ready to be applied at the production work

places at all times. In addition skilled workers must also master virtually organized

maintenance tasks and must apply assistance systems for trouble shooting, docu-

mentation and knowledge transfer.

Target perspective: Preventive, foresighted maintenance, multi-functional

machines, assessment and use of different data and data formats.

Repair
Difficult maintenance and repair tasks in networked plants and individual machines

are as a rule carried out by maintenance teams. These teams are specialized in such

tasks including IT-tasks such as network analyses or IT-guided trouble shooting.

They also master procedures for the identification of malfunctions (data analysis),

causes for malfunction and their repair in complex, networked plants.

Target perspective: Considering repair interdependencies due to networking and
IT-integration of machines and plants; software updates.

Trouble Shooting and Repair
As soon as malfunctions occur—e.g. caused by flawed products or process flows—

skilled workers must be able to identify and remove eligible causes. This implies

that they are able to master diagnostic procedures which not only encompass

mechanical and electrical/ electronic basic functions but also the digital control of

the production process. This is why malfunctions can no longer be identified and
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repaired directly at the sensors, actuating elements or cabling but rather via

IT-systems or within the networking of the production.

Target perspective: Diagnosis, trouble shooting in networked plants.

6 Discussion of the Results

The discussed results of the survey on changes due to the implementation of

“Industry 4.0” make it clear that there will be a change of paradigms for skilled

workers in production. The so-far focus on tasks such as machine operating, setting-

up, looking for minor malfunctions and their repair will still play a role. However,

the access to, the analysis, the interpretation, and the assessment of data of different

formats will become increasingly significant. The view on and the sense of dealing

with plants will be shifted towards the software due to data-based control. This

statement underpins the change of paradigm from a lengthy process of the domi-

nance of mechanical and later electronic control towards a software-dominated

operation of highly complex and efficient plants. This means that skilled workers

are assigned an extended and more demanding field of tasks which often leads to

more abstract challenges than before due to networking and data-based controls.

Based on these developments the production managers in the surveyed companies

only conceded employability for unskilled and semi-skilled workers if this target

groups are ready for intensive further training. This group encompasses up to 20%

of the workforce in companies of machine building and electro technology.

Based on the diffusion depth of “Industry 4.0” shown in Chap. 3 it is obvious that

“Industry 4.0” calls for not only changing occupational profiles but to enrich them

by “Industry 4.0” contents. This is, however, still not enough to meet the demands

of “Industry 4.0”. What has to be done is a new approach with a perspective of

processes and digitalization. Networking, the digitalization of processes, and the

shaping of intelligent work places must be the center of interest. The current future-

oriented occupational profiles allow amendments, however, no change of

perspective.

This is due to the fact that structurization principles must change more intensely

than in the past.
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Work Requirements and Qualifications
in Maintenance 4.0

Lars Windelband

Abstract

The independence of IT systems is further gathering speed along with the

development towards “Industry 4.0” and will result in dramatic changes of the

future role of skilled workers. The increasing automation and digitalization of

the world of work is leading to changes with regard to work organization, work

processes and thus work requirements and the interaction between man and

machine. By the example of the field of application “Maintenance 4.0”, this

article describes the potentials of the development step “Industry 4.0” as well as

the challenges, the implications and consequences for all employees and their

occupational initial and further training.

Keywords

Maintenance 4.0 • Industry 4.0 • Occupational initial and further training •

Skilled worker

1 Introduction

The vision of “Industry 4.0” has it that all products, production facilities, tools,

transportation technologies and storage systems within a value-added chain will be

turned into cyber-physical systems (CPS) by the integration of computer perfor-

mance and access to the Internet. This will result in the emergence of an artificial

intelligence facilitating self-organisation and the interaction of cyber-physical

systems with their environment. In the end, all intelligent machines will
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independently (autonomously) organize the production processes, service robots

and human beings will jointly assemble new products and intelligent automated

guided transportation vehicles will take care of logistic assignments on their own.

Beyond the intelligent factory, production and logistic processes will be globally

interlocked via the Internet in order to optimize the material flow, to avoid possible

flaws in logistics and production and to be able to react to customers’ wishes in a

highly flexible manner.

The ever increasing transfer of more production elements into cyber-physical

systems, the number of systems to be maintained is also going up. At the same time

the degree of networking with an information technological infrastructure is grow-

ing. The new influence and interference factors are leading to an ever higher

complexity of the production systems which have to be understood and mastered

prior to maintenance (cf. acatech 2015, p. 7). The increasing quantity and quality of

available data must be analysed and interpreted in order to further minimize down

times and times of nonuse of production facilities.

It is to be expected that the due date for maintenance of intelligent products

and/or plants will be recognized and that the maintenance measure will be initiated

as soon as real-time data on loads, state of the machine, and consumption status are

available thanks to “Industry 4.0” (cf. Biedermann 2014, p. 26). Thus maintenance

work can be flexibly determined depending on the load and use intensity of the

machine or the production facility. It is even planned that machines automatically

order their own wear and tear parts/spare parts based on an analysis of previously

collected machine data.

2 Research Design and Research Questions

In various case studies and expert interviews the changes in maintenance work have

been identified and conclusions for new qualification requirements in the field of

maintenance could be drawn. On the one hand recourse was made on results of

research projects on the present and future qualification requirements for the

“Internet of Things” in the fields of logistics and industrial production, funded by

Bundesministerium f€ur Bildung und Forschung (BMBF) (cf. Abicht and Sp€ottl
2012). On the other hand the author has evaluated current case studies and expert

interviews conducted within the framework of a bayme vbm Studie (2016) and their

consequences for the occupational initial and further training.

The surveys comprised several levels and are based on the use of qualitative

vocational scientific instruments (cf. Windelband and Sp€ottl 2012):

a. Expert interviews and expert workshops with different representatives of the

industry, of science and vocational education were conducted in order to obtain

information on the state of the technological and work-organisational develop-

ment (“Internet of Things”, “Industry 4.0”, digitalisation), changes in skilled

work and their consequences for vocational education and training.
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b. The case studies were carried out in various companies of the metal and

electrical industry. With the aid of case studies, current developments in

companies with regard to changes in skilled work could be identified in order

to make statements on the future qualification requirements.

The following research questions are in the centre of attention:

– What are the current and future changes entailed by the introduction and

implementation of new maintenance strategies within the “Internet of Things”/

“Industry 4.0”? How wide is their range in industry and in adjacent fields?

– Which competences for maintenance work within “Industry 4.0” can be derived

for skilled workers on a middle employment level?

– How must production technologically relevant occupations or occupational

profiles for the field of maintenance possibly further develop or change?

3 Fields of Application of “Industry 4.0”

As for the questions of the concrete changes in work processes and demands for the

employees while dealing with “Industry 4.0” applications, it must be clarified

which functions can actually be taken over by cyber-physical systems in a concrete

case of application, which functions are likely to remain with the skilled worker and

how the interaction between man and machine is changing. First consequences in

terms of required competences for future skilled workers can be derived from the

prospective importance of man and the degree/scope of tasks taken over by CPS

within the framework of the respective “Industry 4.0” applications.

At the moment different application scenarios of the Human-Machine-Interface

(HMI) for the use of CPS in production are being discussed (cf. Gorecky et al. 2014;

Windelband and Dworschak 2015):

– Maintenance (i.e. servicing, inspection and repair) of production facilities by

providing interactive virtual instructions,

– Monitoring of production processes as well as quality control by context-

sensitively retrieving and providing information, e.g. with regard to the status

of a CPS,

– Planning and simulation of production processes, e.g. by pre-determining CPS

behavior,

– Use of lightweight robots (sensitive robotics) by automobile producers and

suppliers in close cooperation with the employees.

Especially on the level of planning (engineering), “Industry 4.0” should lead to a

further development and thus also to an optimization of the processes. Certain

planning processes can, for example, be simulated by Virtual Reality or information

flows could be shaped more effectively. Virtual Reality offers an image of a

realistic production system in order to simulate the behavior of the cyber-physical

production system and to explore it interactively (cf. Gorecky et al. 2014, p. 528).
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The monitoring of production systems is often done by employees of the middle

qualification level and ranges from monitoring individual production systems or

production lines up to entire production halls. How far this development is likely to

proceed is strongly depending on the respective branch and the kind of production

applied (cf. Windelband and Dworschak 2015, p. 76).

The use of lightweight robots is currently being planned by different automobile

manufacturers and their suppliers. Lightweight robots excel above all by the fact

that a simple “Teach-In” for the positioning tasks the robot is about to take over can

also be done manually. A simple programming by multi-functional interfaces and

via simple touch screens up to control via smart phones or tablets can also be carried

out by skilled workers. The lightweight robots can be operated freely (without

protective fences) as the safety standards are high due to adaptive sensors and real-

time calculation of collision control (ibid. p. 82) (Windelband and Dworschak

2015). Most of the companies aim at further reducing the ergonomically highly

strained work places (so-called “red work places”).

Based on different market and production requirements, companies choose

e.g. different combinations of variants for the use of technology and different

options of organization. “Maintenance 4.0” of machines allows for an improved

production planning, longer operating hours and a higher availability of the

machines. The field “Maintenance 4.0” will be closer looked at in four application

scenarios and their consequences for skilled work and qualification.

4 State of Research on “Maintenance 4.0”

The most important task of maintenance is to safeguard the functioning of a

production facility during its operating life or to restore its functional status

(cf. Biedermann 2014, p. 24). According to DIN 31051:2003-06 this is defined as

follows (DIN 31051 2003):

Combination of all technical and administrative measures as well as management measures

during the life cycle of a respective unit in order to preserve or to restore its functional

status, thus safeguarding that the unit is able to perform the required function.

The companies have established a variety of maintenance strategies which are

likely to change within “Maintenance 4.0”:

a. Unscheduled maintenance: damage-based repair (repair oriented)

b. Scheduled maintenance: preventive maintenance to minimize failure risks

– Maintenance based on actual conditions: Sensors indicate wear and tear

conditions (Condition Based Maintenance). The respective wear conditions

are recorded and compared with the minimum values for the safe operation of

a plant.

– Prospective maintenance: Prospective maintenance already starts during the

planning phase and determines the optimal instant of time for prospective

maintenance measures.
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– Preventive maintenance: Preventive measures (such as inspection and main-

tenance) are conducted in order to initiate measures prior to the occurrence of

a failure (regardless of the run time of a plant).

Down times and times of non-use of production facilities will be further

minimized, mainly by monitoring systems installed during the implementation of

“Maintenance 4.0”. It is to be expected that the optimal time for maintenance will

be recognized by intelligent products or plants and that maintenance measures will

be initiated as soon as the implementation of “Industry 4.0” will provide data on

loads, machine and use conditions in real time (cf. Biedermann 2014, p. 26). Thus

the maintenance measures will be flexibly determined depending on the load and

use intensity of the machine or the plant.

In the field of scheduled maintenance, above all the further development of

sensors will have a considerably impact on the identification of the condition of

plants or spare parts and the degree of their wear. This will also influence the

prognostication of the remaining period of use and lifetime of a machine or plant

and improve the activation of effective, preventive maintenance strategies. Opera-

tion and maintenance intervals could thus be optimized. At the same time the

changes in inspection possibilities will also exert influence on the field of tasks of

maintenance. The share of unscheduled maintenance (repair-oriented) is most

likely to decrease compared to preventive maintenance that could become more

important. On the other hand we expect that damage repair in the sense of “trouble

shooting” will become more complex (cf. Hirsch-Kreinsen 2014, p. 39;

Biedermann 2014, p. 26). Thus the maintenance strategies will move from a more

repair-oriented maintenance to a condition-based and prospective maintenance.

This is also underpinned by a survey on maintenance conducted by experts

(cf. G€unther et al. 2014, p. 15f.). For the next 5 years they predict a trend towards

a condition-based and prospective maintenance (cf. Fig. 1). Above all Condition

Based Maintenance (CBM) is considered an important development with a more

target-oriented planning of maintenance tasks.

A systematic exchange of information between plant manufacturers, operators

and maintenance personnel must, however, be initiated as this is still not the case

today. What is currently missing are assistance systems for maintenance which

Fig. 1 Development of maintenance strategies in 5 years from today’s rather repair-oriented to a

condition-based maintenance (G€unther et al. 2014, p. 15)
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would facilitate a communication with manufacturers and other experts in the field

of maintenance. The new technologies (Service Apps, portals etc.) encourage

communication and the exchange of all stakeholders. They are, however, mostly

not adapted to the requirements of work processes and consequently the needs of

skilled workers. The knowledge and assistance systems must, however, be firmly

embedded into the human work process and organizational tasks have to be

coordinated respectively. Only then the skilled worker can deal with problematic

cases during the work process and can ensure an exchange of knowledge.

G€unther et al. (2014) think that the implementation of measures assigned to the

field of maintenance within “Industry 4.0” is not only unequally distributed

between the companies but also between the individual departments of a company.

Only a few companies have implemented in-firm virtualization measures in pilot

projects. According to G€unther’s et al. (2014, p. 4) surveys, an estimated 5–20% of

Austrian companies have already initiated a development towards “Industry 4.0”.

Above all the small and medium-sized enterprises often still lack concepts.

5 Shaping of Assistance Systems for Maintenance 4.0

So far there are just a few assistance systems which could be called cyber-physical

assistance systems meant to support skilled workers. Nevertheless a clear further

development of these systems is visible which help to process the huge amount of

different data originating from the product development process (CAD models,

process descriptions), from data sheets/operation manuals or the production process

itself (consumption data, load conditions and machine status, order progress,

process parameters). Networking and the digitalization of production processes

will generate an enormous amount of data (Big Data). Skilled workers need

situation-oriented filter mechanisms to get exactly the information on the plant

condition necessary to cope with their tasks—on time and at the right place (Schlick

et al. 2014, p. 62). This information will be very comprehensive and stem from

different systems (MES—Manufacturing Execution System, SAP and other

IT-systems). The human-machine interface will be of central importance. For

mobile operation, different platforms such as tablets, smart glasses or smart phones

will be available and have their own networking and computer performance. Thus

work orders on maintenance can be transferred directly to the mobile device. All

relevant information such as contact data, order details, operation manuals, check

lists and repair lists, information on spare parts and measuring results are available

online and offline and can be accessed by the employees at any time. This mobile

support facilitates on-site spare parts orders, customers’ signatures, clearance or

follow-up orders (cf. Mathur and Weiß 2014, p. 151).

The shaping of these assistant systems will be crucial. This can only be success-

ful if skilled workers are actively involved in the development and shaping process

right from the start. The results of a survey on the requirements for an assistance

system for maintenance, conducted by H€ohnel et al. (2015) show that the highest

priority is given to a simple and intuitive operation, a visual user guidance, the
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option of entering data via a keyboard and a robust construction for the application

in an industrial environment. The results also reveal that the search for and the

processing of information (detailed errors display and kinds of malfunctions;

possibility to communicate; mobile access to relevant machine data; access to

relevant Web applications via the Internet; display of machine plans and

instructions) must be an important element in any assistance system.

6 Changes in the World of Work of Maintenance 4.0

The example of a fictitious skilled worker will show how the work tasks in

maintenance could look like in the “Maintenance 4.0” era:

The skilled worker in the maintenance department has undergone training in

metal-technology and/or electrical technology. He/She is responsible for a

flawless machine-to-machine communication as well as for the usage of

Service-Apps and service portals (e.g. with manufacturers). Plant and

machine conditions are checked with a mobile device and are presented in

a virtual way (also with the help of Augmented Reality) including an

enhanced integration of Online-Monitoring Systems within automation tech-

nology. The challenge for the skilled worker lies in the processing of great

amounts of data for maintenance processes, partly in real-time. Interfaces

must therefore be reduced or harmonized. However, the increasing complex-

ity of the systems also entails a complexity of occurring errors. The tasks for

skilled workers therefore include the correct interpretation and evaluation of

the respective data. Furthermore the complex systems call for an inter-

departmental—even an inter-company—cooperation. This is why the skilled

worker is required to make data-based decisions within a short period of time

on his or her own. Figures, sensor and operational data as well as facts are the

core elements of maintenance strategies. The skilled worker thus becomes a

data analyst along the value-added chain. The tasks of skilled workers are

thus transforming from a condition-based service towards an integrated,

prospective maintenance.

For a successful implementation of the requirements for maintenance within the

framework of “Industry 4.0” companies must carry out an adaptation of the

different roles their employees are playing. The management must discuss the

question whether to approve of an exchange of data across the boundaries of the

companies (horizontal integration). Furthermore new mobile solutions and software

solutions should be developed and implemented with the help of the

IT-departments (or IT-enterprises). New organizational concepts must be devel-

oped to enable skilled workers to make data-based decisions in the future and to
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clear obstacles. This transformation will above all change the tasks of skilled

workers: Planning, data analyses and visualization will play a more important role.

These results are also underpinned by the bayme vbm Studie (2016, p. 83): Apart

from the well-known tasks for maintenance and trouble shooting, those tasks are

highlighted which have gained importance due to networking and digital data

processing. An example: Reading out live images of the machine and their evalua-

tion, trouble shooting with new assistance systems, trouble shooting in highly

complex plants or fault repair in the field of sensor technology/actuating elements

(mastering signal processing) (cf. Fig. 2).

The results underpin the intensified diffusion of networking with the aid of CPS

and show that cognitive dimensions like thinking in the work process, thinking in

networks, the optimization of processes and thinking starting from the software are

playing an important role.

Fig. 2 Maintenance tasks in skilled work (bayme vbm Studie 2016, p. 82)
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This development is also confirmed by the results of expert surveys by G€unther
et al. (2014). The results are based on implemented and planned maintenance

projects of the 250 interviewed company experts (Fig. 3). The “implementation

of mobile terminals” is dominating the majority of the planned maintenance

projects. Further projects will be carried out within the next 5 years with a focus

on the implementation of pilot projects in the field of “IT-supported maintenance”

and “data exchange” with machine manufacturers, suppliers and maintenance

service companies. There is a slight contradiction when it comes to the issue of

data exchange, as around 24.3% of the experts indicate that a data exchange with

machine manufacturers would be of no interest for them. The author, however,

thinks that a hidden fear of unintentionally granting insight into the core know-how

of one’s company could be one reason for this statement.

7 Competences and Qualifications for Maintenance 4.0

Mastering the complexity of the maintenance systems will be a great challenge in

the future. A great amount of information and data have to be correctly interpreted

and evaluated (data analysis). The shaping of the human-machine interface will

play a dominant role. What will be the basis of future decision making? Today

skilled workers in maintenance departments are trying to make their decisions

mostly based on their experience. They make use of their intuition, their feeling

and their senses. Decision making of the future will be supported by computers and

a new data quality. It remains to be seen how the support for the employees will

look like and which kind of human interference will prevail. The question is

whether human beings dealing with these ever more automated systems will still

be able to acquire the necessary knowledge in order to identify malfunctions in

decisive situations and to work out solutions.

Fig. 3 Implemented and planned maintenance projects (G€unther et al. 2014, p. 18)
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When applying the “Maintenance 4.0” technologies as an assistance system—as

described in Sect. 5, skilled workers for future maintenance must have a deepened

and combined knowledge of IT as well as of electronic and mechanical systems in

order to react and act quickly (cf. Windelband 2014). In this context a bigger need

will arise for competences in the field of control technology, data analysis as well as

programming and the usage of special software. What exactly does this mean for

the work process? Will we rather need generalists or specialists? Must the mainte-

nance worker carry out programming on his or her own, will he or she “only”

optimize the programs, or must he or she master a programming knowledge in order

to be able to communicate with the computer scientists in terms of process optimi-

zation? How can experience knowledge be established and how can implicit

experience knowledge be preserved? Already today, skilled workers have to con-

tribute basic competences with regard to network technology, radio technology and

transmission technology to identify the causes of malfunctions and to communicate

with IT-experts. The skilled workers also need deepened process knowledge and a

new kind of knowledge of thinking in networks. This enables them to conduct a

fault analysis.

The following domain-specific fields of actions for maintenance tasks could be

identified in the bayme vbm Studie (2016, p. 103ff.).

Mastering IT-Systems in Production Depending on the Situation

IT-systems include router configurations, firewall technology, error identification

with the help of software, address assignment of CPS components and their

integration into the MES system (Manufacturing Execution System). Employees

must be able to assess the mode of operation, the error-proneness and the weak

points of individual components of IT-systems in production lines and with regard

to the other processes of the value-added chain. Thus they will be able to draw the

correct conclusions in case of malfunctions and to repair them in a target oriented

way. The operation of the plant must not be disturbed by these interventions.

Trouble Shooting and Error Recovery

Skilled workers must be able to apply standardised diagnostic procedures and to

develop individual trouble shooting strategies in order to diagnose malfunctions in

technically complex systems. The diagnosis of malfunctions concerns mechanical,

hydraulic, pneumatic, electrical/electronical and software-technical components of

networked plants. This means that the prerequisites for diagnostic tasks not only

call for knowledge of physical compounds of the system elements but as well the

data flows of the system. Moreover the employees should be able to access these

structures. These prerequisites also enable the acting skilled worker to interpret

directly perceivable information (e.g. sound qualities of plants), to detect causal

interrelationships between events and to identify the causes of the failures.

Analysis of Abstract Interrelationships in Plants and Removal of Malfunctions

The point is the identification of problems. If the skilled worker is able to realize

that the material feeding system is jammed, the next batch of material can be taken
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instead in order to continue production. What is important in this case is to first and

foremost understand that the machine is not showing a malfunction. Moreover the

error has to be spotted within the data link—or in the lack of it. Employees need to

think in a new way. Currently they are used to look for the malfunction in the

machine rather than in the logic of how things belong together.

Above all it is important to master the manifold combinations of software, to be

able to read displays and to check where a sensor is not functioning, and eventually

the repair of such an error.

Use of Assistance Systems in Maintenance

Skilled workers in production must increasingly work with assistance systems.

These devices support the systematic exchange of information between the plant

manufacturers, the operators and the maintenance staff. The assistance systems

(service apps, portals etc.) have to be embedded into the work process and the

organization has to be coordinated with them. Only then will it be possible that

skilled workers can deal with problematic cases during the work process and thus

safeguard an exchange of knowledge. Plant and machine conditions can be

accessed from mobile terminals and are virtually displayed (among others with

the aid of Augmented Reality). This includes an intensified integration of Online-

Monitoring Systems within automation technology.

These described fields of action reveal the changes in the world of work by the

ongoing digitalization in networked systems in maintenance and start-ups of pro-

duction plants as well as the control of the plants by adhering to data protection and

data security.

The bayme vbm Studie (2016, p. 85 f.) identified four lines of argument for the

assessment of the qualification and competence levels required for skilled workers

in maintenance departments for work with networked plants. The study also gives

hints to contents required for qualification and competence development:

– One of the lines of argument was that it seems to be impossible to qualify all

persons working as generalists to repair at least 80% of all malfunctions.

Therefore a wider and quite fundamental initial training is favored. After several

years of work in the company, they can then be trained as specialists in further

training courses. In this connection the thesis was formulated that generalists

tend to losing importance.

– Another line of argument was that the qualification of specialists with particular

IT-knowledge often has an impact on the internal hierarchy of companies. It is

e.g. not unusual that a person who underwent continuous further training after

initial training and who even specialized in IT-technology could be eligible for

the position of a team leader rather than an academically qualified person.

Master craftsmen are already well qualified for leadership tasks and thus qualify

as candidates for team leader positions.

– In a third line of argument it was stated that the requirement level for skilled

workers in production is usually very high and broad. The tasks can thus not be

completed by individual persons or generalists. An often applied solution in the

companies is e.g. to organize maintenance in teams composed of differently
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qualified specialists. As a rule the technicians fill an important position as they

contribute professional experience combined with high technical qualifications.

– An especially interesting line of argument was the fact that in highly automated

plants the software is the interface for all technical solutions. In this case all

tasks, above all service, maintenance and repair, have been structured based on

software tasks. Highly qualified technicians are thus necessary to safeguard this

software-technological access to plants. The programming is left to the

engineers.

These remarks underpin that a sharp differentiation into mechanics and electrics

is no longer made. IT-based tasks in maintenance are clearly increasing. The above

mentioned task profiles are mostly an integration of partial tasks, often in connec-

tion with an interdisciplinary cooperation within a network and with a high grade of

autonomy. Another indication is the ever closer interrelationship of technological

units such as CPS and work organizational structures to optimize maintenance

tasks.

The merger of information technological processes and maintenance processes

calls for an orientation of initial and further training towards the changed techno-

logical level and above all the changed perspective. The decentralized intelligence

linked to “Industry 4.0” leads to an increased availability of data which are highly

process-relevant for skilled workers. Maintenance still requires traditional, handi-

craft abilities and skills as well as the mastering of SPS, robotics, pneumatics,

hydraulics, drive technology etc. They are, however, no longer sufficient. Therefore

it is no longer enough to just amend of the occupational profiles. The authors of the

bayme vbm Studie et al. (2016, p. 4) rather call for a massive amendment of process

orientation in occupational profiles. The perspective of maintenance processes have

to be considered based on the process of informatization. Occupational and further

training profiles must focus on these central developments. The above mentioned

fields of action are the basis for competence development and indicate a clear path

of how to meet the described demand for occupational profiles.

8 Conclusions

Changing production systems with an integration of more and more cyber-physical

systems must be considered in the curricula for initial and further training.

Employees can thus contribute to long-term improvement processes and process

optimizations within the framework of the further development of the companies.

This is not only true for occupations such as mechatronics, electronics technicians

for automation technology or industrial mechanics who are currently mostly work-

ing in maintenance departments but is also relevant for other industrial metal-

technological and electro-technological training occupations. All industrial

occupations must intensively deal with questions of digitalization and networking

within “Industry 4.0”.

The area of maintenance is playing a decisive role for the flawless operation of

the factory of the future. If the future development aims at the described assistance
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systems and if man (skilled workers on shop-floor level) is given the chance for

co-shaping, “Industry 4.0” can be used as an “assistance system”. The skilled

worker will be able to contribute his or her individual competences for the work

process. The competence requirements postulate that the necessary information for

the mastering of work processes is provided and that there are adequate qualifica-

tion approaches available for competence development. Skilled workers and tech-

nological applications would thus control and influence one another while man

would still have the power of decision.

Skilled workers have to deal with increasing demands in terms of interpretation

of system data. Above all analysis capacities and thinking in networks are required

in order to deal with abstract information and to get a swift overview of the

production process. One of the most important challenges of the implementation

of “Industry 4.0” will be to control the flood of information (Big Data) and to just

provide information required for the specific work process. If this succeeds, tech-

nology can be seen as a kind of assistance system which supports human beings

with their maintenance work and which improves error and malfunction analyses.

This can only succeed if the skilled workers in the maintenance departments are

actively involved into the development and the implementation of CPS technology

for maintenance.

Skilled workers on the shop-floor level must receive processed data of the

automated control of plant conditions to support them with trouble shooting, with

finding damage symptoms and with the analyses of causes. Maintenance along the

value-added chain requires in-firm (vertical integration) and external cooperation

(horizontal integration), transparency and trust. When using the idea of “Mainte-

nance 4.0” as a highly complex, versatile and flexible system with man in the

center—i.e. the skilled worker on shop-floor level—the system also needs skilled

workers who act as decision makers, controllers, maintenance staff, co-shapers and

experts. Vocational education has the decisive task to qualify skilled workers in a

way that they are able to cope with these tasks.
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Development of a Business Game
for Teaching the Kanban Method

David Brown, Sven Hinrichsen, and Melissa Paris

Abstract

Learning retention is improved when in addition to the learning methods of

“classical” instruction (auditory, visual), further learning channels (discussing,

doing) are addressed (Gasser, Erfolgreich lernen—Praxis-Tipps f€ur sofortigen
und nachhaltigen Lernerfolg, Books on Demand, Norderstedt, 2014). In view of

this, the coursework for the degree in Industrial Engineering has been designed

to include teaching formats with a high level of interaction among students. In

keeping with this teaching approach, an additional business game was developed

for the Production Systems module. This game provides knowledge about the

structure of the logistical workflow within production in general and the Kanban

method in particular. The first step in designing the game was to define learning

objectives. Based on these, a basic concept was derived. This basic concept

applies the guideline for the introduction of Kanban by Geiger et al. (Kanban—

Optimale Steuerung von Prozessen, Carl Hanser, Munich, 2011). The detailed

concept was then worked out over the course of further development, leading to

the design of an assembly line for Lego cars as well as the design of tasks on the

subject of Kanban capability and for calculating the number of Kanban. The

business game illustrates, inter alia, the difference between the Kanban method

and a conventional production planning and control system. The simulation has

been tested in a university course, evaluated and, in response to the positive

feedback from students, integrated in the course instruction. The conclusion of

the paper provides an outlook on the further development of instruction in the

context of the digitization and networking of production.
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1 Educational Concept at the Ostwestfalen-Lippe University
of Applied Sciences

1.1 Requirements for Industrial Engineers

Industrial engineering (IE) can be regarded as a very comprehensive operational

function. How this function is integrated in the structure of a company can vary

considerably. Unlike large companies, SMEs rarely include IE as an independent

functional department. The activities are often assigned to several functionaries

(Spath et al. 2011; Hinrichsen et al. 2015). Many industrial engineering tasks are

performed by the department of Work Scheduling or by executives in production,

generally in addition to their day-to-day business (Hensel-Unger 2011).

In addition to the technical and methodological skills shown as an example in

Fig. 1, the industrial engineer also requires social and personal skills (Hinrichsen

et al. 2015). These social skills are made necessary in part by the industrial

engineer’s responsibility for initiating and seeing through change processes. More-

over, the increased complexity of production—caused by ever shorter product life

cycles and an ever wider range of products and options—has heightened the

proportion of highly qualified activities in production and production-related

areas. This has led, in turn, to the increased importance of the cooperation and

Product 
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Product 
development

Process / 
production 
planning

Product 
identification

Designing  value flows

Planning investments and equipment

Differentiate payment

Managing projects

Production- and assembly-oriented design of products

Implementing time management/ 
determine target times

Work systems (manufacturing/ 
assembly) planning and optimization

Layout/ material flow 
planning and optimization

Production logistics 
planning and optimization

Ergonomic design for workplaces and 
processes

Qualification scheduling

Managing production 
start-up

Giving instructions on 
methods and tasks

Implementing 
improvement 
management
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from responsible performance 
to contribution

Pilot 
production Series After salesProduct 

planning

Fig. 1 Tasks of industrial engineering through the process of product creation according to Ifaa

(2010), Stowasser (2010), Bokranz and Landau (2012), Hinrichsen et al. (2015)
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communication skills of executives—also in IE (Erpenbeck and Heyse 1996). The

relevance of these skills is clear, particularly considering that a large proportion of

the work activity of an executive consists of direct communication (von Rosenstiel

2003). For the support and development of fellow employees, didactic skills are

also essential. In particular, industrial engineering employees must be able to

provide and implement work standards and methods (Hinrichsen et al. 2015).

An essential personal skill for executives—including industrial engineering

executives—lies in the ability to detect interconnections between individual tasks

and business parameters, as well as the ability to coordinate objectives, pursue them

consistently and assess their achievement (Frey and Balzer 2003). Communicating

one’s own point of view and winning people over requires a corresponding self-

awareness and the ability to engage in constructive self-criticism with the aim to

learn from one’s own behavior (Hinrichsen et al. 2015).

1.2 Industrial Engineering Degree

Due to the requirements facing IE experts, the faculty of production engineering

and management at the Ostwestfalen-Lippe University of Applied Sciences has

established a bachelor program with a main focus on industrial engineering. The

curriculum was specially designed to ensure that the skills required in operational

practice are taught. As a result the coursework for the degree in Industrial Engi-

neering provides a basic education in mathematical, technical and business oriented

content. Subjects include mathematical planning procedure, labor and economic

law as well as quality management. The IE degree program is mainly structured

around nine modules as shown in Fig. 2. These modules are linked and build upon

each other (Hinrichsen et al. 2015).

The basic course Industrial Management (IBL) aims to provide knowledge about

the essential functions of an industrial company and the relationships between its
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Fig. 2 Core modules of the industrial engineering degree with an assignment to levels of action

(Hinrichsen et al. 2015)
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functions. Furthermore, students work on particular business methods in exercises.

The course Factory Planning (FAP) teaches about the planning, design and optimi-

zation of factories. Over the course of the semester, a factory planning project is

carried out in which small groups of students plan the relocation of a production

system, from the data analysis through to the planning and evaluation of the layout.

The module Ergonomics (AWI) focuses on the physiological basics of workplace

design. In small groups, students analyze a company’s workplaces in self-organized

projects, analyzing the ergonomic design and developing their own design

recommendations. The module Work and Business Organization (ABO) considers

aspects such as the organization of a production facility along with the basics of

production planning and control systems (Hinrichsen et al. 2015).

The modules Work System Design (ASP), Production Systems (PRS) and

Enterprise Management (UNF) include instruction on essential methods from the

Toyota Production System, the REFA methodology and the main features of the

MTM method. Alongside the lectures, students carry out lab exercises in 4-hour to

6-hour lesson blocks in a “Learning Factory” (IE Lab). To develop students’ social

and personal skills alongside their technical and methodological skills, the teaching

concept of these modules is anchored within the overall business scenario of Lipper

Assembly & Logistics GmbH. This virtual enterprise is engaged in the assembly of

products in different variants, whereby the entire process chain (material and

information flow)—from incoming goods, through the order picking and assembly,

through to shipping—is considered. This involves several mobile assembly

workstations and a picking area on a total of 140 square meters. In addition, a

workshop area with small machines and tools is used to produce fixtures or design

workplaces with the “Cardboard Engineering” method (Hinrichsen et al. 2015).

Through teamwork in small groups on open problems, cooperative learning and

problem-solving skills are promoted, strengthening students’ social skills while

simultaneously building up cognitive skills through the joint work on complex tasks

(Mandl et al. 2004). The relatively high degree of freedom in self-directed

processing of tasks requires the instructors to provide moderating communication,

in order to promote reflection on the procedures (Hinrichsen et al. 2015).

During the sixth semester the Six Sigma method is taught in a business game

(6σ) over several days. Moreover, in this semester, as part of the seminar on

Industrial Engineering (SIE), students are assigned to write a paper on a scientific

issue in Industrial Engineering. In addition to the curriculum, students have the

opportunity to attend recognized external training courses such as REFA’s basic

training course, MTM-1/-UAS and basic training in SAP.

As part of the module Production Systems (PRS), students are taught the

methods of the Toyota Production System, including the Kanban method, as it is

of great importance for the control of the material flow in many operational

production systems. For the successful implementation of Kanban in a production

system, training employees in this method has high priority, because this can

broaden the understanding and acceptance of this method (Dickmann 2007). For

training and passing on knowledge, different methods are available. The methods

differ from one another in terms of the degree of student participation as well as
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which learning areas are addressed (Schelten 2005; Schlick et al. 2010). The

teaching and learning methods of a business game offer several advantages over

conventional methods in which communication is carried out fairly unilaterally

from the teacher to the student. Cooperation in a business game encourages holistic

learning (addressing all learning channels), the motivation to learn and the willing-

ness to cooperate, because complex, realistic tasks are processed independently in a

team (Luttemann 2000; Gasser 2014; Schwägele 2016). The learning process is

supervised by the instructors, for example through questions to the group. To teach

the Kanban method, a business game with a duration of four class hours was

developed. Main features of the simulation are presented below.

2 Kanban Business Game

2.1 Learning Objectives

The business game was developed with the objective of providing students with a

comprehensive picture of the Kanban method as well as transferring what they have

learned into operational practice. Students should be able to determine the benefits

and possible risks of implementing Kanban. Moreover, they should have the ability

to coordinate and plan the process of establishing the method in actual practice. To

achieve these learning objectives, the differences between a conventional produc-

tion planning and control system (PPC), which uses the push principle, and the

basic functioning principle of Kanban should be illustrated. It is also important to

help students understand the rules for Kanban, as these are required for successful

implementation. Knowledge about possible use cases and limitations of the method

will help students when it comes to deciding whether Kanban is suitable for

controlling material flow in a particular business scenario.

2.2 Theoretical Principles

Implementing new methods in operational areas can cause various complications.

Specially developed procedure models can guide the process of implementation. A

process model by Geiger et al. (2011) serves as a guideline for the introduction of

Kanban and consists of the following steps:

1. Checking the Kanban capability

2. Selection and definition of control loops

3. Calculating the number of Kanban

4. Selection of Kanban tools

5. Testing and implementing the Kanban system.

Checking the Kanban capability (step 1) is necessary because not all components

are suitable for a Kanban control system. Based on criteria such as the consumption

Development of a Business Game for Teaching the Kanban Method 107



flow and product characteristics, this step must be carried out for each component.

During the selection and definition of the control loops (step 2), the planner first has

to gain an overview of all material and information flows in order to develop the

control cycles in detail (Geiger et al. 2011). Not only is the division of

responsibilities in the control circuits important, but also the detailed definition of

the Kanban rules in this step (Klevers 2009). The determination of the required

number of Kanban cards (step 3) is accomplished through use of a specific calcula-

tion. Finally, the required Kanban tools (e.g. cards, letter boxes, signals, boards,

dynamic racks) are selected (step 4) before the system is tested and implemented in

step 5 (Geiger et al. 2011).

In addition to the process model for implementing Kanban, the functions of the

Kanban and their rules of application shown in Table 1 are an essential part of the

method. If Kanban is used in business practice without paying attention to the

correct application, the method can worsen the situation (Ohno 2009). For example,

when the Kanban method is correctly applied, the number of Kanban determines

the maximum work-in-process (WIP). However, if components are produced with-

out the Kanban system as a trigger, this can lead to overproduction and result in

waste in the processes.

2.3 Basic Concept

The business game was modelled on Geiger’s guideline for implementing the

Kanban method (Sect. 2). Participants will get to know the essential criteria for

introducing Kanban and simultaneously develop a basic understanding of this

method.

Table 1 The functions of Kanban and their rules for the application of the method according to

Ohno (2009)

No. Functions of Kanban Kanban rules

1 Provides picking or transport

information

Later process picks up the number of items

indicated by the Kanban at the earlier

process

2 Provides information on the production

process

Earlier process produces items in the

quantity and sequence indicated by the

Kanban

3 Prevents overproduction and

unnecessary transport

No items are produced or transported

without a Kanban

4 Serves as a work order, attached to

Kanban containers

Always attach a Kanban to the goods

5 Prevents defective products by detecting

the working process which makes the

error

Defective products are not sent on to the

subsequent process. The result is 100%

defect-free goods

6 Reveals existing problems and allows

inventory control

Reducing the number of Kanban increases

the sensitivity!waste becomes visible
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The business game is divided into two phases. The first phase includes the steps

shown in Table 2 from number 1.1 to 1.4. Initially, the Kanban capability is

determined by comparing the consumption flow with the value of the parts. In a

task with a specific situation this is calculated by using the ABC/XYZ analysis. A

basic knowledge of the Kanban types and rules is taught to prepare students for the

assignment of selecting and defining the control loops within the method. The

students are also assigned to calculate the necessary number of Kanban. Further

in, over the course of the business game, the theoretical basics of Kanban tools are

taught, before phase two begins.

The content of the second phase—testing and implementing the Kanban system—

uses a Lego simulation to represent a production environment. At first a “conven-

tional” PPC which uses the push system is simulated before the Kanban method is

shown. Simulating the push and pull principles illustrates the difference between

the two principles of material control. Furthermore, students are taught about the

Kanban functions, the importance of Kanban rules as well as the advantages and

disadvantages of the method. The functions of Kanban shown in Table 1 are taught

through the rules of the game, since they are derived from the Kanban rules.

2.4 Detailed Concept

The Lego simulation consists of three phases and is designed for six players. The

first phase simulates a conventional PPC using the push principle. As Fig. 3 shows

there are three assembly stations (WP 1–3), in which three different variations of

Lego cars are assembled. Furthermore, an order picker sorts the required items into

containers. A store man then distributes the filled containers to the appropriate

workplace. A sixth player documents the amount of assembled vehicles and

disassembles them again. The phase ends when 20 cars have been assembled.

After ten finished cars the WIP is determined by counting all items at the assembly

stations. As soon as the push simulation is finished, the second phase begins. In this

phase, the structure of the game is changed according to Fig. 3 and the Kanban

method (pull principle) is simulated. The former store man assumes the role of the

Table 2 Objectives of the business game based on the process model according to Geiger et al.

(2011)

No. Steps for implementing Kanban Taught knowledge

1.1 Checking the Kanban

capability

Determination of Kanban capability of parts based on

an ABC/XYZ analysis

1.2 Selection and definition of

control loops

Teaching theoretical basics of Kanban types and rules

1.3 Calculating the number of

Kanban

Calculating the number of Kanban referring to Geiger

et al. (2011)

1.4 Selection of Kanban tools Teaching theoretical basics of Kanban tools

2 Testing and implementing the

Kanban system

Illustration of push and pull through a simulated

production system
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Milkrun while all other players stay in the same role. A two-bin Kanban is

implemented so that the amount in one container covers the replenishment time

of the second one. The second phase also ends after 20 assembled cars. In the last

phase of the Lego simulation (phase 3), the given data are documented and

evaluated and the conventional PPC and the Kanban method are compared.

In order for the simulation to work as planned, it is necessary for the students to

strictly follow the rules of the game. In the push phase the assembly orders go

through production from the first to the last workstation. It is important to note that

the full batch size of an assembly order must be finished before both the assembly

order and the goods are given to the next workstation. In the pull phase of the

simulation the rules of the game result from the Kanban rules shown in Table 1. The

customer now pulls the value stream which means that the assembly orders are

placed at workstation three. The next rule is that no items are made or transported

without a Kanban. This means that the pre-assembly of components or emptying

containers and gathering items on the assembly stations is not allowed. Further-

more, a Kanban serves as a work order. That is why the containers have to be placed

on their defined spot immediately after being emptied, to trigger the production in

the earlier process. The next rule is that no items are made or transported without a

Kanban. This will prevent overproduction and unnecessary transport. For the

Milkrun it is important to store the empty containers in the warehouse according

to the FIFO (first-in-first-out) principle. This limits the variance in the replenish-

ment time. Also important to mention is that the players must not pick items from

both containers simultaneously.

After documenting the necessary data, the students analyze the data in phase

three. The data should show that the WIP in phase one increases constantly whereas

the WIP evens out when using the Kanban method.

After the Lego simulation is ended, the next part of the business game begins.

The students have to determine the Kanban capability of the components of the

Lego cars. In this assignment, the participants have to carry out an ABC/XYZ

PickerStore Man

Warehouse
Assembly 
Order

Picking Order

WP 1 WP 2 WP 3

Finished Goods 
& Disassembly

Material 
Provision

Material Flow

Lego Simulation: Push System Setup

PickerMilkrun

Warehouse
Assembly 
Order

Warehouse
Assembly
Order

Finished Goods 
& Disassembly

Material 
Provision

Material Flow

WP 1 WP 2 WP 3

Finished Goods 
& Disassembly

Material 
Provision

Material Flow

Lego Simulation: Pull System Setup

Fig. 3 Structure of the Lego simulation
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analysis of the Lego items. By comparing the value of an item with its consumption

flow and taking the safety stock level into account, a statement about the Kanban

capability can be made for the different items. In an additional assignment, the

students calculate the necessary number of Kanban for given components. This is

done using the formula to calculate the Kanban size according to Geiger.

2.5 Evaluation and Interpretation of the Results

The business game was played and evaluated together with students. The evaluation

contained questions about the Kanban method as well as questions about the

learning method itself. As Fig. 4 shows, the participants demonstrated a basic

understanding of the Kanban method as well as the difference between the push

and pull principles. Furthermore, the participants felt able to determine the Kanban

capability of parts as well as draw conclusions about the advantages and

disadvantages of the method.

The business game helps students in their learning process and they even express

a preference to this learning method compared to a “classical” lecture. In addition,

the teamwork in this simulation was positively received, indicating that

 1.00  2.00  3.00  4.00  5.00  6.00

1. Did the difference between push an pull principle
become clear?

2. How well structured is the business game?

3. How do you assess the realism of the simulation?

4. Did the basic functioning of Kanban become
clear?

5. How far are you able to determine the capability of
Kanban for parts?

6. Are you able to draw conclusions about the
advantages and disadvantages of Kanban?

7. Did you learn what should be considered when
implement Kanban into business?

8. Did you learn much compared to the required
time?

9. Do you prefer this teaching method rather than a
"classic" lecture?

10. How much did the business game support your
process of learning?

11. Do you feel to have learned a lot?

12. How good do you think the teamwork was?

13. Did you enjoy the business game?

Evaluation of the Kanban business game
--- -- - +               ++           +++

Fig. 4 Evaluation results of the Kanban business game
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communication skills are strengthened. There is wide acceptance of the teaching

method, as this supports the learning process. Having been tested at the university,

the business game could also have applications in private businesses. Companies

could use the simulation as an educational program to help employees better

understand Kanban and to support the learning process.

Figure 5 shows students performing the Kanban simulation at workstations 1–3.

The picture shows the Kanban racks, assembly instructions and spaces for returning

empty containers. The WIP is limited by the amount of Kanban containers in the

business game.

3 Outlook

The requirements for the design of production systems are changing. Engines

behind this change are ever shorter innovation and product life cycles, increasing

variety, and decreasing lot sizes, down to lot-size-one. At the same time, production

technology keeps on developing. With flexible, mold-free manufacturing

techniques such as laser technology and 3D printing, products can be customized,

making these technologies increasingly important. Additionally, over time the

development of information technology is leading more and more to a fully digital

process chain throughout the entire product realization process (from product

development to distribution of finished products).

To ensure that research and course content address these trends, the

Ostwestfalen-Lippe University of Applied Sciences has collaborated with

the Fraunhofer IOSB-INA institute to found the SmartFactoryOWL. The

Fig. 5 Putting the Kanban business game into practice
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SmartFactoryOWL is an open institute for research and demonstration. It also

serves as a testing ground for SMUs from the highly industrialized region of

Ostwestfalen-Lippe. The institute is located on the campus of the Ostwestfalen-

Lippe University of Applied Sciences, offering an outstanding learning environ-

ment for the students. Within the factory, the Laboratory of Industrial Engineering

is responsible for the research field of assembly. In cooperation with manufacturing

companies and factory outfitters from the region, the lab has developed and

implemented assembly systems. The different assembly systems share in common

that real products from real companies are assembled with these systems. In

addition, different technological developments in the context of digitization and

networking of processes are demonstrated by the individual systems.

With the aid of these assembly systems, lectures can be performed with a

practical orientation. Furthermore, research issues with practical relevance can be

handled in close collaboration with companies. For example, a projection-based

assembly assistance system for supporting employees during the assembly of

complex products has been developed at the Laboratory of Industrial Engineering

(Unrau et al. 2016). The system shown in Fig. 6 can be controlled by voice, gesture

or touch. It supports the training process and can reduces errors.

In the upcoming semester new exercises will be designed to allow students to

work with the developed assembly systems and the various assistance systems. The

exercises will demonstrate the possibilities of digitally supported work processes as

well as methods for designing work systems to accommodate customers’ specific

requirements.

Fig. 6 Projection-based assistance system for manual assembly
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Training Interventions to Increase
Innovation and Productivity in Age-Diverse
Teams

K. K€uper, W. Rivkin, and K.-H. Schmidt

Abstract

In multiple first world countries, demographic change is expected to lead to an

increase in retirement age and associated age-diversity in work-teams. Still,

despite these changes, organizations must maintain and even enhance produc-

tivity and innovation. The present chapter introduces interventions at the indi-

vidual and the management level to improve innovation and productivity in

organizations with teams characterized by high age-diversity. These inter-

ventions were specifically developed, implemented and evaluated in two

middle-sized organizations. On the individual level, employees received a train-

ing intervention to improve cognitive abilities and another training to enhance

stress management abilities. On the management level, leaders were trained in

how to mitigate the adverse effects of age diversity on team performance.

Results indicate that the cognitive training intervention improved abilities such

as updating and maintenance of working memory and that the stress manage-

ment training reduced work overload and job-related effort. In addition the

leadership training reduced age-stereotypes and associated conflicts in teams.

To enhance the effects of the training interventions the introduction of follow-up

booster sessions is recommended.
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1 Introduction

Germany and other European countries are facing substantial changes in the demo-

graphic composition of their populations, which include a significant increase in

mean age and thus will probably necessitate an extension of employees’ working

lives to maintain productivity and associated economic growth. A side effect of this

development is a much more age-diverse composition of the work force. At the

same time, modern work environments are characterized by highly dynamic and

complex demands that require employees to be flexible and innovative. In view of

these boundary conditions, the present contribution offers a novel and holistic inter-

vention approach, which aims at facilitating innovation and productivity of

age-diverse work groups in small to medium sized organizations. The approach

focuses on both the individual as well as the management level and combines indi-

vidual training interventions to promote employees’ cognitive functions and stress

resilience as well as a leadership training intervention to enhance leaders’ abilities

in managing age-diverse teams.

The development and evaluation of the intervention approach was conducted in

cooperation with two medium-sized companies from the Ruhr area, the

Kommanditgesellschaft Deutsche Gasrußwerke GmbH & Co. and ABC-Logistic

GmbH. It was funded by the Federal Ministry of Education and Research.

2 Interventions at the Individual Level

Cognitive functions are essential to the performance of a multitude of activities of

daily living (including work). They are crucial for the regulation of such diverse

activities as action planning, the inhibition of irrelevant information or task-

inappropriate action tendencies, multi-tasking and task-switching as well as work-

ing memory, i.e. the ability to store and manipulate a limited amount of information

over a limited time span (Miyake and Shah 1999). Fluid cognitive functions have

been shown to have a remarkable degree of plasticity across the life span. Although

they begin to decline as early as in middle age, they can also be substantially

improved up to a very old age, in particular through training interventions, which

usually involve the completion of computer-based tasks at an adaptive level of

difficulty.

Importantly, cognitive training interventions may not only improve the trained

cognitive functions themselves but can also benefit untrained functions as well as

the performance of daily life activities (e.g. driving, see Cassavaugh and Kramer

2009). Particularly training interventions aimed at improving working memory

have shown substantial transfer effects to attentional processes (Lilienthal et al.

2013; Salminen et al. 2012), cognitive control (K€uper and Karbach 2015; Salminen

et al. 2012), and general fluid intelligence (Jaeggi et al. 2008; see Au et al. 2014,

for a meta-analysis).

High levels of work-related and psychosocial stress are not only detrimental to

physical and psychological health and well-being, but also have a negative impact
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on cognition, in particular fluid cognitive functions (McEwen 2007; Stawski et al.

2006). The ability to manage stress can, however, also be trained effectively

(Gajewski et al. 2012). The notions that stress can have especially harmful effects

in older age (Kukolja et al. 2008; Uchino et al. 2006) and stress reactions become

chronic if left untreated (Martin et al. 2001), make stress management interventions

appear particularly relevant for modern work contexts.

2.1 Cognitive Training

Our computer-based cognitive training was performed in groups of up to five

employees under the guidance of a certified trainer. The training involved four

tasks, which required (a) the retention and reproduction of sound and colour

sequences or (b) sequences of spatial positions, (c) the retention and addition of

number sequences and (d) the counting of dice eyes while adhering to varying

counting rules (www.freshminder.de). All tasks were thus aimed at improving

working memory function with tasks (a) and (b) requiring only the maintenance

and tasks (c) and (d) requiring the maintenance and manipulation of information in

the working memory. Across 4 weeks, participants completed a total of eight

60-min long training sessions during which they attended to each of the four

tasks in equal parts.

2.2 Stress Management Training

The stress management training was based on the ‘Training emotionaler Kompe-

tenzen’ (Berking 2010) and was conducted by a certified trainer in groups of up to

ten employees. The training involved educational elements about the causes and

physical and psychological effects of stress as well as practical training exercises of

methods aimed at reducing the subjectively perceived stress level. The practical

exercises included breathing, muscle relaxation and mindfulness techniques. In the

course of the training, a particular focus was put on stressful situations from the

participants own work experience and the successful application of stress reduction

methods in these situations. Participants completed a total of eight 60-min training

sessions across a period of 4 weeks.

2.3 Participants of the Cognitive and Stress Management
Training

Participants were employees of the above mentioned medium-sized companies

who volunteered to be part of either a cognitive training group (n¼ 21; mean

age¼ 35.7 years; age range¼ 17–57 years; 7 women), a stress management training

group (n¼ 38; mean age¼ 42.6 years; age range¼ 20–64 years; 16 women) or a

control group (n¼ 35; mean age¼ 42.2 years; age range¼ 19–62 years;

18 women). All participants provided written informed consent.
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Participants from all groups first took part in a pre-test session. In the following

4 weeks, participants from the two training groups completed eight sessions of

either the cognitive training or the stress management training. In contrast, partici-

pants from the control group did not participate in any training activities. Subse-

quently, all participants completed a post-test session, which was identical to the

pre-test session.

3 Intervention at the Management Level

3.1 Leadership Training

Contrary to the wide-spread notion that age diversity in teams leads to more

productivity and innovation, recent research has revealed adverse effects of age

diversity on team performance. As causes of these adverse effects age stereotypes

resulting in conflicts within the team were identified (cf., Ries et al. 2010, 2012). In

order to raise the awareness of companies for the innovative potential of older

employees and to avoid the adverse effects of age diversity, a leadership training

was developed, implemented and evaluated.

The training is based on the model of ‘servant leadership’ (Ehrhart 2004; Liden

et al. 2008). Servant leadership is a leadership style that focuses on serving multiple

stakeholders of the organization. Hale and Fields (2007) define servant leadership

as “an understanding and practice of leadership that places the good of those led

over the self-interest of the leader, emphasizing leader behaviors that focus on

follower development, and de-emphasizing glorification of the leader” (p. 397).

Thus, servant leaders do not lead for their own or their organization’s benefit, but

for the benefit of multiple stakeholders, and especially their employees. Conse-

quently, servant leaders do not lead through formal authority or charisma as

proposed by other leadership styles such as transformational leadership (e.g.,

Burns 1978; Weber 1921/1946), but instead rely on “one-on-one” communication

to understand the abilities, needs, desires, goals, and the potential of their

employees (Liden et al. 2008; p. 162). Additionally, servant leaders shape their

employees’ views and values to encourage them to become servants and servant

leaders themselves (Greenleaf 1977; Rivkin et al. 2014).

Even though servant leadership overlaps with other leadership styles such as

transformational, ethical, and authentic leadership (Bass and Avolio 1990; Brown

and Trevi~no 2006; Walumbwa et al. 2008), it also differs from these constructs in

certain key aspects. First, Graham (1991) argues that leadership styles such as

transformational leadership fail to consider the importance of a moral compass,

which constitutes a crucial aspect of servant leadership. Second, in contrast to

leadership styles that include a moral component (e.g., authentic leadership and

ethical leadership), servant leadership focuses on the success of multiple stake-

holders of the organization. Third, servant leadership is especially focused on the

interests and competencies of followers. Thus, servant leaders aim to develop their

employees, and to support their growth and success (Smith et al. 2004).
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Based on the theoretical background provided above, we developed a new train-

ing for leaders of age-diverse teams (see Br€oker et al. 2015). Specific training

objectives included increasing awareness for age diversity and its impact on group

performance (specifically how misunderstandings and problems in age-diverse

teamwork can occur), developing and practicing skills, e.g. avoiding age prejudices

in communication and fostering appreciation of age diversity. Furthermore, partici-

pants developed personal action plans for implementing strategies in their everyday

leadership routine. The training consists of four consecutive modules.

The first training module focuses on creating awareness among the participants

for the topic of demographic change and age diversity as well as providing them

with the required knowledge on the effects of age diversity and its importance for

teamwork. In order to deepen the understanding that it is not age per se that influ-

ences teamwork, but rather the characteristics we associate with certain age groups

(Bell 2007; Harrison et al. 2002), different characteristics of young and old

employees were discussed.

Already at this early point in the training, participants were asked to reflect their

own images of young and old team members. Aiming at advancing the understand-

ing of age diversity as a resource, the trainer further lectured on the advantages and

disadvantages of age diversity in teams.

In the second module, the focus shifted from general principles to discussing

hands-on strategies for dealing with the challenges of age diversity and drawing

practical implications for leaders’ everyday work life. It aimed at identifying

employees’ individual strengths and weaknesses with regard to their age. In order

to achieve this, participants discussed their images of ‘age’ and received informa-

tion concerning age-related changes (with regard to health, learning abilities, moti-

vation and social skills) and the high inter-individual variability of performance

across the lifespan (Baltes and Baltes 1990). On the basis of the notions obtained

during these discussions, participants developed plans on how to delegate tasks,

depending on the strengths of younger and older employees.

The third module focused on empowering employees in age diverse teams.

Therefore, the trainer shed light on the detrimental role of conflicts and their impact

on employees’ motivation. Furthermore, it was clarified that establishing a culture

of trust and developing possibilities for employees to autonomously determine

certain aspects of work can mitigate the adverse impact of age diversity on per-

formance and innovation.

Finally, the topic of the last module was appraisal of employee performance.

Participants were trained in conducting appraisal interviews during which they

focus on the positive aspects of employees work.

Participants were invited for a half-day booster session aiming at recapitulation

and reflection 4 months after the training. After a brief repetition of the main

training topics, the trainer introduced the method of group coaching (Lippmann

2009). Participants were encouraged to discuss problems they experienced in

applying the training topics to their leadership routine. Based on the results of the

group discussions, participants had the chance to go through the described

situations in role plays and reflect upon their challenges in order to develop new,
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successful strategies for subsequent implementation. At the end of this workshop,

the most promising strategies for dealing with age diversity were summarized and

visualized.

3.2 Participants of the Leadership Training

Participants were 36 (13 women) leaders from the above mentioned companies.

Data was collected on paid company time before the training (pre-training) and

4 months after (post-training). An additional follow-up measure in the training

group was conducted 12 months later. Participation was voluntary and anonymous.

To evaluate the effectiveness of the training program we obtained data from all

(36) participants and their 162 (50 women) employees. The average team size was

4.5 members. Participants mean age was 39.61 years (range¼ 26–55 years) and

employees mean age was 37.26 years (range¼ 19–62 years).

4 Results

4.1 Cognitive Training Intervention

Participants in the cognitive training group showed improved performance at post-

test measurement compared to pre-test measurement in three of the four trained

tasks: Cognitive training improved working memory updating as indexed by the

(a) number addition task as well as working memory maintenance as measured in

the (b) spatial sequences task and the (c) dice counting task. In the latter two tasks,

the control group also showed performance benefits at post-test measurement.

Paired t-tests did, however, indicate that pre-post differences in task performance

were substantially more pronounced in the cognitive training group than in the

control group. Cognitive training also had marginally significant positive effects on

immediate memory recall and accuracy on compatible trials of the Stroop task

measuring cognitive control.

4.2 Stress Management Training Intervention

In contrast to the control group and the cognitive training group, participants from

the stress management training group reported reduced work overload and

job-related effort at post-test measurement compared to pre-test measurement.

Participants were also less prone to chronic worrying and scored marginally

lower on the overall chronic stress screening scale.

The stress management training additionally benefitted working memory

updating processes as indexed by reduced reaction times and marginally higher

accuracy in an n-back task as well as marginally improved performance in the

number addition task. The stress management training group also showed shorter
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reaction times in a matrix reasoning task at post-test measurement compared to

pre-test measurement. This was, however, most likely due to poor performance at

pre-test measurement rather than a genuine improvement in fluid intelligence. In

line with these results, we observed an increased number of correctly solved matrix

reasoning task matrices at post-test measurement for the control group, who also

showed poor performance at pre-test measurement.

4.3 Leadership Training Intervention

Evaluating the effectiveness of the leadership training intervention, we analyzed its

impact on various indicators of team functioning and performance, assessing data

both from leaders and their team members 4 months and 1 year after the training,

respectively. In doing so, we gained several important new insights. First, our

findings indicate that the salience of age diversity was not increased by the training,

even though it could have been assumed that age differences become more pre-

valent due to discussing such differences in our training. This result can be consi-

dered positive because high salience of age differences in teams has been observed

to hinder team performance (Ries et al. 2010).

Second, we found that trained leaders showed more appreciation of age diversity

after the training. The amount of age prejudices of trained leaders was also reduced

and the training was found to have a long-lasting effect on age prejudices as their

level remained low in the follow-up measure. Interestingly, while analyzing teams

of trained leaders we found a similar effect that was however delayed. Changes in

attitudes towards elderly employees and age-diverse teamwork probably have to

manifest in leaders’ mindsets and behavior first. After consolidation of these

changes in the leaders themselves, changes in the teams can occur. This was to be

expected, as many previous studies have described the relative stability of attitudes

and peoples’ resistance to change in well-established attitudes (e.g., Wegge et al.

2010; van Dick et al. 2008). Moreover, only small effects for attitudinal change

following (diversity) training have been found in a recent meta-analysis (e.g.,

Kalinoski et al. 2013).

Third, we also anticipated improvements in team functioning and effectiveness.

As expected, results revealed that trained leaders report fewer conflicts in their

teams after the training. If we interpret conflicts as an indicator for team function-

ing, leaders thus experience an improvement in teamwork after the training.

Fourth, we found that the training increased innovative behavior in teams, an

effect that was stable until the follow-up measure, indicating continuously

increased team performance over time. However, there was no significant main

effect for the identification with the team. Taken together, it could be argued that

the effects of the training pointed in the right direction but were rather small.

Certainly, changing attitudes and stereotypes as well as influencing team members’

views is a long and complicated process. Therefore, even small effects especially on

subsequent performance indicators should be worth noting.
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5 Discussion

In view of substantial demographic changes and an increasing age-diverse compo-

sition of work forces, we developed, implemented and evaluated training inter-

ventions at both the individual and the management level with the aim to improve

employees’ (a) cognitive abilities, (b) stress management competences, and help

leaders (c) to manage age-diverse work groups more effectively. All interventions

were tailored to workplace settings in that they were designed to be easy-to-use and

motivating as well as time- and cost-efficient.

All three training interventions could be implemented successfully and resulted

in beneficial effects at the individual and management level. The participating

employees showed significant improvements in several cognitive functions

(in particular working memory) and improvements in their stress management

strategies. Theoretically, based on the ‘servant leadership’ concept, the leadership

training also improved team functioning and innovative behaviors as reflected in

several indicators at the team leader level as well as the group members level.

One known caveat of such interventions is, however, that training effects may be

short-lived if the contents of the training interventions are not refreshed in subse-

quent booster sessions. The companies in which we implemented the interventions

are already making an effort to counteract this and sustain training and transfer

benefits for their employees, e.g. by making the cognitive training tasks and stress

management exercises available via the company’s intranet they are trying to

encourage their continued use. Furthermore, the companies offer half-day booster

sessions for the leadership training in order to stabilize the effects in the long-term.
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Change into an Ergonomic 3 Shift Model
with a Reduction of the Night Shifts for All
Workers

Corinna Jaeger

Abstract

Night and shift work causes specific stress and strain. According to ergonomic

recommendations the period of work and sleep which is against the circadian

rhythm should be short. With the aim of taking preventive measures a company

in the metal and electrical industry reduced the amount of night shifts for all

workers concerned and changed the flexible shift system into a fast and forward

rotating system; overtime is compensated by leisure time. Employees have

influence on their working time. After implementation the employees, the

works committee and management vote for the retention of the ergonomic

shift system.

Keywords

Working time • Shift work • Night work • Stress • Strain • Ergonomics

1 Introduction

What is to be done with an ageing work force that can bear the strain of night work

less and less? This question has been asked by a company of the metal and electrical

industry with a number of 150 employees at its location in Germany.

To offer a permanent night shift on a voluntary basis and to offer separately a

turning early and late shift was out of the question for this company, as the relief for

one would cause an additional load for others. A permanent solution for the purpose

of an aging appropriate shift schedule design had been wanted.
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2 Ergonomic Background of Night and Shift Work

Shift work – and especially the night shift – signifies a special kind of stress and

can lead to an enhanced strain (Fig. 1).

The human is inherently a diurnal being (Jaeger 2015c), at night a lot of bodily

functions are reduced to a minimum in order to recover. During the day it’s the

opposite, the body is appointed on activity. This does apply as well. That is so for

the so called early birds (the morning persons) and the night owl (the late risers),

whose body clock is just postponed by a couple of hours. The bodily functions are

controlled by a timing circuit such as light, heat, noise and having knowledge about

the time of day (social timing circuit). Working night shift means, to perform at

night against the natural sleep-wake-cycle (circadian rhythm) and having to sleep at

day (Jaeger 2014a). That increases the risk of sleep deficiency, mistakes and acci-

dents. Bodily efforts to adapt in the night shift or in the various positions of working

hours are none more so than demanding. Negative consequences of the strain

can gather over the course of the working life and compromise ones health.

A common social impact of night and shift work is isolation, a limited family life

and an increasing divorce rate.

2.1 Shift Work at an Advancing Age

The demographical change becomes apparent by an increasing average age of the

population. Also the amount of middle and higher aged workers is rising. With an

increasing age the night and shift work is more straining (Jaeger 2014b, 2015b). For

example is the adaption to the working time getting harder. By tendency the rate for

incapacitation for night shift is rising.

Neutral resp. positive 
consequences of strain

Negative 
consequences of strain 

Physical/Mental 
Stress

Situative Factors:
Work Organisation
Work Task
Work Place
Working Time…

Individual Factors:
Abilities 
Knowledge
Constitution
Age…

Effects

Effective Performance Enhancing 
Measures: 
Optimization of stress and prevention of  
negative consequences of strain 

Can cumulate with enhancing age. 

Strain

Fig. 1 Coherences of stress and strain. After Jaeger (2013: 18, 2015a: 32)
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In 2013 a ruling of the federal court attracted a lot of attention. It had decided in

the case of one nurse that she wasn’t incapacitate in general if she could not work

the night shift. She could demand on working during the day (BAG, Az. 10 AZR

637/13).

In order to occupy the supposedly necessary night shifts an advancing number of

companies offer permanent night shift on a voluntary basis and a turning early and

late shift.

In so doing it’s only a temporary solution as the relief for one would cause an

additional stress for the others. Particularly high additional fees for permanent night

shift – in the automobile industry in Germany up to 38% – offer an incentive that is

probably at the expense of one’s health.

2.2 Aging Appropriate Shift Schedule Design

Demographic change and an increasing number of night shift improper employees

is calling for permanent solutions. An aging appropriate working time and shift

schedule design begins with career entry and extends all over the working life

(Jaeger 2014b, 2015b). It primarily focuses on prevention by optimising the stress

in order to prohibit avoidable impairment. One activity is to design the night and

shift work corresponding with ergonomic recommendations. Only secondary it is

about relief. If there are health impairments, the stress is reduced in order to support

its applicability. One of the most important steps is to reduce fielding in

unfavourable positions—for example night shifts. But that is the theory.

3 Practical Implementation in a Metal and Electrical
Industry Company

Let us take a look at the practice. Using the example of a metal and electrical

industry company to show how steps towards an aging appropriate shift schedule

design have been realised (Jaeger 2016a, b). The company produces roll bend parts

for the automobile industry. Production line for the parts is carried out in series

and small batch series. The German location for business has a number of

150 employees, 16 of them work in the mentioned shift system. The order situation

of the automobile supplier with a standard of 35 h per week fluctuates as well

cyclical as seasonal.

3.1 Initial Position

The former shift system was inflexible, expensive and from an ergonomic point of

view unfavourable. In order to coping better with phases with a strong order situ-

ation, the company agreed to an average 37.5 h with the trade union IG-Metall,

based upon a long backwards rotation 3 shift system with three shift groups. The
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early, late and night shift takes 8 h, including an unpaid break of 30 min. Operation

hours are from Mondays, 6 a.m. to Saturdays, 6 a.m. In case of an increasing order

situation, additional shifts have to be done (Fig. 2).

Weekly working hours would increase to 45 h net, which are 48 h gross.

Employees felt that the long night shift blocks of six nights in a row were the

most burdensome. Additional work was paid including the extra wages. Figure 3

summons the outcome of the ergonomic evaluation of the shift plans. It shows a

number of critical (red) and alarming (yellow) aspects.

Six night shifts in a row ended on Sundays at 6 a.m. After that followed a

backward rotation into the late shift on Mondays. As Fig. 4 illustrates the rest period

in between the shifts is 32 h long. Thereby the minimum rest period of 35 h, referred

to in § 11 clause 4 of the German Working Hours Act (ArbZG), is undercut. These

are a combination of Sunday and Holiday resting periods of 24 h (§9 ArbZG) in

addition to the daily resting period of at least 11 h (§5 ArbZG). At the long

backwards rotating change from the sixth late shift at Saturdays to the early shift

on Mondays the weekly rest period only amounts to 32 h as well.

In phases with a lowermost order situation all of the night shifts have been

cancelled, which is very much for the purpose of an aging appropriate shift schedule

design. Within the 3 weeks shift cycle resulted a whole free week. At the same time

the early and late shift was extended to 10 h gross including an unpaid 45 min break

(Fig. 5). This led to an uneven distribution of the lower weekly working hours of a

average 30.5 h net. The employees felt that these two working blocks, with

extended daily working time and a shortened rest period of 2 weeks in a row

(each 45.75 h net respectively 50 h grass) are very burdensome. With increasing

Week 1 N night shift 8 hours gross
Group Mo Tue Wed Thu Fr Sa Su S late shift 8 hours gross 
A N N N N N + N F early shift 8 hours gross
B S S S S S + S
C F F F F F + F + N additional night shift

+ S additional late shift
+ F additional early shift

Fig. 2 Abstract of the former shift plan with additional shifts on Saturdays

Rota resumee Evaluation Incidents per week Legend: 
Criterion group A 1 2 3 critical 
Lenght of  night shift blocks 1 6 alarming
Lenght of  late shift blocks 1 6 OK
Lenght of late and night shift blocks
Length of working blocks OK
Length of working blocks with only 1 day in between 1 21
Unfavourable shift sequenzes 1 2
Free evenings per week 2 1 1
Rest period after night shift OK

Weekly resumee 5 3 2

Saturday and Sunday off 0%
Saturday and Sunday off (excl. **) 0%

Fig. 3 Ergonomical evaluation of the shift plan including additional shifts
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age they needed more time to recover, whereby the part of usable leisure time was

decreased.

Because additional work was paid out, a time credit was absent to compensate

the deficit between actual time and estimated time in phases of low order position.

3.2 Aims and Measures

The enterprise was striving to react to variations in order quantities more reason-

ably and more cost-effective in the future and with that, optimize the strain on the

aging employees. To achieve these goals, extra times were to be balanced by

leisure time, an operational scope for flexibility upwards and downwards created,

shift sequences ergonomicly designed, the total of night shifts reduced for all

persons involved, and employee’s requests are to be considered.

3.3 Development and Implementation of an Ergonomic Shift
System

On the development of the flexible 3 shift system with reduction of the night shift

for all employees, the management, the human resource manager, the production

Group A 11
10

9
8
7
6
5
4
3
2

Night shift sequences 1

Sequence started in week 1

Resting period (in hours) 32

Number of night shifts 6

Fig. 4 Night shift sequence with a shortened weekly resting period

Week 1
Group Mo Tue Wed Thu Fr Sa Su
A
B S10 S10 S10 S10 S10 S10 late shift 10 hours gross
C F10 F10 F10 F10 F10 F10 early shift 10 hours gross

Fig. 5 Abstract of the former shift plan reduced to 10 h early and late shift
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manager, workers council and employees have been a part of. In order to adopt the

expertise, employer and representatives of the employees together visited one of the

author’s seminars. Then they designed a flexible shift model. By the counsellors

support it was reflected and overruled due to its lack of applicability.

The following illustrated alternative was created on the basis of the analysed

requirements. Figure 6 shows the basis plan of the partly continuous shift system

with 3 shift groups. The 37.5 h target weekly working hours of the former shift

system, which had been agreed upon with the IG Metall, were reduced to 36.5 h. As

the phases with a higher order situation predominate, the basis shift plan with an

average of 39.5 h per week already is planed over the target hours. By the

employees request the operation hours were accelerated to Sundays at 10 p.m.

and the closure to Saturdays 2 p.m. Usually the early, late and night shift endures

8 h a time gross with 30 min unpaid break.

3.3.1 Reduction of the Night Shift for all Employees
An assessment of demands resulted in a cutback of the operating hours. To the

purpose of prevention, the company used this result to find a sustainable solution for

the night work. The uncommon consists in the disruption of the operation hours.

Instead of leaving frame shifts aside, Tuesdays and Wednesdays operations from

the night shift were transferred to the day shift and the early and late shift were

extended to 9.5 h gross with 30 min unpaid break. Therefore, both night shifts were

removed. That means a reduction of the night shifts from 6 down to 4 for all

employees within the 3 week shift cycle. The night shift block beginning on

Sundays is shortened from 4 to 2 night shifts.

3.3.2 Implementation of Ergonomic Recommendations
In terms of an aging appropriate organisation of working time (Jaeger 2014b,

2015b) with the ergonomic shift plan the company implemented further ergonomic

recommendations (Beemann 2005).

Merely 2 night shifts in a row provide a short period of work and rest time

against the biological sleep and awake rhythm. After both night shifts follows an

48 h working free time by request of the employees. Early, late and night shift rotate

fast forward.

At the transition into a later starting shift type, the rest period is extended by 8 h,

so that there is more time to recover within a working block. There are no

unfavourable shift sequences. The length of each shift is adapted to the workload.

Night shifts are terminated to 8 h. Only early and late shift are affected by the

lengthening on 2 days. Phases with a superior high operation grade prevail, so that

Week 1 2 3
Group Mo Tue Wed Thu Fr Sa Su Mo Tue Wed Thu Fr Sa Su Mo Tue Wed Thu Fr Sa Su

A N F F F S SL SL N N F FL FL S S N
B S SL SL N N F FL FL S S N N F F F
C F FL FL S S N N F F F S SL SL N N

F early shift 8 hours gross S late shift 8 hours gross N night shift 8 hours gross
FL early shift 9.5 hours gross SL late shift 9.5 hours gross

Fig. 6 Illustration of the ergonomic 3 shift system with a reduction of the night shifts (basis plan)
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the basis shift plan is designed over target. Extra hours flow into working time

accounts and are to be balanced by leisure time. This prevents an accumulation of

working time. As a further step towards aging appropriate working time design,

primarily by balancing through leisure time, the first thing that is cut off is a night

shift. Same thing happens if the order situation lowers. So called frame shifts are cut

off. First the night shift on Sundays, then the early shift on Saturdays. That increases

the leisure time at the Weekends, saves the shift allowance and cares for a

consistent distribution of the working hours. The shift plan is clearly laid out and

repeats after 3 weeks. Employees have the opportunity to influence working times

by taking leisure time from their working time account. Even to swap shifts is

possible. Furthermore they can change into part time work by reducing their

contractual operating volume.

As illustrated in Fig. 7 the ergonomic evaluation of the ergonomic shift system

shows better conditions than the former shift system.

The positive effects with regard to the reduced number of night shifts and

shortened night shift sequences are illustrated in Fig. 8. In the ergonomically

created shift system follows a rest period of 48 h on each night shift block. And

also the weekly rest period – even in the over target planned basis shift plan – 48 h

at each weekend is therefore far over the time of 35 h required by law.

3.3.3 Pilot Project and Implementation
Employees and works council especially have been sceptical about the short

forward rotating shift sequences. In order to evaluate the shift system developed

in coorporation with the employees by concrete experiences, it has been tested for

6 months. The aging employees felt a real relief by working a smaller number of

night shifts, short night shift blocks, ergonomic shift sequences and the compen-

sation of extra hours by leisure time. As well as the consideration of requests from the

employees, while developing the shift system and the influence on their own

working time, cared for a high acceptance. Through the possibility to extend or

shorten the operation time including management and the compensation of time

credit or time deficit by working time accounts, the latest shift system covers all

business related matters in a suitable and economic way. The pilot project resulted

in a minor need for changes. After a corresponding modification, the flexible

Rota resumee Evaluation Incidents per week Legend:
Criterion group A 1 2 3 critical
Length of  night shift blocks OK alarming
Length of  late shift blocks OK OK
Length of late and night shift blocks OK
Length of working blocks OK
Length of working blocks with only 1 day in between 1 8
Unfavourable shift sequenzes 2
Free evenings per week 1 2
Rest period after night shift OK

Weekly resumee 1 3 4

Saturday and Sunday off 33%
Saturday and Sunday off (excl. **) 0%

Fig. 7 Ergonomically evaluation of the ergonomic shift plan with a reduction of the night shifts
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ergonomic shift system with a reduction of night shifts was favoured by all involved

parties and firmly assumed on the 01.01.2015.

4 Conclusion and Prospect

Frame conditions,which are favourable from an ergonomic point of view, as they help

to optimise stress or even prevent negative consequences of strain, are often rejected

or considered sceptical in operating practise. This especially happens to shortly

forward rotating shift plans and the compensation of extra hours by leisure time

instead of money. It’s even more important to sensitise for the need of changes, to

engage employees into the development process, to create compromises, to let

working times—that has been changed—bring into effect during a pilot project and

modify according to the responds, if necessary. In order to support the acceptance and

distribution of ergonomic shift plans, the Insititut f€ur angewandteArbeitswissenschaft
e. V. offers a 9 min movie on their website (arbeitswissenschaft.net) with the

title “Schichtarbeit arbeitswissentschaftlich gestaltet—entlasted Mitarbeiter und

stärkt Unternehmen”. Companies, employees concerned, works council and

scientific experts have word on the topic.
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Vocational Competency Management
Through the Use of Serious Games:
Opportunities and Risks Using the Example
of the Harbour Industry

Daniela Ahrens and Sven Schulte

Abstract

The port economy oscillates between tradition and modernity: On one hand, the

port continues to provide unskilled and inappropriately qualified people an

entrance to dock work. On the other, the maritime industry reports high levels

of specialisation and automation. This as well as the demographic change mean

that questions of competence development and operational skills management

are very timely. The empirical results of the research project “Work process-

oriented competence development for the port of the future” prompt discussions

on the innovative forms of occupational competency management based on the

use of Serious Games.

Keywords

Harbour industry • Competency management • Serious games • Workbased

learning

1 Introduction: Challenges in the Harbour Industry

Nearly 23% of Germany’s total freight turnover is handled in the ports of

Bremerhaven and Bremen of the Free Hanseatic City of Bremen. A maritime forecast

for the German seaports from the 2013’s estimates an annual growth in freight traffic

volume of 2.8% until 2030 (cf. Freie und Hansestadt Hamburg Beh€orde f€ur
Wirtschaft, Verkehr und Innovation 2015, 26). These optimistic forecasts lead to a
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demand for skilled workers, which is increasingly difficult to cover facing the demo-

graphic change and the increased demands on skilled workers in the maritime industry.

Model calculations for the Bremen port industry expected in the age group of over-50s

by 2020 an increase by around 13%, while the share of the 35–50 year old people will

be reduced by around 16% (cf. J€urgenhake et al. 2006, 4). Among the industrial

workers in the port logistics, the average age was in the year of 2006 on 41.6 years

(J€urgenhake et al. 2006). The demographic change, the economic situation as well as

rising labor requirements are the decisive parameters that provide the companies with

the challenge of skills development. In addition, the recruitment of skilled workers in

the German maritime industry is in competition with industries such as aerospace.

These industries are currently more attractive to professionals than the maritime

industry because they have a stronger presence and a more positive image (Freie

und Hansestadt Hamburg Beh€orde f€ur Wirtschaft, Verkehr und Innovation 2015).

Few studies or research have been conducted on the changing labour

requirements at the ports. A comprehensive industrial sociological study for har-

bour work was published in the 1970s (Abendroth et al. 1979). This study deals with

the increasing industrialisation and mechanisation of loading and unloading as well

as the standardisation of progressive container.1 The container handling increased

not only the traffic volume, moreover through the large volume and normalised

cargo units increasingly specialised handling agents (gantry cranes, straddle

carriers) come to use. Abendroth et al. focus in their study the identification of

requirement profiles for the profession “skilled workers port” given the fact that the

majority of port workers (80%) possessed a vocational qualification, which was

however missing the occupational context, so that cost and time for intensive

updating training were necessary.

A recent study on qualification in the port focused on the training of (long-term)

unemployed, in order to offer them an employment perspective in the port (Mehlis

et al. 2010). Regarding the increasing “professionalisation of dock work” (Mehlis

et al. 2010, 9) the study aimed on the further training of unemployed people as a

“Specialist in port logistics”,2 to give low-skilled persons sustainable employment

perspective as well as to provide the port operators with qualified staff. The

assumption was that the 2006 newly created apprenticeship “Specialist for Port

Logistics” would replace the “port skilled workers” (3-month training in connection

to at least 2 years of professional experience in the port) in the long term. The latest

figures reveal that companies still rely on skilled port workers. Overall, only about

80 trainees for this apprenticeship in Germany were counted in the last 2 years. It

seems likely that in view of the complexity of the work in the port, the companies

have difficulties with a specified competence profile of a training occupation. They

prefer to rely on on-the-job-teaching. Although the following definition dates back

to 1979, it illustrates the complexity and variety of port work:

1In the mid-1960s the “Fairland” American shipping company Sea Land brought the first

99 containers to Germany. Since that time the container revolutionized shipping. About 95% of

world trade today is carried by container.
2In 2006, the occupation requiring formal training “Specialist for Port Logistics” was launched and

replaced the previous tallyman system.
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Port work [. . .] and therefore the occupation of dockers [. . .] includes the practical port

handling by means of any technique, designed by operationally organized division of labor

and cooperation, and controlled by a certain entrepreneurial disposition. Among those set

of tasks all kinds which refer, directly or indirectly, to the actual loading and unloading of

vessels of all kinds, including the related loading and unloading of inland transport [. . .], as
well as in connection with the port internally necessary transporting, registering, storing,

testing and maintenance of the port, as the intersection of land and sea transport, the

incoming and outgoing goods of any kind incurred (Abendroth et al. 1979, 18).

This definition is still relevant today, but the technologies and forms of work

organisation have changed. Both the handling of high and heavy goods and

container handling happens with a rising degree of mechanisation and automa-

tion—for example, the industrial trucks are equipped with crane machines, remote

monitoring and automatic sway for the floating containers are also recorded.

Although the physical strain has decreased, however experts record increasingly

physical and mathematical skills, logical thinking, a quick mind, a sense of respon-

sibility and working independently are required at the same time (Verein Ham-

burger Stauer von 1886 e.V. 2011). The changing nature of work in the port can not

only be understood exclusively as a benefit of a stronger systematisation and a

theory-driven action. The focus is rather on the relationship between knowledge

and action. This work-related knowledge refers not only to systematic knowledge,

but also to a kind of process knowledge. These two types of knowledge are highly

interrelated. Addressed is a knowledge that refers not only to individual tasks to be

performed, but to the context of individual tasks in an operational context (Fischer

2006). For example, raising the carrier structures from the ship must just happen in

a straight line, the ropes have to stand in the right corner, and unequivocal view

signs of the stevedore to the crane operator are essential. Bridge crane operators are

responsible in a harbour for the container envelope between ship and quay. They

take charge, send or load and unload ships and trucks with the assigned containers.

In her mostly high mechanised job in the floating cabin under the gantry they have

to deal with more than thousand-tons-arrangements precision work. The containers

are placed from a distance from up to 40 m with an exactness of few centimetres.

Furthermore, lightweight and extremely long blades have to be transported like a

raw egg and expectant generator gondolas with high weights. The result is that just

the experience and knowledge is not obsolete by automating and increasing

demands on workers in terms of handling the technology. This and the growing

process orientation operational workflows cause the requirements for taking over

responsibility, interface capabilities, as well as social skills to rise in the maritime

economy at all skill levels.

Following up on the methodological approach and the empirical results of the

joint project “Work process-oriented competence development for the port of the

future”,3 the first step is to outline the methodological approach for identifying the

competency requirements for skilled port workers. The second step is to meet the

3The joint research project is funded by the Federal Ministry of Education and Research in the

program “Vocational Competency Management and Demographic Change”. It has a term from

1.12.2013 to 28.02.2017 (www.arkoh.de).
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educational challenges for the implementation and the potential of Serious Games

to enhance competence development. The focus lies in the didactic perspective. The

aim of this paper is to show the challenges and perspectives of playful learning for

skills development. The view is particularly directed to the question of how a

combination of fun and learning is possible, and to identify the challenges of

designing Serious Games as an innovative tool for vocational competence manage-

ment in the port industry.

2 Identification of Required Skills

While educational research in the 1990s focused on competence-oriented

approaches, some critical voices have taken the large number of (measuring)

methods in the field of (cognitive) psychology to acquire skills to advance the

beginning of a “cognitive revolution” (cf. Zlatkin-Troitschanskaia and Seidel

2011). At this point, we cannot discuss the complex debate about the concept of

competence, especially as the search for a consistent theory to a concept of

competence seems to be futile. Erpenbeck and Rosenstiel rather refer to the fact

that the concept of competence is “theory relatively” (cf. Erpenbeck and von

Rosenstiel 2003, XII). This makes it necessary to define the meaning frame of the

concept of competence which was used in our research. We would like to take this

opportunity to emphasise two key elements for the following underlying under-

standing of competence. First, the turn to an action-oriented concept of compe-

tence: The main difference to the qualification concept is that skills are

“dispositions of self-organised action” (Erpenbeck and von Rosenstiel 2003).

Competences become visible in concrete action while qualifications make existing

knowledge skills visible as certified results. Qualifications manifest as “knowledge

and skill positions” in education certificates while competencies as “self-

organisation dispositions” are only accessible at the action level. Therefore, they

can be acquired only in the context of the situation. Thereby, the concept of

competence emphasized the level of action. Second, in a professional context an

understanding of vocational skills has enforced as a unit of professional, social and

human skills (Bader and M€uller 2002). Though, methods skills, learning skills and

communicative competence are understood as an integral part of this triad. This

action-oriented concept of competence goes back to the work of Henry Roth

(1971), who identified the concept of competence and made the connection between

psychology and pedagogy. In his pedagogical anthropology, Roth linked the edu-

cational goal of maturity with skills development. Thereafter, maturity was under-

stood as a competence in a triple sense: self-competence, physical and social

(cf. Roth 1971, 180). For Roth, there is a mature, self-reliant act, first of a kind

and expertise (intellectual maturity); secondly, a social insight and social skills

(social responsibility); and, thirdly, the value of judgment and I-competence (self-

determination and moral responsibility) (Roth 1971, 180). The triad of self, physi-

cal and social skills Roth brought into play is, with slight changes, fundamental to

the competence debate in vocational education and training today.
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To identify the competency requirements the study used in its empirical research

social and vocational science methods (Gessler and Howe 2015): Concretely, a

scenario analysis, work process analyses and semi-structured interviews with

experts 4 of the port industry were applied. Additionally, the authors conducted a

standardized survey among companies of the maritime sector. While the semi-

structured interviews were aligned more exploratory and hypothesis generating to

provide criteria for the work process analysis the company survey served the

hypothesis validation. The work process analyses were conducted in the loading

process of tower segments and support structures as well as in the container

handling and stevedoring processes in the workspace of the offshore logistic.

The Scenario analysis focused the trends for the port by 2020. In four workshops

with relevant stakeholders weighted contributing factors were identified and

condensed into four scenarios (Duin and Thoben 2015). The scenarios are based

on a matrix representing the dimensions “Human & Demography” and “Processes

& Technology” 5:

– Scenario 1 (“people first”) describes that sufficient and well-qualified

professionals are available, the organization of work processes and the technol-

ogy used, however, remains at the present level. The focus in this scenario lies on

the qualification and training level.

– Scenario 2 (“full speed ahead”) indicates that the technology development and

training of employees go along together, so that not only adequate and well

qualified professionals, but also an innovative and effective infrastructure in the

port industry is present.

– Scenario 3 (“stagnation”) provides for both dimensions a pessimistic forecast.

The company notices the effects of demographic change in the way that the

average age of the staff increases and fewer young professionals can be

recruited. The infrastructure does not develop further, so that the port is not a

growth industry and therefore not an attractive workplace.

– Scenario 4 (“Smart Port”) also describes a negative result of demographic

change development regarding the availability and qualifications of

professionals. In this scenario, however, the shortage of skilled labour is

compensated by the economies of scale of digitisation.

The experts (scientists, entrepreneurs, social partners) participating in the

workshops said the “Smart Port” was the scenario most likely to eventuate. It was

also identified in the ArKoH research project as posing a major challenge, because

it clearly demonstrates the danger of the rationalisation of jobs through

digitalisation and automation.

4A total of nine expert interviews were conducted. These experts included representatives of

training institutions for skilled port workers, a works council chairman and executives from

companies in the port industry.
5In keeping with the socio-technical system approach, “processes” were understood to be work

processes.
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Parallel to the scenario analysis a survey was conducted during the first half of

the project. An online version and a pen-and-paper version were realised. Of the

54 representatives of companies, associations and social partners invited to partici-

pate, almost 50% responded (Fig. 1).

The aim of the company survey was from the perspective of stakeholder

assessments of the current status and the future development (a) the work processes,

(b) to win the staff recruitment and training, (c) the technology and digital media,

and (d) the “Port of the Future”. The results show that these companies are already

feeling the consequences and challenges of demographic change. The majority of

respondents complained of difficulties both in recruiting skilled workers on the

labour market and finding suitable trainees. With regard to how training is carried

out and the degree to which work and learning are interrelated, the results show a

rather conservative perspective. Still, classic seminaristic training opportunities

were the dominant form at these companies. Two-thirds of respondents said that

training was in the form of full-time gainful seminars held in-house. These related

mainly to training by manufacturers (Fig. 2).

Media-supported learning in the work process or blended learning concepts are

only used by nearly one-fifth of respondents. Comparing this survey result with the

result of the scenario analysis delivers valuable notes for the ambivalent relation-

ship between digitization and future forms of work. Company representatives

primarily look at the rationalization potential of digitization. The potential of the

new media is seen more from a business perspective in terms of effectiveness and

efficiency and not as an opportunity for new learning processes and formats. The

surveys on the one hand and the scenario analysis on the other were supplemented

by structured interviews and observations of the working process. The workplace

observations of the shipping of high and heavy goods were executed in half or

whole days, and were documented on the basis of an observation guide. If the work

process allowed, issues were resolved immediately with the respective port

professionals. The results of workplace observations were weighted and validated

in terms of their significance for different skill levels (professionals, master’s level

management personnel) at a workshop with participating company representatives.

Fig. 1 Distribution stakeholders
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Triangulation of the empirical results generated the following seven learning

modules for skills development:

– Maritime English,

– Selection of the appropriate abutment tableware,

– Truck selection,

– Transport safety rules,

– Knowledge of physics,

– Detecting defects in the sling, and

– Use of stop techniques.

Two aspects are emphasised in the learning modules: First, companies put a high

priority on professionalism, along with the ability and willingness to deal properly

with tasks and problems on the basis of technical knowledge and skills. These

include the ability to recognise process contexts. This is mainly due to the fact that

worker safety is of central importance in port areas. This can be seen in the methods

devised to deal with the right sling to avoid accidents. For the companies, the choice

and the use of the matching abutment dishes are of enormous importance, given the

high risk of accidents. The second aspect concerns the training modules “knowl-

edge of physics” and “maritime English”. These learning modules underline the

increasing demand for port professionals. Knowledge of, for example, lifting angle,

loads and tensile forces will remain essential in the wake of increasing automation.

In particular, this involves stevedoring processes and the loading of bulk goods.

Fig. 2 Vocational competency
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3 Serious Games

The term “Serious Games” was coined by Clark C. Abt in the mid-1970s to

emphasise the possible advantages of using play in learning processes:

We are concerned with serious games in the sense that these games have an explicit and

carefully thought-out educational purpose and are not intended to be played primarily for

amusement (Abt 1975, 9).

Serious Games became popular tools for use in recruiting young adults for

vocational positions. The game “America’s Army” (created in 2002), for example,

was the subject of much controversy. It featured a shooting game whose aim was to

get adolescents excited about a military career. In the meantime, a broad range of

areas of application have been found for Serious Games. The game content has been

enlarged significantly and includes uses for health, the medical sector, sport as well

as in playful learning of soft skills and the creation of work environments (e.g.,

office or factory buildings) to provide training in work processes or cooperation

between skilled workers through the use of special simulations. In New York

opened in 2009, the “Quest to Learn” school that aligns all their teaching and

learning approach to the use of game mechanics.6

The increasing dissemination of mobile devices (tablets, netbooks, smartphones)

is of growing importance to the education sector. Meanwhile, computer games are

no longer only played by youths and young adults; they are now popular among age

groups from 30 to 50 years, or even older (Goertz 2011). Although the concept of

Serious Games has spread widely since the beginning of the twenty-first century,

and has even spawned several established research institutes and journals (e.g., the

International Journal of Serious Games), there is still a lot of scepticism about the

extent to which “serious play” is possible at all. The strong connection between

playing and learning is beyond doubt for children and youth, but to what extent can

it be applied to work-process orientated competency development?

Presenting learning content in the form of a game in order to increase motivation

and participation (especially among individuals with only a slight interest in the

topic being learned) above the levels seen in seminaristic vocational training

illustrates the main idea behind Serious Games. In comparison to traditional

e-learning concepts, Serious Games underpin the idea of action-orientation and

therefore involve intrinsically motivated learning activities (Unger et al. 2015). For

the development of Serious Games it is necessary—unlike with normal games—to

start with the learning objectives. The next step consists of shaping the application

in an appropriately playful way while at the same time orientating the learning tasks

and problems to suit the work situations of skilled harbour workers (De Witt 2012).

An essential challenge for learning with Serious Games is posed precisely by the

6The school was founded by the American “Institute of Play” (http://www.q2l.org/).
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fact that learning situations are shaped in a playful way, and not like typical learning

situations (Kerres et al. 2009).

In light of the manifold fields of application and the different theoretical

approaches—especially media theories, game theory and research of expertise—

there is no standardised definition of Serious Games. While game-based learning

favours the learning processes of the users, the term Serious Games figures out the

gaming aspect itself (De Witt 2012). For the purposes of the present argument we

use the term “serious games”. Serious Games have been defined as “digital learning

games that are used in vocational education and training to support traditional

learning by using technical and multimedia elements” (cf. Feist and Franken-

Wendelstorf 2011, 69). So far, playing, learning and working have been seen as

unrelated activities, but now they are seen as useful in combination. Moreover,

Serious Games enable learning processes that are usually not feasible for security or

economic reasons (e.g., learning processes in real work situations in the fields of

aviation and space flight):

Game-based learning enables learners to undertake tasks and experience situations which

could otherwise be impossible and/or undesirable for cost, time, logistical and safety

reasons. Game-based learning is truly interactive, everything that the learner does, or

does not, has an effect and is thus highly experimental (Corti 2006, 1).

In shaping the didactical concept that underpins Serious Games, three different

approaches can be discerned (Kerres et al. 2009): First, the approach of immediate

transfer of knowledge, which is gained directly throughout the game. In this case

the knowledge is mainly declarative knowledge. This kind of knowledge is

exemplified by simulations. Simulations—models that are as realistic as possi-

ble—aim to create learning processes that enable the learner to use the new

knowledge in real (work) situations. The issue of didactic moves back in favour

for the benefit of a very detailed and realistic simulation (cf. Kerres et al. 2009, 1).

Furthermore, there are varying opinions on whether and to what extent simulations

can be seen as games at all. Critics object on this point, referring to the requirements

of simulating reality. Primarily, a simulation does not contain playful elements, but

represents training and instruction material. There is an opposing view that insists

that using a simulator has elements of play (e.g., launching or landing a plane via a

simulator can be a very playful experience, particularly for ambitious players).

Nevertheless, simulations are often perceived as an immersive experience. The

authenticity of the reality makes the participants forget that this is a simulation.

The second approach emphasises the immersive experience in digital worlds.

The development of role play or fantasy worlds (e.g., as an adventure or in a

dangerous setting) is always to the fore. This is the opposite of a simulation, in

that the strangeness is part of the concept. One criticism of this kind of playful

learning is that a transfer of knowledge is nearly impossible. However, supporters

of this approach point to its use of procedural knowledge (e.g., decision-making

under time pressure as well as coordinating activities with teammates). Every

mentioned element is clearly needed outside the gaming world. John Hagel and
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John Seely Brown go so far as to recommend the MMORPGWorld of Warcraft for

management employees in order to give them competencies in handling

uncertainties and encourage creative thinking (Hagel and Brown 2009): “They

[players] learn to welcome collaboration as an opportunity to learn faster by

focussing on a set of individual strengths while being exposed to the diverse

perspectives and experiences of those with complementary strengths” (cf. Hagel

and Brown 2009, 3).

Last but not least, the third approach represents a special didactic challenge, in

that learning tasks have to be prepared in a playful way. This approach has been

conducive to the development of learning assignments for skilled harbour workers.

An essential challenge lies in matching the game design with the workplace

environment. Furthermore, recent studies have demonstrated the challenging and

entertaining nature of medium-difficult tasks. The tasks may neither overstrain the

player nor should the tasks be easily to handle. Thus, they have a major impact on

motivation (Kerres et al. 2009). In order to create a balance between enjoyment and

learning, respectively between pedagogical and game design, the development of

the ArKoH-game adhered to the following criteria: aesthetically appealing

illustrations, a good balance of challenge and reward, varied tasks, variable

opportunities for interaction, as well as comprehensible context information and

narration (cf. Breuer 2010, 28).

At the beginning of the game there is a brief self-assessment regarding one’s

competency level. Depending on the level—from beginner to expert—and on the

current learning module, there are specific tasks and questions that have to be

solved by the player. The level of difficulty varies (e.g., in the number of possible

answers to multiple-choice questions, or a time limit being imposed on a task). In

this way, and also through the inclusion of an element of challenge via a quiz-duel

or a high score ranking, a playful learning atmosphere is fostered (Fig. 3).

The learning modules have been implemented into a “storyline” for the ArKoH-

Game.7 This game enables problem- or task-orientated learning. While converting

real work tasks into learning tasks falls into the task-orientated learning category,

the problem-orientated approach focusses on the process itself (De Witt 2012). The

realisation of the game design integrated several ideas on how to support the

learning process: Tutorials explain the basics of the game; a non-player character

(NPC) accompanies the player and provides explanations on demand, and asks

questions or requests that the player explain a certain process (e.g., in order to

introduce a new colleague to a work process).

In another example, in shaping the coordination of a shipping process in a

playful way, the player has to start a dialogue with a new colleague. As part of

the communication process the player has to explain to his new colleague the

special conditions of a high & heavy shipping process. After the dialogue, questions

have to be answered. By answering the questions correctly, the player reaches a

higher level of the game. Wrong answers prompt text-based feedback that leads to

7The realisation of the “ArKoH-Game” happens on a windows-tablet, 10,1 inches, touchscreen.
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further information or illustrations, as well as explanations of the correct response.

Thus, the player does not have to leave the game. Ideally, the feedback or the

follow-up information brings about the beginning of a reflection process within the

player. A quiz with a linear question-and-answer format can be seen as a setting that

enables knowledge learning. Since each learning module works on its own, these

kinds of learning-on-demand approaches are very well suited to the idea of micro-

learning and, accordingly, mobile learning (Robes 2009; Sauter and Sauter 2013).

Micro-learning is not without controversy. Critics fear that learning is subordinated

to economic strategies. This fear is justified. Nevertheless, successful learning

processes usually take place only when own actions encounters resistance. Short

learning units respond to a current problem and contain all the necessary informa-

tion in order to understand them.

4 Summary and Outlook

In vocational education and training a culture of indoctrination still persists (e.g.,

frontal teaching in traditional seminar forms). The research results of the ArKoH

project partly confirm this. In the majority the companies we surveyed are sticking

to traditional forms of training. At the same time, the advancing digitisation of our

working lives has led inevitably to an argument about new/digital media. This

affects the discussion of new forms of vocational training, which are also supported

by digital media. Through the dissemination of mobile devices (smartphones,

tablets, netbooks), learning “on the way” has become more and more attractive

Fig. 3 Starting screen of the ArKoH-game
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and can easily be adapted to work processes. The younger generation of “digital

natives” (“Net Generation”), for whom new media are a part of everyday life and

even of working life, are not the only ones to benefit from this situation. Further-

more, Serious Games are being used to instruct people with low motivation for

vocational training, as well as temporary workers. In the harbour business there are

two more target groups coming along: facing the fact that cargo-handling systems

and related work processes are changing permanently, Serious Games support the

upgrading of skills. Through Serious Games knowledge can be refreshed and

forgotten information and rules are brought into memory again. Secondly, not

only skilled harbour workers, but also employees in marketing and distribution

departments have been mentioned as an important target group. These employees

possess trading and marketing knowledge, but they usually lack of know-how about

the operative handling of cargo. In conversations with customers, or in manpower

planning, knowledge of operational harbour processes (e.g., using a spreader or

ground conveyer), could be a great advantage. In the present study, the surveyed

companies identified three possible applications for Serious Games in the context of

internal competency development:

– Use of Serious Games for in-house training: From the perspective of companies,

Serious Games offer an appropriate way of developing competencies. An advan-

tage is that such games can be played “in the meantime” during breaks and

thereby can easily be integrated into the activities of fulfilling work processes.

This application is particularly directed at employees that could not be motivated

to take part in previous vocational education or training. That point confirms the

assumption that employees are more motivated to play a game than take part in a

seminar. During the evaluation of the use of the ArKoH game, another substan-

tial difference arose between two target groups. While white-collar workers

could use a Serious Game in a self-organised way in their offices, this was not

possible to the same extent for skilled workers (blue-collar) because of work

safety regulations in the harbour yards. Many companies have forbidden the use

of mobile phones on harbour grounds. They worry that the use of Serious Games

will cause attention span and concentration levels to decrease, while at the same

time increasing the risk of a work accident.

– Serious games can be used in recruiting new employees to gain information

about what training contents are necessary and how much time for training is

needed. The companies that took part in the evaluation are discussing the extent

to which serious games can be used as an innovative method for the identifica-

tion of competencies. This approach does not constitute a complex and statisti-

cally determined measurement of competencies, but represents a pragmatic and

effective way of identifying process- and work context-related skills.

– Self-organised learning can be promoted via Serious Games. Playful learning is

learning connected with positive emotions. That point, as well as the challenging

character of the games themselves (e.g., in the form of quiz duels or high-score

rankings), motivates employees to embark on self-organised learning.
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On the part of the companies in the harbour sector there is—one the one hand—a

great interest in the use of this learning approach. On the other hand, the companies

maintain a degree of scepticism based on the assumed contradiction between play

and work. Since that perceived contradiction is reinforced in our industrial society,

the question arises: Do we need to reformulate the relationship between work and

play? Faced with the ongoing digitisation of society, it does not seem promising to

categorise computer games per se as dangerous, or as being in conflict with the

educational perspective. It has been 40 years since the observation was made that:

“Games are not a panacea for all of the ills of the educational system today, but they

do provide fast and effective relief for some of these ills” (vgl. Abt 1975, 28).

Faced with the increasing digitisation of the working world, and especially in

light of the increasing importance of individual, informal and collaborative

learning, greater priority must be placed on the educational potential of computer

games. The research and studies conducted so far indicate that, along with mobile

learning and social learning, game-based learning is getting more and more rele-

vant. The extent to which Serious Games can serve as a tool for internal compe-

tency development is significantly influenced by the equilibration of work process-

relevant learning content on the one hand and playful elements on the other. In

shaping and implementing work process-orientated learning content, attention must

be paid to the narration of work context and variable forms of interaction.
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Abstract

The lidA conceptual framework on work, age and employment is based on the

observation that retirement is complex and therefore requires broad views and

broad scientific approaches. Based on the framework, the JPI UEP project has

identified three research gaps with respect to retirement research: a conceptual

gap, a regional gap and a thematic gap. To understand the process of retirement

in its complexity, and to provide organizational and national policies with valid

evidence, research is needed that contributes to bridging these gaps. Ideally,

such research should combine different methodological approaches, allow for a

life course view and should make use of the potential of cross-cultural

comparisons. Not least, it should be of interdisciplinary nature and bring differ-

ent research communities together. Human Engineering as explicitly integrated
science can not only contribute with own expertise in the field, but might adopt

an integrating and moderating role here.
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1 Introduction

Since one and a half decade the number of older workers is increasing in Germany,

the employment rate among the age group 55 to 64 years has increased from the

year 2000 to 2014 by 25% points to approximately 71 % among men and by 31%

points to 60 % among women (Eurostat 2015). This trend will continue in the

coming years. This, however, can be concluded from projections of demographic

developments in Germany which indicate that the employment potential (number of

people available to the labor market) has now reached its maximum and will from

now on decrease substantially. The size of this development is illustrated by

estimations calculated by Fuchs et al. (2015): Assuming an annual net

in-migration of 200,000 people (which equals the average net in-migration of the

past 60 years in Germany) and further increasing employment participation rates

among older workers they calculate a decrease of the employment potential from

45.1 Million in the year 2012 to 40.8 Million in 2035. To keep the employment

potential constant until 2050 a mean net in-migration of annually 533,000 people

would have to occur (Fuchs et al. 2015) which the authors consider to be unrealistic

to happen. Accompanying the expected downward trend, estimates show that the

German economy will continue to need about 40 million workers for many years

to come.

The German Federal Government regards the decrease of the national employ-

ment potential as a threat for economic growth and innovation. In its annual

economic report 2015 (Jahreswirtschaftsbericht) the Federal Ministry for Economic

Affairs and Energy states that the employment potential needs to be systematically

increased: by reducing early school and college dropout, by improving occupa-

tional qualification and by an increased employment participation of women, older

people, migrants as well as disabled people (BMWI 2015).

If, perspectively, more and more people at higher working age have to remain in

employment, the question is not only whether future generations of older workers

HAVE TO DO this—but also whether they WANT and CAN do this and which

social, societal and organizational framework conditions need to accompany and

support this development.

The topic of employment participation of people at higher working age has

attracted researchers since many decades, for example in psychology since the

1970s (Beehr 1986). In the past years, scientific attention of this topic is increasing

and disciplines such as gerontology, psychology, sociology, economics, social

epidemiology and occupational health are dealing with it. Yet, in their research,

the disciplines tend to focus on single factors that may influence employment

participation at higher working age, resulting in two-dimensional analyses such

as “work factors and retirement”, “financial factors and retirement” or „health and

retirement”. One example: Van den Heuvel and de Wind (2015) document the

multitude of studies confirming the association of poor health with early exit from

employment. This, however, is not consistent with data (collected in 2008/9)
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published by Hasselhorn and M€uller (2014) indicating that in Germany about 2.7

million working people in the age group 51 to 64 years report moderate to poor
health while about three million people of the same age group did not/no longer

work and reported good or excellent health. Obviously, when it comes to early exit

from work, more factors besides health must be playing decisive roles, such as

individual living conditions, work ability or the labour market. This implies, that

focusing organizational and also socio-political measures on the promotion of the

health of older workers might remain insufficient if the aim is to increase employ-

ment participation of older workers. In other words: whether or not people at higher

working age are still employed is usually a function of a complex interaction of

influential factors.

What is often lacking in research is the adequate consideration of the multitude

of further relevant determinants and their inter-relatedness (Hasselhorn et al. 2015).

This limited view has raised concerns about the validity of available research

findings and their relevance for policy at the organizational, industry and national

level (Szinovacz 2013; Hasselhorn et al. 2015; Phillipson and Smith 2005). As a

consequence, there have been increased calls for the establishment of broader views

and interdisciplinary approaches in retirement research (Szinovacz 2013; Wang and

Shultz 2010; Hasselhorn et al. 2015; Phillipson and Smith 2005). While only

partially reflected in empirical research, the complexity of the retirement process

is acknowledged in theoretical considerations within retirement research. Brown

and Vickerstaff (2011) underline the “causal complexity” of the macro level or

meso level in sociocultural, economic, and political factors that may interact with

each other and manifest themselves within specific household structures and per-

sonal environments. The emphasis of complexity as a core feature of employment

participation at higher working age is today mainly being brought forward in the

course of qualitative studies (for example Brown and Vickerstaff 2011; Higgs et al.

2003; Pond et al. 2010; Loretto and Vickerstaff 2012), some quantitative studies

(de Wind et al. 2014; de Wind et al. 2015) and by overview publications (Szinovacz

2013; Hasselhorn and Apt 2015; Phillipson and Smith 2005; Ekerdt 2010).

In this contribution the main findings of the JPI UEP project “Joint Programming

Initiative—Understanding Employment Participation of Older Workers” (2014 to

2015) will be presented. Forty-six scientists from eleven countries representing

different scientific disciplines and research communities reviewed research and

outlined research needs in the field of employment participation at higher working

age. More about the project and its several national and domain reports may be

downloaded here: www.jp-demographic.eu/activities/exploration/fast-track-

projects. JPI UEP was a project initiated in 2014 by the Joint Programming

Initiative “More years, better lives—The potential and challenges of demographic

change” (JPI MYBL). JPI MYBL was established in 2010 with support of the

European Commission to address the major societal challenge of demographic

change by coordinated research funding.
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2 The JPI-UEP Project

2.1 JPI UEP: Conceptual Basis: The lidA Conceptual Framework
on Work, Age and Employment

Conceptual basis of JPI UEP was the lidA conceptual framework on work, age and
employment (Fig. 1). lidA stands for the lidA Cohort Study “lidA—leben in der

Arbeit. German cohort study on work, age and health” (www.lida-studie.de,

Hasselhorn et al. 2014), a longitudinal study assessing work, age, health and

employment in Germany from an interdisciplinary view (occupational, social and

labour market sciences). The underlying lidA conceptual framework on work, age
and employment has been developed under the assumption that a broad view is key

to gain a deeper understanding of employment participation at higher working age

and to promote interdisciplinary research in the field.

The lidA framework combines eleven so called “domains” that cover core

determinants known to influence retirement timing. The domestic domain, for
example, contains factors such as marital status, partners’ employment, family

formation, caring obligations, informal task and role distributions, synchronization

of retirement, and household income. This domain is linked to the domain social
position (see arrow in Fig. 1). As an example, families of low social status may

differ substantially from families of high social status with respect to their house-

hold income and/or their distributions of informal tasks and roles. Such diversity

may influence decisions about employment participation at higher working age.

According to the conceptual framework, the domestic domain also directly impacts

the domain motivation to continue working by enhancing or weakening older

workers’ propensity to work through circumstances at home.

The motivation domain, in turn, is influenced by the individual’s work, health,
work ability, finances and the pension system, all indicating groupings of decision

factors in the lidA model (Fig. 1).Work covers two domains in the framework, one

Fig. 1 The “lidA conceptual framework on work, age and employment” (Hasselhorn et al. 2015)
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comprising work organisation (e. g. human resource management, HRM) and the

other work factors, i.e. work content and social work environment.

While the content of the domain health may be obvious to the reader, its role

with respect to employment participation of workers at higher working age needs to

be looked at in a differentiated view as indicated earlier. Work ability refers to the

Finnish work ability concept (Ilmarinen and Tuomi 2004) which basically defines

work ability as whether someone is able to get a specific job done. The arrows in the

framework indicate that this capacity is related to the work itself as well as the

worker’s knowledge and skills, health status, and also motivation to work.

According to this concept, a worker may exhibit a high level of work ability despite
a relatively low health status; what matters is whether the job fits the worker’s

functional, cognitive and motivational capabilities.

In the model, not only work, health, work ability and the domestic background

influence the motivation to remain in employment or retire, also financial factors
and legislation exert an important influence. To give an example: While in the

1990s, in many European countries, financially attractive regulations have led to the

early retirement of large cohorts of older workers, today, current legislative and

financial regulations may prevent the early exit even among those older workers

who are highly motivated to retire early.

Four Characteristics of Employment Participation

The lida conceptual framework also illustrates four characteristics of employment
participation at higher working age, namely that retirement is:

– complex,

– a process,

– influenced by factors on the individual level,

– affected by factors on the structural level.

Retirement Complexity

The multitude of domains in the framework and their interrelations elucidate the

causal complexity of employment participation at higher working age. Above all,

these interactions are occurring within a social context (Fig. 1): older workers are

not making their employment / retirement considerations and decisions as stand-

alone individuals, instead, they are part of a system of social relations influencing

such reflections and decisions. This retirement complexity was the driver for the

development of the lidA conceptual framework (see above).

Process of Retirement

The lidA conceptual framework also indicates that retirement is not a discrete event

but a process that develops over a period of time.

Retirement as a process may either be seen as the gradual exit from a career job

to complete withdrawal from the labour market. This process may be described by

the term “fragmentation of retirement” indicating increasing temporal and concep-

tual heterogeneity in retirement, a development triggered by socioeconomic trends

and policy shifts (see Hasselhorn and Apt 2015).
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Several psychologists conceptualize retirement as a process referring to the

process of retirement decision-making. Beehr (1986) differentiates between think-
ing about retirement (developing a preference to retire), expressing an intention to
retire (decision), and implementing the decision by retiring. These concepts are

covered by the motivation domain of the lidA conceptual framework.
Finally, a life course perspective of employment participation may provide

another understanding of the process character of retirement. Many—if not

most—determinants of early exit from work, such as health, work ability and

motivation to work, may be seen as the result of exposures earlier in life. The social
position domain in the lidA conceptual framework points to early in life factors

linked to the social origin of an individual as potentially influential for employment

participation at higher working age. Naegele and Sporket (2010) are following the

life course approach when defining three risk factors for employment at higher

working age: health risks, qualification risks and motivation risks, while

emphasizing that these risks are late manifestations of early exposures in life.

This “temporal complexity” challenges the traditional connotation of retirement

among policymakers, prevention advisors and—not least researchers (Hasselhorn

and Apt 2015).

Individual Level

The “lidA framework” indicates that retirement is to high degree determined by

factors inherent in each individual worker. Many of the factors influencing the

retirement process are located within the individual and his/her personal life. This

individual level view of employment at higher working age is reflected by several

domains of the lidA conceptual framework, for example health, motivation, domes-
tic domain and financial factors. A conclusion is that retirement is never the same

for two people and that research should not neglect such individual micro level

factors.

Structural Level

Finally, employment participation at higher working age is embedded in a strong

structural context mainly represented by financial factors, legislation and the labor
market. Legislative and regulatory factors, not least retirement schemes and labor

market policies, effectively shape retirement behavior. Retirement researchers have

to relate their findings to the relevant policy context to detect their impact and to

consider their multiple effects.

3 JPI UEP: Three Research Gaps

The lidA conceptual framework on work, age and employment formed the structural

and contextual frame of the JPI UEP project. Following its structure, experts from

the JPI UEP working group collected research evidence and identified research

needs across the ten domains, explicitly referring to the ten participating countries

(Austria, Belgium, Canada, Denmark, Finland, Germany, Netherlands, Norway,
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Poland, Sweden, United Kingdom). The ten domain chapters were complemented

by eleven national reports explicitly referring to the national state of research for

each of the domains and concluding with specific research needs on national level

(Fig. 2).

Rather often, similar conclusions with respect to research needs were drawn

across domain chapters and country reports. In summary, the research needs fall

into three priority areas to advance research on employment participation of older

workers, that is to

– address conceptual gaps,

– close regional research gaps, and

– fill thematic gaps (Hasselhorn and Apt 2015, P 111–114)

Conceptual Gap

A broad view of retirement requires a conceptual framework which locates retire-

ment within the context of a multitude of determinants on individual, organizational

and societal level and allows for a life course perspective. The JPI UEP working

group found that most studies did not adopt such a systems view and multifactorial

approach and thus bear the risk of overlooking the complexity of retirement. Also,

specific longitudinal research approaches and applications of life course

perspectives were frequently lacking. Furthermore, a lack of broadly

conceptualized cross-national comparative research was identified. Finally, there

is poor coverage of important population subgroups like older women, migrants or

manual workers, who should be in the focus of retirement policy attention.

The JPI UEP working group concludes that advancement of research on the

employment participation of older workers could be expected if retirement research

would increase multifactorial thinking, apply more multilevel approaches and

Fig. 2 JPI UEP matrix approach: ten domain chapters and 11 country reports
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consider the multitude of employment exit routes. In addition, research should

cover population subgroups and their distinct characteristics with respect to gender,

social or occupational status, migration/ethnicity or age. Finally, retirement

research would benefit from an openness as to the selection and combination of

methodological approaches.

Regional Gap

The project findings indicate that research on employment participation of older

workers is distributed very unevenly across the review countries. Highest (and

high) research coverage was found in Norway and the Netherlands. Canada and

Finland also showed a high level of research activity. Also Sweden and the UK have

a substantial research tradition. Qualitative research was found to be more frequent

in the UK and the Netherlands. Only very few research activities were identified in

Poland.

The uneven distribution of retirement research across the participating countries

can partly be explained by the fact that the Nordic countries and the Netherlands

provide the opportunity to the research community to link individual survey data to

register-based data. An explanation for the marginal research coverage in Poland

could be that in the past decades the country was focused on a socially and

economically painful transition from a planned to a free-market economy with

high unemployment. Here, early exit pathways for older workers were opened as

means for coping with transition and unemployment.

The lack of a European cross-national data structure and research coverage

limits the possibility to conduct cross-national comparative studies. However,

these would provide a highly valuable source for mutual learning and for

identifying the main determinants that influence the transition from work to retire-

ment. Taking the cross-national differences in the social welfare systems into

account, comparative studies might be able to answer questions concerning

country-specific effects and distinguish them from general, more systematic phe-

nomena, mechanisms and settings.

Thematic Gap

The JPI UEP working group has identified a number of thematic gaps in retirement

research, which should be closed by adopting a differentiated view: the role of

health in the context of retirement, potential domestic and household factors, new

work exposures like the increased use of technology or higher flexibility in work

settings and their possible impact on retirement, the role of older women in

retirement, the relation between migration and retirement, social position, the

employers’ perspective; the opportunities for organizational intervention, and the

societal costs and gains of policy changes. To give an example:

In many countries, the group of older women is considered as an “untapped”

potential for increasing employment participation. So far, the topic “employment

participation of older women” has found scientific attention in a few countries only

such as the United Kingdom, Norway, Canada and the United States. In view of the

continuing gender segregation of jobs, older women’s higher financial dependency
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in later lives and restrictions of older women’s social and political autonomy, it is

obvious that retirement is not the same for women and for men. Intercultural

differences will also have an effect. A differentiated and up-to-date understanding

of older women’s multiple roles, needs, preferences and employment potential is

needed. This would promote the development of supportive measures on the

organizational and national policy level and by structural support in social and

labour market policy. Here, cross-national and multi-methods research (including

qualitative approaches) could contribute to a substantial gain in knowledge.

4 Discussion

The lidA conceptual framework on work, age and employment is based on the

observation that retirement is complex and therefore requires broad views and

broad scientific approaches. Based on the framework and its implications, the JPI

UEP project has identified three research gaps with respect to retirement research: a

conceptual gap, a regional gap and a thematic gap. To really understand the process

of retirement in its complexity, trends and risk groups and to provide organizational

and national policies with valid evidence, research initiatives are needed that

contribute to bridging these three gaps. Ideally, such initiatives should combine

different methodological approaches, allow for a life course view and should make

use of the potential of cross-cultural comparisons. Not least, they should be of

interdisciplinary nature and bring different research communities together.

Human Engineering as explicitly integrated science can not only contribute with
own expertise in the field, but might adopt an integrating and moderating role here.
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Age-Differentiated Analysis
of the Influence of Task Descriptions
on Learning Sensorimotor Tasks
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M€utze-Niew€ohner, and Christopher Marc Schlick

Abstract

This paper presents a study into the validity of a self-developed method to

predict the learning time of sensorimotor tasks that was originally developed

for young adults (age group AG I) for persons aged between 52 and 67 (age

group AG II). For this purpose, a laboratory study was conducted with an

age-differentiated sample of 60 participants. The participants’ task was to

repeatedly assemble a carburetor with the help of one of three task descriptions,

which differed in regard to format (textual, text- & figure-based, animated).

Execution times and numbers of assembly errors were measured to evaluate

human performance. Additionally, the cumulative viewing time of the task

description was measured in each trial to analyze participants’ usage of the

task description. Data analysis with respect to the age group and the format of the

task descriptions indicates significant effects (α¼ 0.05). Thus, participants who

had the support of a textual task description achieved greater performance

improvement than participants who used the animated task description.

Concerning the age group, participants in AG I show better performance and

lower observation times concerning to participants in AG II. Furthermore,

nonlinear curve fittings were carry out and root mean square errors calculated

in order to investigate the accuracy of the prediction method. The results show

that the prediction method is less accurate for older adults.
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1 Introduction

Demographic developments in Germany are posing challenges for labor organiza-

tion and human resource management at manufacturing companies. In response,

those companies have carried out process optimization in terms of quality, time and

cost and have initiated projects how to preserve people’s ability to work

(Dombrowski and Mielke 2012). A couple of core tasks have been identified for

managing the challenges associated with demographic change (Ackermann 2010),

e.g. personnel deployment planning. It should aim at reducing physical strain

through frequent changes of task and types of burden and enhancing motivation

by giving workers the possibility to learn new tasks (Ackermann 2010; Stanić

2010). Since work tasks in production mostly require sensorimotor skills, these

skills have to be learned specifically for each task (Rohmert et al. 1974). This means

that the working person needs a certain amount of time until he or she is able to

execute the new task in a way that satisfies quality and quantity requirements. This

period is referred to as the “learning time” and depends on various influencing

factors, which can be grouped into three classes: (1) the class of the working person,

(2) the class of the work task and the class of the learning method (De Greiff 2001;

Jeske 2013). When considering demographic change, special attention should be

paid to learning methods. An important task for managing demographic change

effectively is differentiating between learning provisions for younger and older

working persons according to their knowledge and learning capabilities

(Ackermann 2010). A laboratory study by Jeske (Jeske 2013; Jeske et al. 2011)

investigated the influence of the format of task descriptions on learning times. Jeske

found that learning time decreases with increasing information richness, according

to the media richness model (Daft and Lengel 1986). Furthermore, Jeske (Jeske

2013; Jeske and Schlick 2012) developed a method to forecast the learning time of

sensorimotor tasks in which the type of task description is one of the most important

predictors. However, Jeske considered only young adults in his investigations.

Thus, it cannot be assured that his results are valid for older persons and that his

model-based predictions are therefore a valid tool for supporting the management

of demographic change in manufacturing companies.

2 Background

Learning time is the period needed to acquire the ability to perform an unknown

work task and subsequently to practice this task until reaching a reference perfor-

mance level. Figure 1 illustrates these two phases of learning time. The first phase is

characterized by a rathe passive learning process in which the learning person gets
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information about the new task. For instance, one might imagine the learning

person observing another person executing the task or that he or she is given

instruction in how to perform the new task. In contrast, the second phase is

characterized by self-determined execution of the work task by the person

him/herself (Jeske 2013).

The performance improvements due to development of skills and knowledge

during the second phase can be very well described by means of learning curves.

The first learning curve for industrial usage was formulated by Wright (Laarmann

2005; Wright 1936). According to his model, performance improves with a rising

number of trials as expressed by a power function. The problem with this model is

that improvement in performance becomes infinite given increasing numbers of

trials. This is unrealistic, making the model unsatisfactory for most applications.

Therefore, many other models have been formulated (Yaber 2011). For instance,

De Jong (de Jong 1960) extended Wright’s power function model (Wright 1936) by

a dimension of irreducibility that is mathematically modeled as an asymptote. Other

authors have used different function types like exponential or logarithm functions

(de Greiff 1999). The interested reader finds more information in the literature,

e.g. (Hieber 1991; Laarmann 2005; Yaber 2011; Yelle 1979). However, a mere

description of learning time is seldom sufficient. In many cases, e.g. for purposes of

planning and qualification, it is also important to forecast the learning time.

Because previous prediction methods were inaccurate for industrial applications,

Jeske (Jeske 2013; Jeske and Schlick 2012) developed a new prediction method for

sensorimotor work tasks. This method estimates the parameters of the learning

curve on the basis of information about the working person, the task itself, and the

learning method. To describe improvement in performance following repeated

executions, Jeske takes as a basis a learning curve that includes a limiting value

c and provides a proportionality constant k, which he interprets as learning velocity.
Furthermore, Jeske introduces a factor λ as a model parameter in his learning curve.

The product of λ and c represents the time needed for the first execution t1. Thus, the
equation for the time needed for the n-th execution tn is (Jeske and Schlick 2012):

reference performance levelperformance

introduction to
the work task

training until reaching the
reference performance level

learning time

time

Fig. 1 Schematic

representation of learning

time (Jeske and Schlick 2011)
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Jeske assumes that the exponential function included in his learning curve indicates

initial learning processes in terms of gaining the required declarative and proce-

dural knowledge, whereas the power function represents the acquisition of motor

skills. Jeske justified this assumption based on the observation that participants did

not use the task descriptions after a certain amount of time. Jeske reasoned that

reduced usage of task descriptions goes along with increased knowledge of the

work task (Jeske 2013; Jeske and Schlick 2012). However, Jeske did not quantify

the participants’ usage of task descriptions.

In order to forecast learning time, Jeske suggests determining the limiting value

c by means of the Methods-Time Measurement Universal Analyzing System

(MTM-UAS). In regression analyses, Jeske found that λ is influenced by the

difficulty of the work task H; the experience of the working person with assembly

E; the type of task description D; and the gender of the working person G. Thereby,
Jeske (Jeske and Schlick 2011, 2012) defines the difficulty of the work task H as an

a cumulated Euclidean entropy of parts and movements according to MTM-UAS.

The parameter k is determined by the parameter λ, the first and sixth factor of

Fleishman F1 and F6 (Fleishman 1962; Fleishman and Ellison 1962), which

describe the fine motor skills of the working person, and the age of the working

person A. The estimation of the model parameters λ and k is carried out on the basis
of the following equations (Jeske and Schlick 2012):

λ ¼ 2:256þ 0:978 ∙HUAS � 0:755 ∙EAssembly � 0:45 ∙Dþ 0:87 ∙G ð2Þ
k ¼ 0:141þ 0:073 ∙ λ� 0:008 ∙FF1 þ FF6 þ 0:013 ∙A: ð3Þ

Jeske was able to explain a large proportion of variance [R2¼ 0.7896 (Jeske and

Schlick 2012)] in experimental validation. However, the development of the model

and its validation were based on samples with participants aged between 18 and

41 years. Thus, it is not clear to what extent Jeske’s method is valid for older

persons.

3 Method

We evaluated Jeske’s prediction model (Jeske 2013; Jeske and Schlick 2012) for

participants between 52 and 67 years of age in a replication study. To do this, we

conducted Jeske’s study into the influence of task descriptions on learning sensori-

motor tasks (Jeske et al. 2011) with an age-differentiated sample. We also analyzed

participants’ usage of task descriptions since Jeske (Jeske 2013; Jeske and Schlick

2012) could not quantify this in order to confirm his assumptions with regard to the

structure of the learning curve (see Sect. 2). Moreover, it is expected that deeper
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insight will be gained into the differences between younger and older participants’

learning behaviors. In this context, it is expected that older participants are more

conscientious, which should result in longer observation times and fewer assembly

errors than younger participants.

3.1 Participants

Thirty right-handed participants aged between 20 and 35 (age group AG I:

M¼ 25.17 years, SD¼ 3696) and 30 right-handed subjects aged between 52 and

67 (age group AG II1:M¼ 59.70 years, SD¼ 4779) participated in this study. There

were equal numbers of men and women in both age groups. Gender and age group

were balanced in all experimental conditions. All participants had neither health

problems nor health restrictions of their hand and arm system. Participants’ binoc-

ular vision was ensured through the use of Landolt’s rings at the distances 0.4 m,

0.55 m and 6 m.

3.2 Experimental Task and Task Descriptions

The experimental task in question was assembly of a Stromberg carburetor. This

task requires the assembly of 32 components of different sizes. Following Jeske’s

formula of complexity, its degree of complexity is H¼ 4.682. According to MTM

UAS, the time needed for well-trained persons is tMTM UAS¼ 146.2 s (Jeske and

Schlick 2011). To execute the task, participants were given a standardized seated

workplace with all components and tools assigned to defined positions (see Fig. 2).

During the assembly, participants were provided with one of three task descriptions.

All task descriptions described the necessary steps for assembling the carburetor in

three separate sections. However, they differed in terms of their format: (1) textual,

(2) text- & figure-based and (3) animated. The task description was presented on a

touch screen, which enabled the participants to switch between the three sections or,

in case of the animated task description, to start and stop the animation according to

their needs.

To stimulate the learning process, participants had to repeat this task ten times.

After each trial a break of two minutes was provided.

1Compared to (Kuhlenbäumer et al. 2016a), one male participant in AG II was replaced, because

he was identified as an outlier in later analyses. An analysis without this participant

(59 participants) can be found in (Kuhlenbäumer et al. 2016b).
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3.3 Experimental Variables

The independent variables are the two age groups (AG I: 20–35 years vs. AG II:

52–67 years) and three different task descriptions (textual, text- & figure-based,

animated). Execution times and assembly errors in each trial were chosen as

dependent variables for evaluating changes in performance. In order to analyze

participants’ behavior with regard to usage of the task descriptions, the duration of

observation in each trial were dependent variables as well. The subjective workload

at the end of the experiment was another dependent variable that was surveyed with

the help of NASA Task Load Index [NASA TLX (Hart and Staveland 1988)].

3.4 Procedure

All characteristics of the participants that should have an influence on learning time

according to Jeske (Jeske 2013; Jeske and Schlick 2012) were collected before the

main experimental task was carried out. For this reason, participants had to com-

plete a demographic questionnaire first. Besides questions about e.g. age and

gender, the questionnaire also included a self-evaluation of participants’ experience

of assembly and of carburetors on a four-point scale (none, little, medium, much).

The measurement of fine motor skills, which are considered in Jeske’s prediction

model as the first and the sixth Fleishman factors (Fleishman 1962; Fleishman and

Ellison 1962), was carried out using the Motor Performance Series (Hamster 1980;

Schoppe 1974). Participants’ technical comprehension and retentiveness were also

surveyed. To this end, a subtest of the AZUBI-TH [“Arbeitsprobe zur

berufsbezogenen Intelligenz – Technische und handwerkliche Tätigkeiten”

(G€orlich and Schuler 2007), which can be roughly translated as “work sample on

occupational intelligence – technical and mechanical jobs”] and a subtest of the

German version of the Intelligence Structure Test IST-2000R [“Intelligenz-

Struktur-Test 2000R” (Liepmann 2007)] were used.

Following the pretests, the main task (see Sect. 3.2), that is the repeated

assembly of the carburetor started. During the assembly, participants’ fixations at

the task description were recorded with the help of a webcam on top of the monitor,

Fig. 2 Experimental setup
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which made it possible to determine duration of task description usage. The

execution times and assembly errors of each trial were also measured. After each

trial, participants were informed about their errors in the previous assembly.

The experiment ended with the NASA Task Load Index [NASA TLX (Hart and

Staveland 1988)], which determines the perceived workload of each participant.

3.5 Statistical Analysis

The statistical analyses of the replication study were conducted with the statistical

software package SPSS (Version 21.0). Repeated-measure analyses of variance

(ANOVA) were used to analyze changes in execution time, numbers of errors, and

observation time based on repeated execution. The effect size ω2 was calculated for

each significant effect and pairwise comparisons with Bonferroni correction were

used as a post-hoc test. Furthermore, Peason’s r was calculated to analyze the

correlation between observation time and execution time or assembly errors. The

chosen level of significance for each analysis was α¼ 0.05 (Field 2009).

The MathWorks Matlab R2016a software was used to evaluate the model

accuracy and prediction quality of Jeske’s method. The analysis of model accuracy

was based on best curve fits. The model parameters λ and k were approximated to

the data of all participants and separately to the data of AG I and AG II. The

coefficient of determination R2 was calculated to evaluated the goodness-of-fit of

Jeske’s learning curve. The prediction quality of Jeske’s method was analyzed

qualitatively by comparing measured and individually predicted execution times. In

order to quantitatively evaluate the prediction quality of Jeske’s method (Jeske

2013), the root mean square error (RSME) was calculated. When calculating the

RSME, the difference between measured and predicted execution times is squared

to prevent overestimations and underestimations from canceling each other out.

4 Results and Discussion

4.1 Statistical Analysis of the Replication Study

4.1.1 Participants’ Characteristics
The participants’ self-evaluated experiences with carburetors and assembly are

shown according to age group in Fig. 3. Most participants had no prior experience

of carburetors. Just a few participants in AG II stated that they had medium or much

experience of carburetors. Experience of assembly was somewhat greater between

the participants: most participants in both age groups had none or little experience

of assembly although some participants in AG II had much experience, and a few

participants in AG I said that they had medium or much experience.

The average results of the motor test are shown in Table 1. Values within the

range of 50� 10 indicate normal fine motor skills. With regard to technical

comprehension, participants in AG I answered 10.63� 2.526 out of 16 questions
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correctly and participants in AG II answered 9.27� 3.619 correctly. The average

retentiveness expressed in default values is 105.40� 8.850 for participants in AG I

and 103.067� 8.379 for participants in AG II. Values within the range of 100� 10

indicate normal retentiveness.

4.1.2 Execution Times
Average execution times and 95% confidence intervals for participants in both age

groups are shown with respect to the different task descriptions in Fig. 4. It becomes

apparent that execution time decreases with the number of trials for each experi-

mental condition. However, it is also obvious that the difference between succes-

sive execution times decreases so that execution times converge to a limit value.

These observations indicate a strong learning effect that was also noted by Jeske

(Jeske 2013) and is described in other literature on learning time (e.g. Hieber 1991;

Rohmert et al. 1974; Yaber 2011). In statistical analyses, the repeated execution is a

significant main effect with a large effect size (F(3.570; 92.806)¼ 179.664; p< 0.001;

ω2¼ 0.688). In pairwise comparisons, it is evident that there are significant

differences between successive execution times until the fourth trial. There are no

significant differences between all subsequent execution times from the eighth trial

on. Consequently, a learning effect is statistically proven.

Fig. 3 Participants’ experience of assembly and of carburetors

Table 1 Participants’ fine motor skills (mean T-value with standard deviation)

Age

group

Fleishman factor

1 2 3 4 5 6

AG I 51.98

(�6.183)

51.07

(�8.526)

52.50

(�7.031)

56.40

(�6.941)

51.93

(�7.187)

54.83

(�8.542)

AG II 54.92

(�3.351)

52.53

(�7.431)

48.97

(�6.552)

53.47

(�7.167)

46.70

(�6.834)

50.67

(�10.039)

Values within the range of 50�10 indicate normal fine motor skills
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The changes in performance due to repeated execution thereby differ depending on

the different task descriptions. This is expressed in statistical analyses as significant

interaction with a small effect size (F(7.141; 192.806)¼ 3.448; p¼ 0.002; ω2¼ 0.016).

An analysis of improvement from trial to trial shows a significant main effect of task

description with a large effect size (F(2; 54)¼ 5.066; p¼ 0.010; ω2¼ 0.157). Post-hoc

analyses reveal a significant difference (p¼ 0.009) between the textual and the

animated task description. Thus participants who had the support of a textual task

description achieved greater performance improvement than participants who used

the animated task description. There are no significant differences in level of perfor-

mance improvement when using the textual vs. the text- & figure-based or the text- &

figure-based vs. the animated task descriptions. These results are partially in line with

Jeske’s (2013) findings. Jeske (2013) also found a significant difference in the level of

performance improvement when using the textual vs. the text & figure-based task

description.

The difference between task descriptions is particularly noticeable in the first

execution. The execution time needed by participants in both age groups for the first

assembly is longest when using the textual task description. In contrast, the first

execution times tend to differ between the age groups when using the other task

descriptions. While participants in AG I needed the least amount of time for the first

trial when using the animated task description, participants in AG II were fastest

with the text & figure-based task description. The statistical analysis shows a

significant difference between first execution times, with a large effect size when

task description
textual text- & figure-based animated

Fig. 4 Means with 95% confidence interval of execution times of both age groups according to

task description
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using the textual or animated task description, for participants in AG I (F(2; 27)¼ 5.308;

p¼ 0.011; ω2¼ 0.223). For this age group, the relationship between informational

richness of task descriptions and first execution time can be statistically represented

as a significant correlation (r¼�0.524; p¼ 0.003), as Jeske (2013) also noted. In

contrast, the task description used by participants in AG II had no effect on the

time of the first execution. However, in the statistical analyses a significant effect

(F(2; 54)¼ 3.439; p¼ 0.039) of age group and task description was determined on the

tenth execution time. The associated effect size ismedium (ω2¼ 0.074). Thus, there is a

significant difference between the age groups in the tenth trial, with a medium effect

size when the textual task description is used (T(18)¼�2.116; p¼ 0.049; r¼ 0.446). In

particular, participants in AG I (M¼ 289.011 s; SD¼ 88.978) needed on average less

time for the tenth execution than participants in AG II (M¼ 370.226 s; SD¼ 82.569).

Figure 4 shows that participants in AG II also needed more time in nearly all

trials than participants of AG I. The statistical analyses confirm this, with a

significant main effect of age group (F(1; 54)¼ 20.160; p< 0.001). The associated

effect size is large (ω2¼ 0.39).

Consequently, learning time can be seen to be significantly influenced by age

group and task description.

4.1.3 Assembly Errors
Figure 5 shows the average number of participants’ assembly errors in both age

groups according to task description. As already discussed, a strong learning effect

was found with regard to execution times. Accordingly, the number of assembly

errors decreases with increasing number of trials. The statistical analysis confirms this

observation with a large effect size (F(3.664; 197,831)¼ 97.477; p< 0.001; ω2¼ 0.558).

Pairwise comparison indicates significant reductions in the number of errors for the

first three successive executions. There are no significant differences between the

numbers of errors from the sixth trial onward. Thus, the learning effect can also be

proven on the basis of decreasing errors.

In contrast to execution times, occurrence of errors is not influenced by task

descriptions. Although it seems that participants make on average fewer errors

when using the textual task description than when using the others, no significant

effect is revealed in the statistical analyses. However, it can be noted that the

descriptive analysis reveals a relationship between the number of errors and the

related execution times. Thus, the faster the participants in one age group perform

their task (on average) when using a specific task description, the higher the mean

number of errors is. This typical speed-accuracy trade-off conforms with Morrell

and Park (1993) who, among others, investigated the effect of task descriptions on

performance of assembly tasks and found that “extra time spent in assembly did

result in accurate final products” (p. 397).

With regard to the influence of age, it can be seen in Fig. 5 that participants in

AG II committed more errors in nearly all the trials. In the statistical analyses this

observation is shown as significant (F(1; 54)¼ 4.029; p¼ 0.05). The associated

effect size is medium (ω2¼ 0.09).
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4.1.4 Participants’ Behavior to Use Task Descriptions
The average observation times and 95%-confidence intervals for participants in both

age groups are shown in Fig. 6. Usage of task descriptions decreases with number of

trials. This decrease is statistically significant in the repeated-measures ANOVA

(F(2.421; 128.326)¼ 270.079; p< 0.001). In subsequent pairwise comparisons between

the observation times of the trials, the decrease in usage with increasing numbers of

trials is significant until the fourth trial, in the case of all trials. Scattered significant

differences exist until the tenth trial.

Given the reduced number of errors with repeated execution, the data analysis

suggests that participants need less and less information from the task description in

order to assemble the carburetor. As a consequence, they have to spend less time

reading the task description. This, in turn, has consequences for the reduction of

execution times. To investigate this more closely, correlation analyses were

conducted between the observation times and execution times or assembly errors

in each trial. The results show that there are positive significant correlations

between execution time and observation time until the seventh (AG I) or the sixth

(AG II) execution. However, the results show just three significant correlations

between the number of errors and the observation time in the same trial. These

correlations are positive and appear in the first (r¼ 0.472; p¼ 0.010), fifth

(r¼ 0.426; p¼ 0.021) and sixth trial (r¼ 0.410; p¼ 0.027) of participants in

AG II. It is assumed that the correlation of the first trial can be attributed to a

poor comprehension of the task description, so that longer observation times do not

result in fewer errors. The occurrences of positive significant correlations in the

task description
textual text- & figure-based animated

Fig. 5 Assembly errors of both age groups according to task description
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fifth and sixth trial seem to be random and cannot be explained by human perfor-

mance models.

When comparing the different task descriptions, it is apparent that the first

observation times of participants in AG I are nearly the same for all types of task

description. In contrast, the observation time for the first trial of participants in

AG II seems to be higher when using the animated task description. However, in the

statistical analysis no significant difference is found between the different task

descriptions—neither for the first trial nor for all the other trials. Thus, the influence

of task descriptions on execution times (see Sect. 4.1.2) is independent of observa-

tion times.

Overall, it appears that participants in AG II used the task descriptions longer

than participants in AG I (F(1; 53)¼ 4.453; p¼ 0.040).

4.1.5 Subjectively Perceived Workload
The participants’ subjective perceived workload is shown in Fig. 7. A value of zero

would mean no perceived workload and a value of 15 equals a maximum perceived
workload. The values for AG I do not differ much for the different task descriptions.

In contrast, the participants in AG II seem to perceived higher load when using the

text- & figure-based task description as opposed to the other task descriptions. In

this case, the perceived workload is higher for AG II than for AG I. In all other

cases, the perceived workload is lower for AG II. However, there are no significant

differences in subjective workload according to age group or task description.

task description
textual text- & figure-based animated

Fig. 6 Mean observation times with 95% confidence interval for both age groups according to

task description
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4.2 Model Accuracy and Prediction Quality of Jeske’s Method

4.2.1 Curve Fit
The investigation into the accuracy of Jeske’s model is based on best curve fits. For

this purpose, it was assumed that the limiting value is c¼ 146.2 s, following MTM

UAS. This is the figure assumed by Jeske in his prediction method (Jeske and

Schlick 2012). The model parameters λ and k are approximated for (1) all data,

(2) data on AG I, and (3) data on AG II. Figure 8 shows the best curve fits according

to the values of the coefficient of determination R2 and the parameters λ and k.
The coefficient of determination R2 is only 61.5% when taking all participants

into consideration. In age-differentiated curve fits, coefficients of determination of

R2¼ 66.8% (AG I) and R2¼ 62.7% (AG II) were achieved. Thus, Jeske’s learning

curve is more suitable for AG I than AG II. This is particularly apparent from the

second to fifth trials of AG II: Jeske’s learning curve assumes that the reduction of

execution time is larger than the measured reduction of execution time. The steep

reduction in Jeske’s learning curve can be attributed to the exponential term, which

describes initial learning processes in terms of gaining knowledge about the task

(Jeske 2013). This leads to the assumption that comprehension of the task is less

important than acquisition of motor skills [which are taken into account in the

power function (Jeske 2013)], in the reduction of execution times for AG II.

4.2.2 Prediction Quality of Jeske’s Method
Figure 9 provides an age-differentiated comparison between measured execution

times (X axis) and individually predicted execution times (Y axis) according to

Jeske’s prediction method (see Eqs. 1–3). Data points below/above the angle

bisector indicate underestimations/overestimations by Jeske’s method. Most exe-

cution times—in particular the execution times for AG II—were underestimated

(Fig. 9).

The RMSE was calculated to quantify deviations between the measured and

predicted execution times. The results are shown age-differentiated in Fig. 10. It

Fig. 7 Subjectively

perceived workload measured

by NASA TLX (Hart and

Staveland 1988) for both age

groups according to task

description
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All participants
R² = 0.615

λ = 6.915 (± 0.258)
k = 0.534 (± 0.040)

Participants of AG II
R² = 0.627

λ = 7.520 (± 0.382)
k = 0.495 (± 0.051)

Participants of AG I
R² = 0.668

λ = 6.452 (± 0.305)
k = 0.586 (± 0.055)

Fig. 8 Fitting of average execution times to Jeske’smodel for all participants and for both age groups

Participants of AG I Participants of AG II

Fig. 9 Comparison of measured and individually predicted execution times

146.2

Fig. 10 RSME of predicted execution times according to Jeske (Jeske and Schlick 2012) for both

age groups
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gives as a reference value the standard assembly time (¼146.2 s) according to

MTM UAS. It is clear that the RMSE will be higher for AG II than for AG I in each

trial. Furthermore, all RMSE in AG II are higher than the reference value, whereas

the RMSE in AG I fall below the reference value after the third execution.

Consequently, Jeske’s prediction method is less suitable for predicting older

people’s learning times and (see Eq. 3) does not adequately consider age.

5 Conclusion and Outlook

This study showed that age group and task description significantly influence

learning of a sensorimotor task. While there is a significant influence of task

description on time improvement only when using the textual or the animated

task description, age group significantly influences execution time and the number

of assembly errors as a main effect. Furthermore, the study showed that a significant

correlation between the first execution time and the informational richness (Daft

and Lengel 1986) of task descriptions, which Jeske (2013) considered in his

prediction method, only exists for younger participants. Thus, this correlation is

not sufficient as dominant predictor for a generally valid prediction method. In

further analyses it was found that the observation times on task descriptions is

independent of the format. Hence, the influence of task descriptions on execution

times cannot be traced back to longer observation times but rather to a easier

understanding of the task when using the animated task description in comparison

with the textual task description. However, in the analyses of observation times a

significant difference between age groups was found. Due to the fact that a signifi-

cant positive correlation was also found between usage and the number of errors in

the first trial of older participants, it is assumed that older participants are more

motivated to comprehend the task than young participants, even if they have

difficulties completing the task. With regard to Jeske’s method for predicting

learning times, the analyses show that this method is less suitable for older

participants. Thus, more age-differentiated investigations are necessary to identify

the essential effects of age on learning time and to accordingly modify the existing

prediction method. For this reason, an age-differentiated investigation is planned

that considers the influence on learning times of specific instructions introducing

working persons to a new task. This is expected to lead to further findings about the

learning needs of younger and older persons. To modify the existing model, data

will be fitted to other function processes (e.g. time series or vector autoregressive

models), and advanced statistical methods will be used to increase prediction

quality.
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The Potential of Virtual Interactive
Learning Environments for Individual
and Organizational Learning: An Example
for the Maintenance of Electrical
Equipment

Michael Dick, Tina Haase, and Wilhelm Termath

Abstract

The contribution reflects a collaborative project between the Otto-von-Guericke

University Magdeburg, the Fraunhofer Institute for Factory Operation and

Automation IFF Magdeburg and an industrial partner from the field of mainte-

nance of electrical equipment. On the basis of the experiential knowledge of the

companies’ experts, virtual interactive learning environments were developed

and successfully proven. The development and the application of the technical

system allowed the integration of individual and organizational learning by

means of a systematic reflection and utilization of the expertise of the

professionals in the companies.

Keywords

Virtual reality • Learning environment • Organizational learning • Maintenance •

Experiential knowledge

1 Initial Situation

The starting point of the project was the interest of an energy company to improve

the further education of the professionals in the field of maintenance by using new

media. The application of virtual reality technologies should reveal the potential of
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the visualization for the improved understanding of technical details and functional

relations.

The ways of presenting technical processes and to interactively control them,

should be used to create complex learning environments following the didactic

guiding principle of activity-based learning (Beuting et al. 2010; Bl€umel 2007;

Bl€umel et al. 2010). Figure 1 illustrates complex technical processes using the

example of the operating mechanism of a high voltage circuit breaker.

In the course of cooperation it became obvious that it requires a significant effort

of communication amongst the experts to describe the process of failure analysis in

a way that it can be clearly visualized. Different experiences and perspectives need

to be discussed and harmonized in order to design learning tasks and to develop a

didactic concept for problem solving tasks.

The very fruitful discussions among the experts about promising and adequate

solutions and strategies led to the demand to not only use virtual learning

applications for the purpose of further education but also within the working

process.

With respect to future developments the virtual models should be made available

for each service technician in his working process. It was intended to give access to

former successful solutions and experiences that are valuable for an efficient

troubleshooting.

Additionally, new experiences and good solutions should be possible to add by

using photos, videos or audio sequences, taken directly in the working situation, and

to make it available online after an intra-company quality check.

Thus the thematic focus of the collaboration on the development of a learning

medium for the optimization of vocational training had been extended towards a

systematic collection and compilation of experiential knowledge of experts as well

Fig. 1 3D-Visualization of

the operating mechanism of a

high voltage circuit breaker

(Source: Fraunhofer IFF)
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as the integration of vocational education and a technology based competence

management.

So far, beyond the manuals of the manufacturers, the experiences and results

from the maintenance tasks are only documented within reports. They usually

contain the causes of failure and the results of troubleshooting, but nothing about

the considerations that led to this approach of failure analysis and respective results.

This means that the problem solving strategies of the experts are not documented

within standardized documents of the maintenance procedures. They are more

informally exchanged within consultation processes between professionals as part

of oral explanations in vocational education.

With increasing technical maturity of the virtual interactive learning environ-

ment the claim was substantiated to include aspects of problem solving strategies to

the design of further education and competence management with respect to

content and didactics.

Of particular importance for the company was the cognition that the technology-

related solutions from maintenance have partially led to technical improvements of

the equipment or the development of specific tools and devices that were applied for

a patent from time to time. That way, in cooperation between operators and

manufacturers product improvements could be achieved.

Thus, the tension between the reference to proven certainties of professional

experience and the acquisition of new knowledge was activated.

This way, the individual pool of expertise by means of “having experience” is

connected with the need to integrate new findings from the work process in the

sense of “making experience” into the personal range of actions.

This requirement also resulted from the permanent technical development of the

new equipment that was applied. Here the professionals of the manufacturer, the

operator and the maintenance companies have to learn the specifics of new

technologies, materials and technical solutions and need to integrate this knowledge

to theirs sphere of activity.

The companies are increasingly facing the challenge to integrate the expertise of

longtime employed experts and the up-to-date factual knowledge of the junior

employees in a way that equipment with a long product lifecycle can successfully

be operated as well as new products and technologies can be added to the

companies’ portfolio.

2 Experiences from the Industrial Use: Evaluation Method
and Results

The decision to develop further technology based learning media should be based

on the results of an evaluation that was conducted within the companies. So far, the

learning applications could only be accessed by a small group of users. Empirical

results about the acceptance, usability and the learning success that could be

achieved by using the technology based learning environment, were missing.
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The evaluation method and the results that could be achieved (Haase et al. 2012,

2013) will be described in the following paragraphs.

2.1 Evaluation

This section will explain the evaluation process in detail. It includes information

about the participants, the measures and the procedure.

2.1.1 Participants
Twenty male trainees from two global electricity companies served as subjects in

the current study. The average age was 36.6 years (SD¼ 10.68), ranging from 23 to

55 years of age. The study took place at a technological training center of the

companies (see Fig. 2). All participants belonged to the maintenance staff of the

companies. All trainees were intermediate to experienced computer users and had

advanced technological knowledge in maintenance of high voltage equipment.

2.1.2 Measures
Many different training evaluation approaches have been published (Eseryel 2002).

However, the best known and widely accepted model for the evaluation of training

and learning was proposed by Kirkpatrick (Athanasou 1998). According to

Kirkpatrick’s evaluation training model (Kirkpatrick and Kirkpatrick 2006) the

personal reactions of trainees as well as the resulting increase in technological

knowledge are focused as training outcomes.

Fig. 2 Learning situation during the evaluation process
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Examination of literature indicated enjoyment and perceived usefulness as two

conceptually separate kinds of trainee’s reactions (Alliger et al. 1997; Warr and

Bunce 1995).

Enjoyment The extent to which trainees perceive a program as enjoyable is a

central form of subjective evaluation (sometimes tapped by what organizations

refer to as “happiness sheets” or “smiley sheets”). For the measurement of enjoy-

ment a questionnaire comprising eight items was designed.

Perceived Usefulness This reaction to training focuses upon the potential applica-

bility of the learning material in the trainee’s job and thus is associated with

changes in work behavior.

Learning The evaluation of learning has evolved as a global term with a variety of

different methods of achievement measurement. The approaches vary as a function

of educational objectives that might result from training. In the majority of cases,

focus is upon the acquisition of cognitive outcomes (trainee knowledge), but

training often addresses skill-based or attitudinal outcomes as well (Kraiger et al.

1993). However, in close coordination with the trainer staff it was decided that the

learning should be assessed in the traditional way of a written examination. While it

is appreciated that this may not be the best method of assessment, it is the method

normally used within the companies, and therefore was realistic within the training

environment. Consequently, a written test, focusing on the technological knowl-

edge learnt, was given. The survey contained multiple choice questions as well as

matching exercises whereby trainees had to correctly rank the answers they were

provided with. The trainees were asked to complete 30 questions with an overall

score ranging from 0 to 45 points. Points were not deducted for incorrect answers.

Usability With regard to trainee’s educational objectives and to avoid any distrac-

tion to trainee’s learning curve a summative evaluation was chosen. Accordingly,

the VR application was evaluated after use by asking the VR trainees to complete

the Software Usability Measurement Inventory (SUMI). SUMI is a rigorously

tested and proven method of measuring software quality from the end user’s

point of view (Kirakowski and Corbett 1993). It yielded 50 ratings for affect,

efficiency, learnability, control and helpfulness as well as giving an overall usabil-

ity assessment. Several items were adapted to the needs of the investigation at hand.

2.1.3 Procedure
In order to evaluate the VR learning application a quasi-experimental pretest-

posttest-follow-up control group design was chosen, with a group of trainees

being taught traditionally by a trainer as the control group (TT) and a second

equally sized group of trainees using the virtual reality application as the experi-

mental group (VR). Hence, the trainees were assigned randomly to two groups of

10 persons each. In each training session participated five trainees and each one
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took 8 h of work. This applies for both conditions, the TT training and VR training

as well.

While the TT group was taught in the usual way using Powerpoint presentation

and a mockup of the operating mechanism, the VR group has used the virtual

learning environment in order to learn the maintenance workflow. In the latter case

the trainers’ role changed from a teacher to a learning coach asking trainees to

reason, integrate, and demonstrate knowledge, answering questions and giving

expert feedback. For this purpose the coach received a special training to manage

the new role.

Prior to the VR training session, the trainees were introduced to virtual reality.

Within the tutorial the 3-D interface and the main interaction metaphors were

explained.

Prior to the program (Time 1), trainees were asked to complete a questionnaire

which tapped the previous technological knowledge (learning, see above) as well as

demographic characteristics. Immediately after the training session (Time 2) the

trainees were asked to complete a survey which addressed their initial reactions (see

above) on the one hand and the acquired technological knowledge (learning) on the

other hand. The items designed to tap enjoyment and perceived usefulness were

intermixed in a single set of items. Additionally, participants of the VR group

completed the SUMI. Approximately 3 weeks later (Time 3) the trainees were

requested to answer the technological knowledge questionnaire again to assess

knowledge retention over time.

2.2 Results

This section presents the results for the measurement criteria enjoyment, perceived

usefulness, learning and usability.

2.2.1 Data Analysis
All reverse-worded items were recoded. For user satisfaction and perceived useful-

ness Cronbach’s Alpha as coefficient of reliability was computed (Cronbach 1951).

Afterwards, two separate two-way ANOVAs on user satisfaction and perceived

usefulness with teaching method (TT, VR) and age (younger, older; median split) as

factors were carried out.

To compare the learning outcome a three-way repeated measurement ANOVA

with time of measurement (Time 1, Time 2, Time 3) as the repeated-measures

factor and teaching method (TT, VR) as well as age (younger, older; median split)

as between factors was estimated. When main effect was significant, Bonferroni

corrected p-values are reported for post hoc comparisons (t-test, two-tailed).

Additionally, an independent t-test was used to determine whether there was a

difference in usability rating between younger and older trainees.

The alpha level for tests of statistical significance was set to .05. For all

ANOVAs, p-values were Greenhouse-Geisser corrected. For descriptive data

mean and standard deviation are reported.
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2.2.2 Enjoyment
For user satisfaction an internal reliability of α¼ .891 was observed. A main effect

of teaching method (F(3,16)¼ 5.38, p¼ .034) was found. Thus, trainees who

participated in VR are more satisfied with the seminar than members of the TT

group.

2.2.3 Perceived Usefulness
For perceived usefulness an internal reliability of α¼ .864 was observed. An

interaction between teaching method and trainees age emerged from the analysis,

F(3,16)¼ 6.19, p¼ .024. Age biases differences between the perceived usefulness of

TT and VR. Younger trainees rated VR more useful for subsequent job perfor-

mance, while older trainees assessed TT as more valuable.

2.2.4 Learning
A main effect of time of measurement, F(2,32)¼ 25.32, p< .001 was revealed, due

to improved technological knowledge at Time 2 (M¼ 35.40, SD¼ 6.40) compared

to Time 1 (M¼ 24.45, SD¼ 7.44), t(18)¼ 6.2, p< .001 and Time 3 (M¼ 31.30,

SD¼ 4.29), t(18)¼ 3.11, p¼ .02. The comparison between Time 1 and Time 3 is

significant as well, t(18)¼ 4.43, p¼ .001.

Besides, an interaction between time, teaching method and age emerged from

the analysis, F(2,32)¼ 3.76, p¼ .039. In detail, as Fig. 3 demonstrates, younger

trainees benefited more from TT while older trainees achieved improved results

due to VR (Time 2). The investigation of learning outcome over time (Time 3)

shows enhanced performance for VR compared to TT. This applied to both older

trainees (TT: M¼ 28.80, SD¼ 4.27; VR: M¼ 33.40, SD¼ 3.56) and younger

trainees (TT: M¼ 28.20, SD¼ 3.49; VR: M¼ 34.80, SD¼ 1.92). Even though

younger trainees learned more from TT at Time 2, the retrieve of technological

knowledge (Time 3) was advanced for VR (see Figs. 3 and 4).

Fig. 3 Learning outcome of

younger trainees depending

on teaching method
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2.2.5 Usability
A comparison of usability as a function of age revealed no difference between the

groups, t(18)¼ .661, n.s. Both, younger trainees (M¼ 3.85, SD¼ .53) and older

trainees (M¼ 3.67, SD¼ .27) assessed the usability of the virtual learning environ-

ment moderate positive.

2.3 Discussion of the Evaluation Results

The high acceptance and perceived usefulness among the experienced technicians

can be explained by the connectivity to their professional experience. Technicians

are aware of situations in which such a technology based training environment

would have been of good help for solving a complex task or for a deeper under-

standing of the devices behavior. Within the training unsolved situations could be

re-experienced and explanations could be found. This made the learning environ-

ment somehow more attractive for the more experienced technicians compared to

the younger ones.

The novice and younger users are familiar with new media from theirs everyday

life experience. Computer games, smartphones and 3D-cinema, as some examples,

prove that 3D content is very common for younger users. The missing technological

experience for the maintenance of high voltage equipment explains the fairly lower

rating for the perceived usefulness.

3 Individual and Organizational Learning

In the description of the initial situation it was illustrated how on the one hand, the

professionals need to acquire new knowledge and on the other hand, companies

have to adapt their structures, processes and if necessary their strategies according

Fig. 4 Learning outcome of

older trainees depending on

teaching method
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to the changing conditions. The learning processes for the professionals that are

required refer on the one hand to the technical characteristics of the equipment and

the performance criteria and maintenance instructions that have changes. This kind

of factual learning content can be explained in seminars using classical media like

powerpoint slides, texts, images and photos or videos that are didactically designed.

On the other hand, maintenance is characterized by unforeseen and unpredict-

able situations that occur during the troubleshooting. Meeting these challenges

requires from the professionals in the sense of a job profile as a “problem solver”

(Fischer 2005, p. 312; Pahl and Herkner 2007) beyond well-founded specialist

systematic knowledge for the assessment of operating conditions, measurement

data or failure images also specific knowledge of peculiarities, irregularities or

weaknesses in the systems. Due to the interconnectedness of systems, an interdisci-

plinary and holistic understanding of the upstream and downstream components

and processes is also required (Drescher 2002).

In case of challenging maintenance tasks that require problem solving compe-

tence, the professionals integrate their systematic knowledge with the experience

from the processing of difficult tasks they have solved before (Schaper and Sonntag

1997).

That means that further insights that rely on specific problem solving strategies

and the cooperation with external partners are gained within the working process. In

addition to a qualified analysis the correct conclusion from failure and damage

reports or maintenance protocols have to be drawn. The professionals are requested

to make decisions depending on the current situation and to make use of the

respective allowance at discretion. Beyond the factual knowledge this kind of

responsible and problem solving acting requires the action leading internalization

of operational values, norms and rules. These influencing factors develop and

solidify as tacit knowledge in particular in concrete work situations, regardless of

any prepared learning settings. They have significant behavior-influencing effects,

even if they are not consciously perceived or made explicit in any case (Neuweg

2004).

The following figure (Fig. 5) illustrates this relationship with respect to the

development of vocational competence. Competency development takes place in

professional working situations, mediated by the more or less reflection of

experience.

In an article within a handbook of the sociology of work, Fritz B€ohle refers to the
relevance of experience-based and situated handling and experiential knowledge by

using a number of empirical evidences. (B€ohle 2010) He turns out that within the

labor and industry sociological research the concept of experience-guided

subjectifying work provides evidence for the role of sensual experience and the

independent generation of experience as the basis of knowledge acquisition as well

as the cognitive and practical interpretation of subjective factors like feelings and

emotions (B€ohle 2010, p. 160).
Especially in the context of current discussions about technological developments

for networking and automation under the headline of “Industry 4.0”, the conclusion
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that within this concept work items and systems are perceived as not completely

calculable and controllable (B€ohle 2010, p. 161).
Figure 6 provides an overview of the relation described.

This understanding of work is in substantial parts compatible with research

results from ergonomics (Ahrens 2002) and vocational education (Schulze et al.

2002). Coping with problem situations or new tasks in operational practice is a

boost for the acquisition of work process knowledge (Fischer 2005, p. 313). There-

fore not only existing knowledge is used for the task accomplishment but during the

process of problem solving, new insights and knowledge are generated (Fischer

2005).

Fig. 6 Objectifying work and subjectifying work (Source: Own drawing following B€ohle et al.

(2011), p. 21)

Fig. 5 Competence development in activity-based learning (Source: Own drawing following

Erpenbeck and Sauter (2007), p. 69)
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These processes, conceived as learning, include both the individual acquisition

processes and the individual growth of knowledge as well as the competence to

apply this knowledge and—when meaningful—make it available in the organiza-

tion by means of communicating and finally to anchor it within rules, instructions

and routines.

Argyris and Sch€on (2008) formulate their understanding of this dynamic:

“Organizational knowledge occurs when individuals within an organization expe-
rience a problematic situation and inquire into it on the organization’s behalf. They
experience a surprising mismatch between expected and actual results of action
and respond to that mismatch through a process of thought and further action that
leads them to modify their images of organization or their understandings of
organizational phenomena and to restructure their activities so as to bring
outcomes and expectations into line, thereby changing organizational theory-in-
use. In to become organizational, the learning that results from organizational
inquiry must become embedded in the images of organization held in its members’
minds and/or in the epimestological artifacts (the maps, memories, and programs)
embedded in the organizational environment.” (p. 16).

In this sense Michael Dick understands organizational learning as the develop-

ment of the ability of an organization to change appropriately with their environ-

ment (Dick 2008, p. 459). This means that the individual learning processes also set

incentives and impetus to the corresponding development of operational products,

structures, processes or routines. As indispensable feature of organizational

learning, Dick emphasizes that this learning process is deliberately and in

anticipated direction (Dick 2008, p. 459). In this respect he differs between organi-

zational learning and organizational change. With the concept of learning a subject

of learning that defines the intention and the direction of the learning process is

always connected (Dick 2008, p. 459).

Insofar as learning processes develop “new cultural activity patterns” or “new

forms of work activity”, Engestr€om speaks of “expansive learning at work”

(Engestr€om 2008). However, in the analysis of case studies he emphasizes that

the significant triggering action for the expansive learning process can be found in

the conflictive questioning of the usual practice (Engestr€om 2008, p. 85).

This conflict-related aspect has been confirmed in the operational practice that

formed the basis for this paper and will be presented in the following discussion.

4 Discussion

The intention of improving vocational education by using technology based

learning media could be confirmed with the first evaluations that were conducted.

In the course of the professional development of learning tasks for the virtual

learning environments improvements of work processes could be identified in

cooperation with the company experts. In some cases, rules and regulations of

work safety have been adjusted.
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The analysis of failures led to technical improvements of the equipment and their

integration to the learning media several times.

In the development of the training concept for the training and support center the

seminar offers were extended through new forms of systematic learning within the

work process.

After participating at the seminars, trained technicians will be accompanied by

“teaching mechanics” in the form of a supervisor. These professionals have

conducted the specialized practical exercises during the seminars and will take

the technical responsibility in the subsequent working process. After a successful

“on-the-job-training” the responsibility will be transferred to the assigned techni-

cian. The disciplinary liability remains unaffected.

For the seminars including practical training, internal certificates are granted.

Thus, the quality assurance and the technical and methodological standardization of

tenders will be guaranteed.

According to the specific requirements for the problem solving competence of

maintenance technicians, great value is placed on not only teaching factual knowl-

edge but also the understanding of the overall technical context is certified.

The virtual reality based learning environments are constantly updated by

adding new equipment and technical details. They serve in particular for the

visualization of abstract and hard to see components, assembly groups and pro-

cesses as well as for the documentation of complex troubleshooting.

They are on the one hand used as (self-) learning media in the seminar and on the

other hand the documented troubleshootings and work procedures are used directly

in the work process in case of unclear situations or for the preparation of work.

Thus, they have also developed to assistance systems which are used by technicians

with mobile systems.

The positive impetus for using virtual learning and working environments for

vocational education have been initiated by the local specialists and executives of

the company. The training activities in total could be brought to the external

market, so that as a result a new division was established, together with the new

building of an education center.

To that extent, one can speak of successful processes for both individual and

organizational learning. In the operational practice, the ratio of individual and

organizational learning processes is characterized by different, even divergent,

influences and interests. The actors are required to communicate and negotiate

the individual and group related developments with the interests of other divisions

within the company as well as the specifications of the competent authorities. This

development has not been without conflict.

In summary it can be stated that the partners included in this development

process may have had in mind the now reached level of development as a vague

possibility, or more or less a realistic vision.

In organizational theory processes and structures are called “emergent” that

describe diachrone emergence phenomena whose results are unpredictable because

the structure that influences the result is developed through the project (Schrey€ogg
2003, p. 417).
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It was not a clearly formulated objective that was pursued rigorously and

systematically. Instead, over the years several options have been arisen that could

be realized successfully with respect to the current interests and power

constellations of dedicated persons.
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in realen und virtuellen Arbeitssystemen. Bericht zum 53. Kongress der Gesellschaft f€ur
Arbeitswissenschaft vom 28. Februar – 2. März 2007. [an der Otto-von Guericke-Universität

Magdeburg, Institut f€ur Berufs- und Betriebspädagogik und dem Fraunhofer Institut f€ur
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Designing Rooms for Virtual, Informal
Communication: Reciprocal Awareness
as a Central Criterion

Corsin Flepp, Michael Imhof, Gregory Meier, Thomas Ryser,
Roger Burkhard, Hartmut Schulze, and Andreas Simon

“You See Me, When I Also See You”—Reciprocal Awareness
as a Design Criterion for Rooms Providing Virtual, Informal
Communication, using a Virtual Café as an Example

Abstract

The trend towards decentralized collaboration in companies leads to challenges

for informal communication because spatial proximity is missing. This is a

problem since informal communication is considered to be key for successful

collaboration. Telepresence systems, which connect distant places, are potential

solutions. However, little is known about which conditions are beneficial and

which ones detrimental to informal communication. In this qualitative study,

conditions which further informal communication, were examined in different

virtual café settings. A method was developed which combined participatory

design with a qualitative experiment. In the Usability Lab of the University of
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Arts and Sciences Northwestern Switzerland (FHNW), 19 people (N¼ 19) tried

out various virtual café settings, analyzed requirements for optimization and

subsequently tested them. At the same time, 20 group interviews were conducted

and analyzed according to the principles of heuristic-detecting social research.

Three subcategories which influence each other were identified as key results

(awareness, privacy and control). These three subcategories need to be balanced

when a virtual café (room and technology) is designed. Furthermore, encourag-

ing (reciprocal) awareness could also be a possible solution.

Keywords

Informal communication • Participatory design • Qualitative experiment •

Reciprocal awareness • Decentralized communication • Decentralized

cooperation • Virtual communication • Computer-mediated communication

1 Introduction

According to Hrastinski (2010), informal communication is a key success factor for

company performance. Between 80 and 90% of all interpersonal interaction in the

work place is informal (Kraut et al. 1990) and deals mostly with work related topics

(von Bismarck et al. 1999b). Pentland’s (2012) study outcomes show that cross-

sector informal communication is recognized a key criterion for team performance.

It is a significant factor which conveys organizational culture and knowledge and

also encourages the loyalty and good will of employees (Fish et al. 1993). Kraut

et al. (1990) as well as Coradi and Boutellier (2013) substantiate a clear connection

between spatial proximity and the frequency of interaction. However, due to the

ever expanding globalization, the trend towards decentralized collaboration is

impeding the important factor for informal communication, spatial proximity

(Schulze et al. 2014). The economic relevance of this impeded informal communi-

cation is shown by the fact that already in 2008, 47% of the 4.8 million people in

the Swiss workforce worked in companies with decentralized locations, and this

trend is still rising (Brändle et al. 2010). In order to compensate for this

decentralized distance, organizations have been forced to support their cooperative

processes through cost-intense, internet-based media (e.g. Telepresence systems1)

(Rack et al. 2011). The disadvantage is that such systems usually support the formal

aspects of collaboration and not the informal ones (von Bismarck et al. 1999a).

Using technical media to satisfy the demands of informal communication in

decentralized settings is challenging and, at the same time, solution potential. The

use of audio- and video technologies to permanently connect geographically sepa-

rate places can potentially solve the dilemma between the trend to cross-company,

virtual cooperation and the importance of informal communication. The research

1Alternatively video transmission systems.
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project, “The Development and Implementation of Places for Virtual, Informal

Communication (OviK2)”, also deals with this topic which will be described in

more detail in the following section.

2 Research Project “The Development and Implementation
of Places for Virtual, Informal Communication (OviK)”

In this section, the overall project OviK will be presented. The current study, a

sub-project of OviK, is explained in Sect. 3 and the following.

2.1 Project Description

OviK is a research project promoted by the Swiss Commission for Technology and

Innovation (KTI) and by industrial partners (application partners). This project has

run for 2 years and ended in November, 2016.

The project looked at how and under which conditions informal, virtual commu-

nication can be established or promoted among a company’s different sites. There-

fore, the application partners (see Sect. 2.3) set up a “room for virtual, informal

communication” in two different sites of individual companies. In the pilot phase,

the practical usage of the OviKs were introduced, tested, evaluated and optimized

through an iterative developmental process (modifications included).

Before the begin of the project’s pilot phase, inspections, interviews, diary

studies, and observations (see Sect. 2.3) at companies of the application partners

were conducted to assess the needs and to differentiate and define the demands on

the OviKs. With this information, the first initial settings or rather, pilot scenarios

(see Sect. 2.1.1ff.) were conceptually devised and prototypes developed.

In the following the various pilot scenarios will be briefly described. The three

developed conceptual pilot scenarios were based on complex combinations of the

aspects motion, encounter possibilities and intimacy, each of which was weighted

differently in each case.

2.1.1 Pilot Scenario “OviK—Virtual Piazza”
The “OviK—Virtual Piazza” (see Fig. 1) is similar to a public place with the strong

aspect of motion and transience, or rather they are transient places to linger with

limited proximity. Such a place can be, for example, an entrance hall or transit area

in organizations or companies with a welcoming- or lingering-areas. Such areas are

being continuously expanded into places for informal encounters.

2The abbreviation for Places of Virtual, Informal Communication.
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2.1.2 Pilot Scenario “OviK—Virtual Extended Office”
The “OviK—Virtual Extended Office” (see Fig. 2) is a shared room for a group of

employees who work and communicate virtually and decentralized (e.g. project

work). Colleagues in the one place are meant to work with their colleagues in the

other place as if they all sat together in the same room.

2.1.3 Pilot Scenario “OviK—Virtual Café”
The “OviK—Virtual Café” (see Fig. 3) is a semi-public room to increase the chance

of serendipitous informal cross-company encounters. This is in contrast to the more

formal video conferences. In addition, it is legitimized through a socially accepted

attractor (cafeteria). Places where employees can relax, such as a cafeteria or

something similar, can be used in this way.

The current study focuses on this pilot scenario “OviK—Virtual Café” (see

Sect. 3ff.).

2.2 Project Goals

A central goal of the whole project is the initial development and testing of OviKs

to promote informal virtual communication between geographically separate sites.

The OviKs should have coordinated furnishings and video communication

technologies. A further goal was to have the different companies and the applica-

tion partners implement and use the developed OviKs throughout the project. Based

on project experience, progress reports were written explaining the necessary

requirements of informal, virtual communication.

Fig. 1 Illustration of a Virtual Piazza, # CCTP Competence Centre for Typology and Planning

in Architecture, 2015
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Fig. 2 Illustration of a Virtual Extended Office, # CCTP Competence Centre for Typology and

Planning in Architecture, 2015

Fig. 3 Illustration of a Virtual Café, # CCTP Competence Centre for Typology and Planning in

Architecture, 2015
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After the project’s end, a descriptive model of the evaluated OviKs is going to be

conceptualised that will contain the relevant data and the parameters for design and

equipment. In addition, an advisory concept for the implementation, introduction
and operation of OviKs is planned.

2.3 Project Members

Several research partners participated in this project: the Institute for the Research

and Development of Collaborative Processes (ifk) from the School of Applied

Psychology and the Institute of Experimental Design and Media Cultures

(IXDM) from the Academy of Art and Design, which are both parts of the

University of Applied Sciences and Arts Northwest Switzerland (FHNW). Prof.

Dr. Hartmut Schulze (Institute Director ifk) was the project manager and Andreas

Simon (member of IXDM) the co-project manager. A further research partner was

the Competence Centre for Typology and Planning in Architecture (CCTP), which

is a part of the Lucerne University of Applied Sciences and Arts—the Lucerne

School of Engineering and Architecture. These research partners were primarily

responsible for the development and evaluation of the OviKs in close consultation

with their implementation partners who were Vitra AG (home and office

furnishings), Cisco Systems (Switzerland) GmbH (IT/Telecommunication). They

provided the various video technologies and also the design components and

furniture to develop the OviKs. In addition, so-called application partners were

also involved in the project who were willing to use and actually test the first virtual

initial settings. These application partners were: POST CH AG (transport and

logistics), Trivadis AG (informatics) and SKAN AG (isolation and clean room

technologies). Vitra AG and Cisco System (Switzerland) were also application

partners.

In summary, it can be said that the project plan OviK seamlessly connected the

furnishings with the video technological components, something which was new

and innovative. The permanent audio-visual connection was the key medium

linking the rooms. This connection could be used at any time by anyone without

any further active interaction with the video technological components to get in

touch with people in the other place. Another prerequisite was the integration of

furniture appropriate for an OviK. The development of such interconnected

components during the project was made possible thanks to the close cooperation

of the two project partners, Vitra AG and Cisco System (Switzerland) GmbH.

Further information about the OviK project can be found on the following

website: http://www.fhnw.ch/aps/ifk/projekte
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3 Theoretical and Empirical Foundation

The following section provides the theoretical and empirical foundation to under-

stand what is meant by informal- and by computer-mediated informal communica-

tion. In addition, a brief overview of other, studies related to virtual cafés will be

given. Moreover, key success factors are presented which promote (computer-

mediated) informal communication. The situation awareness model is also

introduced to embed the analyzed subject in the literature.

3.1 Informal Communication

Kraut et al. (1990) describe informal communication as something that happens

spontaneously. It is interactive and has many subjects ranging from work related to

more private communications. They also worked out dimensions to differentiate

informal from formal communication. Hrastinski (2010) complemented these

dimensions, but focused more on computer-mediated informal communication.

According to these dimensions, as seen in Fig. 4, computer-mediated informal

communication is unscheduled, interactive, spontaneous, optional, participant
organized and experience-focused. Further, it is characterized by informal language
and generates few costs (Hrastinski 2010).

Now that computer-mediated informal communication has been explained, the

virtual café and related literature will be presented.

3.2 Pilot Scenario “OviK—Virtual Café”

As stated before, a virtual café is a semi-public place that enhances informal cross-

company encounters and can be differentiated from formal video conferences (see

Sect. 2.1.3). Two cafés are connected virtually by means of a video broadcasting

system (see Fig. 5) so that both cafés are linked together constantly with sounds and

images (Tollmar et al. 1999).

Fig. 4 The formal and informal dimensions of computer-mediated communication (adapted from

Hrastinski (2010), p. 26)
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Since the 1990s occasionally studies have been carried out that have dealt with

virtual cafés (e.g. Kraut et al. 1990; Tollmar et al. 1999). However, due to the

technological shortcomings, the idea could not be then implemented (Schulze et al.

2014).

In addition to the knowledge what a computer-mediated communication and a

virtual café is, research has shown that there are six success factors which promote

computer-mediated informal communication. They will now be explained in the

following section.

3.3 Success Factors for Computer-Mediated Informal
Communication

Kraut et al. (1990) defined five prerequisites, respectively, success factors that

promote computer-mediated informal communication. Schulze et al. (2014) later

added a sixth factor, confidentiality regulation.

1. Low personal cost:
The first of the six factor is low personal cost (cf. Kraut et al. 1990) which

means that certain conditions have to be fulfilled which ease informal commu-

nication. Therefore, according to Kraut et al. (1990), as little effort as possible

should be required to establish communication.

2. Social Presence:
Social presence is the second factor (cf. Schulze et al. 2014). Informal

communication is based on the certainty that someone is there. However, there

is a difference between knowing about the others activities and the perception of

the others in the same room (co-presence/telepresence) (cf. Kraut et al. 1990,

Fig. 5 Virtual Café. Left-hand side: Illustration of a Virtual Café, # CCTP Competence Centre

for Typology and Planning in Architecture, 2015. Right-hand side: Example of a Virtual Café in

the Usability Lab of the School of Applied Psychology in Often, Switzerland, 2015
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quoted from Schulze et al. 2014). With computer-mediated informal communi-

cation, it is important to be able to judge whether potential communication

partners are inside the other room and whether or not they want to communicate

(cf. Kraut et al. 1990, quoted from Schulze et al. 2014).

3. Abundance of the transferred Information:
The third factor is called the abundance of the transferred information

(cf. Schulze et al. 2014). Kraut et al. (1990) concluded that in informal commu-

nication various senses should be involved and that the visual channel plays an

important role when a conversation starts. In addition, the combination of a

visual- with an auditory channel then ensures that communication can be

conducted (cf. Kraut et al. 1990).

4. Common working environment:
The common working environment and shared objects is the fourth factor

(cf. Schulze et al. 2014) both of these elements are very important for informa-

tion communication according to Kraut et al. (1990). Informal communication

needs a common theme (cf. Al-Zubaidi and Stevens 2004).

5. A concentration of suitable partners:
The next factor, the fifth, is concentration of suitable partners (cf. Kraut et al.

1990). A certain spatial proximity is necessary as well as a concentration of

potential communication partners so that meeting someone spontaneously

becomes possible (cf. Schulze et al. 2014). Computer-mediated informal com-

munication could be supported by a system, which would find appropriate
communication partners or initiate contact with other people (cf. Kraut et al.

1990, quoted from Schulze et al. 2014).

6. Confidentiality Regulation:
The sixth and last factor is confidentiality regulation (cf. Schulze et al. 2014).

Users of communication systems should have the possibility to regulate the level

of confidentiality. This could be achieved by having a spatial separation: one

zone to make contact and another one into which people could withdraw and

have a private talk (cf. Schulze et al. 2014).

Having explained the six success factors, respectively, prerequisites for

computer-mediated communication, the situation awareness model and its

elements (e.g. activity) will now be presented. In this study, computer-mediated

informal communication can be seen as an activity.

3.4 Theoretical Framework Model: Situation Awareness

Endsley’s (1995) framework model of situation awareness (SA) is looked upon as a
theoretical background and as an application-oriented concept within the context of

complex working worlds (Schaub 2012). According to Schaub (2012), this model

chiefly includes aspects of attention and consciousness. It must be added though,

that in the SA model, the interaction between person and environment takes centre

stage (cf. Endsley 1995). According to Schaub (2012), the model integrates
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different perspectives from “action theory” (cf. Hacker 1986), “natural decision

making” (cf. Klein 1997; Orasanu and Salas 1993) and “complex problem solving”

(cf. D€orner 1989; Funke 2003; Schaub 2009). For Endsley (1995), SA is to be

understood as a level of knowledge which determines how much a person knows

about a current situation. This knowledge level is composed of perception, com-
prehension and projection (see Fig. 6).

SA’s three levels (perception, comprehension and projection) (see Fig. 6) can

also be understood as higher cognitive3 functions respectively processes, which,

occur before a decision and can ultimately turn into concrete actions (Schaub 2012).

According to Schaub (2012), the three levels can be described as follows

(cf. Fig. 6):

1. The objects in the environment must first be perceived by the particular person.

This level thus includes the perception of the condition, the characteristics and

the dynamics of the relevant situational elements.

2. In a further step, the meaning of the situational elements must be understood by

the particular person. This level describes the integration of the situational

elements into a whole picture, which allows the person to comprehend the actual
situation. Therefore, this integration causes the comprehension of the meaning

of the individual situational elements.

3. In the third step, changes in the environment or in a future condition of the object

can be predicted, respectively, projected by a person for a certain period of time.

Fig. 6 Framework of situation awareness (adapted from Endsley (1995), p. 35)

3Cognition can be understood as a general term that involves conscious and unconscious mental

processes (e.g. perception or thinking) (Wirtz 2013).
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Expectations about the future behavior of the situational elements can be

generated that are based on the achieved comprehension of the situation in the

second level.

However, these three levels or rather, these higher cognitive functions can be

influenced from two directions (see Fig. 6): from the particular person (individual

factors) and from environmental factors (task and system factors). Additionally,

fundamental cognitive resources, for example, information processing mechanisms
as well as long term memory stores and automaticity, further influence more

complex subprocesses such as an individual’s goals, expectations, and hypotheses
(Schaub 2012).

In summary, in order to informally communicate the making of a decision,
respectively, the performing of an action, the perception of the situational elements

is key. Due to the perception of the situational elements, their meaning can be

understood. This is important because the particular person can then predict,

respectively, project the development of the situation and the future condition of

the actual surroundings elements, which in turn is key for decision making and

taking action to accomplish goals (Schaub 2012).

4 Relevance and Question

Based on research (cf. Schulze et al. 2014), it is assumed that the technical

infrastructure, such as monitor resolution or audio quality, and spatial aspects,

such as room partitioning, influence the experience and the users’ communication

behavior in a virtual café.

With the current level of knowledge, it is not known yet which conditions are

responsible for the initiation of informal communication in a virtual café. This

points to a research gap, which should be addressed within this study. Therefore, the

following research question has been formulated:

Question: Which conditions promote and/or hinder informal communication in a
virtual café?

Investigating this question should bring new scientific knowledge and also be of

practical use. As mentioned before (see Sect. 1), there is a trend today towards a

cross-company collaboration, whereby this geographic separation of the employees

endangers informal communication (cf. Schulze et al. 2014). This study should

provide practical indications for the design and introduction of virtual cafés to

reinforce the use computer-mediated communication.

In the following section, the study’s methodology is explained.
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5 Methodology

In spite of all efforts to the contrary, the study of informal communication in a virtual

café can be considered to be unchartered territory. Therefore, a qualitative procedure

was chosen (cf. Lamnek 2010). The reason for this decision was the following: The

virtual café as a research object had to be first constructed by the users as there was

no comprehension about it. Therefore, the users had to first experience a virtual café

themselves and then try it out to become experts in regard to the subject.

Based on this reason or rather, this presupposition, a specifically modified

iterative and qualitative procedure was developed: The approach of Kleining’s

(1986) qualitative experiment and the three steps of Spinuzzi’s (2005) participatory
design, 1. initial exploration of work, 2. discovery process, and 3. prototyping, were
adapted and combined. An overview of developed process will now be described

(adapted from Spinuzzi 2005):

1. Initial exploration of work:
The purpose of the first step was to let the authors of this study become

comfortable with the way users collaborate, which included researching (litera-

ture research, field observations and expert interviews), analysis of the used

technologies (e.g. various audio-visual conferencing systems) and the process of

designing, introducing and using OviKs (e.g. behavioural routines: initiation of

informal communication).

2. Discovery process:
In the next step, the goals and the desired results of the users were clarified

(e.g. through literature research, field observations and expert interviews). This

was done based on the technical possibilities and on the interests and

experiences of the partners who were involved in the research project. With

this gained knowledge, a list with key dimensions was deduced. Based on the list

different initial settings of virtual cafés were conceptualised. In the qualitative
experiment, the dimension list together with the initial settings built the founda-

tion for the systematic variation of the different aspects (e.g. put the coffee

machine either inside or outside of the camera area, etc. see Fig. 7).

3. Prototyping:
In this last step, the developed initial settings of a virtual café were

implemented in the Usability Lab of the School of Applied Psychology in

Olten. As defined by the qualitative experiment (cf. Kleining 1986), the object

of research was observed from different perspectives and as a result, new

psychological phenomena could be discovered. This was possible due to the

characteristic variations of the various dimensions.

The implementation of the prototyping took place within the framework of

three 1-day workshops. 19 employees (users) of the research-, application- and

implementation partners tested different complex virtual café settings (see

Fig. 7). In a participatory way, the users could also revise the café setting

requirements, modify them in order to try them out again. Each setting had a

contact- and/or a retreat zone (see Fig. 7). At the same time, 20 group interviews

were conducted.
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Furthermore, the strategy of maximum variation was used for the sampling of

participants (cf. Flick 2010). During the selection process, attention was paid to

gender, sample size, hierarchical levels, relationships between the participants,

organizational background and also experience with virtual cafés in order to

have as many different perspectives as possible. The participants worked in the

field IT, Sales, or Product Management, for example.

The results were analysed with the heuristic and detecting principles of

Hagemann (2003). All coded statements were checked for double coding (those

statements which could be assigned to several categories). Furthermore, the con-

nection, respectively, the relationship between the identified categories was defined

(cf. Hagemann 2003) (see Fig. 8).

6 Results

A psychological phenomenon (overarching construct, respectively, supercategory)

showed itself to be the most relevant result for the virtual café. In this study, it is

called situational sense (see Fig. 8) and consists of three subcategories:

1. Privacy (37 mentions):
The feeling of being protected, of not being observed or monitored.

Fig. 7 Variations of initial settings, Usability Lab of the School of Applied Psychology in Olten,

Switzerland, 2015. Initial setting 1 shows a possible variation of a virtual café. This setting has

only a contact zone. In comparison, the more complex initial setting 2 has a retreat zone in addition

to a contact zone for its users
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2. Control (44 mentions):
The feeling of being able to control the activities in a room and to use the

technology and the room according to one’s individual needs (e.g. being able to

have a coffee, while not having to participate in the virtual café).

3. Awareness (89 mentions):
Consciousness (also understood as a level of knowledge) of the own and the

other room, containing the present people and the available objects. Moreover, it

contains the consciousness of the visual and auditory area of present people as

well as of the video transmission system.

Awareness develops because the users constantly revise their knowledge which

includes these three different levels of knowledge:

a. Knowledge of the other person (presence, identity, message conveyance) in
one’s own room and in the other one:

With this knowledge it becomes apparent who (identity) is in one’s own room

and who is in the other one and to what degree the conveyed message in the

communication (i.e. intention, interest, and attention) can be understood as such

by both parties.

b. Knowledge of the object (attendance and use) in one’s own room and in the other
one:

The user knows which objects are in one’s own room and in the other one and

how to use them.

Fig. 8 Illustration of results. Frequency of connections (double coding) between the category

awareness and the other categories as well as all mentions of the categories itself
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c. Knowledge of the visual and auditory areas of one’s own room and of the other
room (present people and video transmission system):

The user knows how far the visual and the auditory area of present people and

of the video transmission system extend in one’s own room and in the other room

(room height, width and depth). This includes the knowledge of the limits of the

visual and the auditory area.

In addition, it is clear from the results that the supercategory (see Fig. 8)

situational sense and the supercategory objects as well as its subcategories are

frequently connected (double coding).

7 Discussion and Design Recommendations

Concerning the subcategories privacy, the use of the virtual café is being hindered if
the users cannot do what they want (activities) without being observed (e.g. making

or drinking a coffee). On the other hand, it is an advantage when the users feel they

are unobserved and unheard. As for the subcategories control, things which could

enhance computer-mediated informal communication are beneficial, especially

when, for example, the volume of a loud speaker can be regulated in order to better

hear the users in the other room. However, it can be a disadvantage if, the technical

infrastructure in the other room can be changed. For example, if someone remotely

changes the camera angle in the other room, then the people in that room could feel

that their privacy has been invaded. Regarding the subcategories awareness, it is a
disadvantage for the computer-mediated communication if the users do not have the

possibility to find out who is in their room and who is in the other room and if

people outside the visual area can still follow the conversation. In contrast, the

knowledge of how far the visual and/or the auditory area stretches into one’s own

room and into the other room is helpful. Knowing how people perceive each other

in their own room and in the other room also enables informal communication.

According to Hrastinski (2010) (see Sect. 3.1) computer-mediated communica-

tion differentiates itself from formal communication by the lower costs. This is also
a success factor (Kraut et al. 1990). Based on the results (cf. Sect. 6), it can also be

assumed that low costs are not possible if the users of both cafés do not develop

awareness. This is because establishing a conversation is related with more effort

(e.g. calling the attention of users of the other room). In reverse, an existing

awareness of the users (v.i.z. users of both cafés develop awareness, thus it is

reciprocal), more likely result in lower costs and in an informal communication.

Referring to Endsley’s (1995) framework model of situation awareness (see

Sect. 3.4), the authors suppose there is a large similarity to the phenomena aware-
ness (see Sect. 6) since both represent a level of knowledge. The key difference

between the two phenomena lies in the fact that awareness represents a specific

level of knowledge in the context of virtual cafés, respectively, computer-mediated

informal communication. Further, reciprocal awareness does not concern itself

with the knowledge level of a single person, but with that of several people and their
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connected reciprocal interactions. For example, there would be no contact between

people who do not know each other.

Furthermore, when the success factors are considered, some overlapping of

computer-mediated communication (cf. Kraut et al. 1990; Schulze et al. 2014; see

Sect. 3.3) and awareness can then be detected. For example, both social presence
and subcategory a. of awareness (knowledge of the other person) (see Sect. 6)

mention knowledge of other people’s presence. The latter one differentiates itself

from social presence in such a way that not only the presence, but also the identity

and the message of the other person must be considered.

Awareness is the most important category of this study. When it was compared

to other psychological phenomena, respectively, subcategories, awareness had the

most connections (double codings, see Fig. 8) of all categories. Furthermore,

reciprocal awareness facilitates computer-mediated informal communication.

Therefore, we suggest adding a seventh factor, reciprocal awareness, to the

existing prerequisites, respectively, success factors of computer-mediated informal

communication (Kraut et al. 1990; Schulze et al. 2014; see Sect. 3.3). Based on the

discovered connections (double codings), it can be concluded that the three

subcategories (of the category situational sense) reciprocally influence each other

and can indirectly promote or hinder computer-mediated informal communication.

It was also shown that users would like a good deal of control over the knowledge
and the presence of people in the other room (thus subcategory a. of awareness; see
Sect. 6), which, on the other hand, limits the perceived privacy of the people in

that room.

Therefore, when a virtual café is designed, the subcategories awareness, privacy
and control should to be balanced by the spatial and technological aspects of a

virtual café. For example: “You can see or hear me in the other room only when I

can see or hear you”. If the balancing is successful, an adequate perception of

privacy and control can be achieved.

Furthermore, spatial and technical aspects should be adequately designed in

order to support reciprocal awareness (knowledge categories a., b., c., see Sect. 6).
Despite the knowledge gained by this study more research is needed to better

understand conditions which promote or hinder informal communication in

distributed settings (e.g. virtual cafés). Interesting avenues for research could be

the generalisation of the findings in regard to reciprocal awareness to other cross-

company computer-mediated communication setting. Further research might exam-

ine the optimal level of awareness, privacy and control to promote computer-

mediated informal communication.
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Krotz F (eds) Suchen und Entdecken: Beiträge zu Ehren von Gerhard Kleining. Rhombos-

Verlag, Berlin

Hrastinski S (2010) The informal and formal dimensions of computer-mediated communication: a

model. Int J Netw Virtual Organ 7:23–38

Klein G (1997) The current status of the naturalistic decision making framework. In: Flin R,

Salas E, Strub M, Martin L (eds) Decision making under stress: emerging themes and

applications. Ashgate, Aldershot, pp 11–28

Kleining G (1986) Das qualitative Experiment. K€olner Zeitschrift f€ur Soziologie und

Sozialpsychologie 38:724–749

Kraut RE, Fish RS, Root RW, Chalfonte BL (1990) Informal communication in organizations:

form, function, and technology. In: Oskamp S, Spacapan S (eds) Human reactions to technol-

ogy: the Claremont symposium on applied social psychology. Sage, Beverly Hills, CA, pp

145–199

Lamnek S (2010) Qualitative Sozialforschung, 5th edn. Beltz Psychologie Verlags Union,

Weinheim

Orasanu J, Salas E (1993) Team decision making in complex environments. In: Klein G,

Orasanu J, Calderwood R, Zsambok CE (eds) Decision making in action: models and methods.

Ablex, Norwood, NY, pp 327–346

Pentland A (2012) The new science of building great teams. Harv Bus Rev 90(4):60–70

Rack O, Konradt U, Clases C (2011) Virtuelle und globale Kooperation. Editorial zum

Themenheft. Wirtschaftspsychologie 13(3):41–51

Schaub H (2009) Der Soldat als Human Factor - St€orfaktor moderner R€ustungsprojekte?
(Gneisenau Blätter: „Soldat und digitales Schlachtfeld“, vol 8). Gneisenau-Gesellschaft der

OSLw e.V., o. O.

Schaub H (2012) Wahrnehmung, Aufmerksamkeit und „Situation Awareness“ (SA). In: Badke-

Schaub P, Hofinger G, Lauche K (eds) Human factors: Psychologie sicheren Handelns in

Risikobranchen. Springer, Berlin, pp 64–81

Schulze H, Burkhard R, Kn€opfli D, Mateescu M, Ryser T (2014) Das virtuelle Café. Ein Ansatz
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semi-located communities. Technical report, TRITA-NA-D9905, CID Report CID-47. KTH,
Stockholm

Wirtz MA (ed) (2013) Dorsch - Lexikon der Psychologie, 16th edn. Hans Huber Verlag, Bern

208 C. Flepp et al.



Analysis of the Stress and Strain
of Repetitive Assembly Tasks

Markus J€urgen Heidl and Alexandre Boespflug

Abstract

Short cyclical work tasks occur with associated risks such as: overload through

repetition, movement frequencies being too high, handling excessive weights or

excessive forces. Therefore, we will thoroughly examine the workplaces of a

German industrial company where repetitive assembly tasks are carried out. This

study, with 249 questionnaires, shows that the highest perceived stresses lie

mostly with posture during work and work organization. Pain in the upper

extremities, which are used all the time, is less frequent. Therefore, the focus

of assessment for such working tasks must be shifted to assessment of the

whole body.

Keywords
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1 Introduction and Aims

There are several methods, with different approaches and itemization, for the

assessment and evaluation of physical workload and stress in manual tasks. But

there are restrictions: none of the existing methods have yet been validated for short

cycle activities of 30 s or less.

The outcome of two surveys (see state of research for further details) reveals that

the results of the different methods of assessment vary. Hence it is unclear which of

the existing methods should be chosen in practice to get conclusive results regard-

ing the intensity of the workload and the implications of this intensity for the

analyzed workplace.
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But to be able to validate those existing methods for repetitive assembly tasks

the level of stress and strain of the employees working regularly on such workplaces

must have been quantified. To do so, as part of this study and as a first step,

249 associates have been interviewed with a questionnaire and 66 different

workplaces have been analyzed. The results are presented in this paper. As a next

step, the statistical analysis of these results will show potentials in the methods as

well as suggestions as to which method is the best one to use for the assessment of

repetitive assembly tasks.

2 State of Research

A significant increase in productivity and a reduction in costs was achieved in

recent years through great progress in the field of automation of production process.

Yet automation is often not cost effective because of short innovation cycles and

high investment demand. The advantage of manual production in manufacturing

lies in higher flexibility and skills of employees. However, in order to plan long

term with the staff, the assembly tasks must be executable long into an employees’

career without causing long-term health conditions.

In order to detect and prevent improper biomechanical stress in time, an explicit

ergonomic evaluation of the workplaces is needed, preferably in the planning

phase. There are a variety of methods available, for instance OCRA checklist

(CL), ISO 11228-3, DIN EN 1005-5, RULA or EAWS, most of which have been

theoretically and generally compared by Takala et al. (2010) and Steinberg et al.

(2011). The assessment methods show a high convergent validity in these theoreti-

cal precomparisons. In particular, it was found earlier (Steinberg et al. 1998) that

the different methods show similar results in average conditions. The results differ

increasingly only in an extreme expression of individual characteristics.

Within the manual assembly tasks analyzed in the study, the repetitive work

provides an extreme expression of individual characteristics when the activity rate

is elevated. Silverstein et al. (1986) propose that manual activity be described as

highly repetitive when a continuously repeating cycle takes less than 30 s. This

limit also appears as an approximate assessment value in the evaluation of machine

related repetitive work in the standard DIN EN 1005-5 (2007). Studies in which the

results of the methods are compared with each other based on real, repetitive (with

cycle times of 30 s or less) workplaces, show large differences in the assessments

(Bruder and Kaiser 2012; Heidl 2013). These differ so much, that the same activity

is classified in a green zone in a first method, in a yellow in a second and in a red

zone in a third method.

Although effects from warming up (Debitz 2005) and training (Joiko et al. 2010)

can be observed, experts say that frequent similar movements in the hand/arm area

can lead to a variety of ailments. Hartmann et al. (2013) mention styloiditis, carpal

tunnel syndrome and tendonitis as examples of diseases that result from repetitive

actions. It makes sense in theory, but is there a difference in practice? Employers
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must be keen to ensure that the workload can be assessed realistically during all

manual assembly tasks.

Wittig et al. (2013), in their study of the effects of repetitive jobs, provide

statistics regarding the occurrence of complaints and pain sensations, as they

collected data of the complaints in the back, neck, shoulders, arms, hands and

fingers of volunteers of different professions. Kotzab (2014) and Steinberg et al.

(2011) also investigated the complaint perception of production employees and

included the back, neck, shoulders, elbows, forearms and hands. The exact values

are given in the discussion.

3 Method

To create a database for stress and strain in repetitive assembly work, 66 workplaces

in five different plants of a German automotive supplier were recorded and

evaluated. Therefore, all default values, such as exercise frequency, weights,

distances, breaks etc. were taken.

In addition, a total of 249 subjects, who regularly work in the selected

workplaces, were asked about their subjective perceived exertion and their

complaints. For this, a questionnaire was composed, which included the following

matters:

– General information on the person, such as age, gender, handedness, working

hours, work experience and additional sport load on the upper extremities

– A BORG-scale (Borg 2004) for the self-assessment of stress and strain of the

daily workload and the specific load of the selected tasks

– Selected features of the questionnaire for the subjective assessment of workplace

exposure of Slesina (1987, 2009) (see Figs. 1 and 3)

– An expanded form of the Nordic questionnaire (following Kuorinka (1987), see

Fig. 2) including a detailed form of the upper extremities

Fig. 1 Header of the questionnaire for the subjective assessment of workplace exposure
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The response to the questionnaire was voluntary and anonymous. After a brief

introduction the forms were filled in independently by the subjects. The investigator

was nearby, in case of questions.

The mental aspects were left aside in the subjective assessment of workplace

exposure. The questionnaire, as well as the study, was limited to the assessment of

physical stress and strain, therefore the questionnaire of Slesina was reduced to a

total of 29 features. Interviewing remained the same, both the occurrence as well as

the subjective stress/strain was requested.

Once the analysis is completed, the selected workplaces will be evaluated with

the assessment methods and the results of those will be compared. In recent studies

(Heidl 2013) the methods EAWS (Ergonomic Assessment Worksheet), OCRA

checklist (Occupational Risk Assessment), LMM MA (Key Indicator Method for

assessing physical workload during Manual Handling Operations), HARM (Hand

Arm Risk Assessment) and SI (Strain Index) have shown the best results with

repetitive assembly tasks and therefore were selected to analyze the workplaces in

this study.

4 Results

The sample of surveyed employees consists of 249 production staff from five

different plants of a German automotive supplier. The proportion of female subjects

is 58.6%. Furthermore, 60.6% of the respondents are younger than 50. On average,

the interviewed employees have worked in their current roles on the assembly lines

for at least 5.54 years (SD: 5.64) and have already been working for 13.16 years

(SD: 10.28). 31.7% of the subjects, in their spare time, perform sport or exercise

links
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Oberarm
Unterarm

Ellbogen-
gelenk

Hand/Finger

Oberarm

Schulter

Schulter-
gelenk
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gelenkHand-

gelenk

Hand-
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rechts

Fig. 2 Excerpt of the Nordic questionnaire, expanded by more detailed upper extremities
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such as weight training, martial arts, handball, etc. that involved the upper body. In

addition to the physically strenuous work, 18.9% did some upper body exercise or

sport in the past.

A total of 66 different work tasks with cycle times between 5 and 64 s were

examined. There are six workstations with cycle times of more than 30 s because

several work pieces (up to ten) are handled within one cycle. The time per piece

therefore is much shorter. The overall average of cycle time amounts to 19.68 s

(SD 11.78).

The occurrence and the perceived strain of the 29 items selected for the ques-

tionnaire for the subjective assessment of workplace exposure are shown in Fig. 3.

The items are sorted by the perceived strain which is shown in red. The posture that

causes the most perceived strain is marked as “unfavorable body posture” (73.5%)

and “forced body posture” (59.3%), and these are the items with the highest scores.

Work organization also seems to have an impact on the perceived strain as “shift

work” and “weekend working” are rated at 58.2% and 57.4% respectively. Next is

“standing” (55.7%), followed by “monotonous work” and “cycle-dependent work”

which all are rated over 50% as causing “strain” by the surveyed employees.

The frequency of the occurrence of strain symptoms can also be seen in Fig. 3.

Where employees are concerned the most prevalent is “shift work” (91.4%) and

“cycle-dependent work” (85.4%). Other frequent items are “dependent on the unit

speed”, “accurate viewing of details”, “standing” and “weekend working” with

77.7%, 76.4%, 74.8% and 74.7% respectively. “Hand skill” (72.9%), “time

coping” (70.4%) and “concentration” (70.2%) were also rated as occurring over

70% of the working time.

As explained in Sect. 3, the employees have also been questioned about the

occurrence of complaints and pain in the upper extremities as well as neck and

back. Only 18.07% of the subjects stated that they were free of pain. The majority

Fig. 3 Occurrence and perceived strain of the 29 selected items of the questionnaire for the

subjective assessment of workplace exposure
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had complaints in the neck, the back and/or the shoulders. A summary is shown in

Fig. 4: 63.05% of the subjects complain about the neck, another 44.98% indicate

pain in the upper as well as the lower back. Over 40% of the employees feel pain in

the left (42.17%) and right (43.78%) shoulder. The upper extremities are men-

tioned much less. The complaints and pains range from 9.64% (left upper arm) to

19.68% (right elbow).

The subjective rating of stress and strain via the CR10 scale of BORG provides

mean values of low 1.33 to high 8. In fact, 5 workplaces are rated between “nothing

at all” and “weak (light)” (0–2), 22 workplaces were considered “weak” to “mod-

erate” (>2–3), 16 workplaces were classified between “moderate” and “somewhat

strong” (>3–4), 15 places were categorized as “somewhat strong” to “strong

(heavy)” (>4–5), and 8 places were rated higher than “strong” (>5–10). The

overall average is calculated to be 3.64 (SD 1.50).

Finally, the selected assembly tasks were analyzed using five different assessment

methods: EAWS, OCRA CL, LMM MA, SI and HARM. EAWS was used in two

different versions (1.3.2c and 1.3.3) in order to see which implications are caused by

the changes in praxis. Each assembly task was analyzed by two different assessors

to reduce the influence of personal perception. The results can be seen in Table 1.

As you can see from the results above the assessors came to similar results in

each area (green, yellow and red). It is only in the Strain index that the assessors’

results are different. The small differences in results for the other methods can be

explained by rounding and subjective interpretation (e.g. number of actions, grip

conditions).

Furthermore, the new version of EAWS seems to be stricter than version 1.3.2c

as less assessment results tend to be in the green zone and more tend to the red.

Nevertheless, EAWS rates most assembly tasks, as well as LMM MA and HARM,

42,17%

9,64%

12,85%

12,05%

19,28%

19,28%
17,67%

18,07%

14,46%44,98%

44,98% 19,68%

10,84%

43,78%

63,05%

Fig. 4 The occurrence of complaints and pain in the different body regions, n¼ 249
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in between green and yellow. It is only OCRA CL and SI which are stricter. With

OCRA, most work tasks are considered as red.

5 Discussion and Outlook

As already assumed in Sect. 2 (state of research), this study confirms the diverse

results of the different assessment methods. It is, therefore, not obvious which

method is best to evaluate the stress and strain of repetitive assembly tasks. Nor is it

clear which one to choose in praxis.

Moreover, the assessment methods for “repetitive work” focus on overload

through repetition, movement frequencies and/or on grip conditions. Evidenced

by the study, this shows that this is an incomplete perspective.

As this study (with 249 subjects) was able to show, the highest perceived strain

was not in the arms, but rather in the entire body. Particularly the neck, the back and

the shoulders are stressed, a load that also then extends to the arms, hands and

fingers.

Equally unexpected were the results of the 29 selected items of the questionnaire

for the subjective assessment of workplace exposure. The perceived items causing

the most strain were by far the different forms of body posture. “Standing” and

“lack of exercise” were also rated as highly straining. Next are items of work

organization such as “shift-“ and “weekend-working”, followed by items typically

associated with repetitive work such as “monotonous work”, “cycle-dependent

work” and “time coping”.

There are similar studies regarding the occurrence of complaints and pains in the

area of environment assembly tasks. The comparison can be seen in Table 2. It

shows the percentile values of complaints and pains as well as the difference

between them and this study (bracketed).

The results from complaints and pains of the upper back are lower, but results

from the lower back are higher in comparison. Furthermore, in Kotzab’s study

(2014) the complaints in the neck and shoulders are smaller, but higher for the

wrists. Again, the pains in the elbows are in the same range.

Wittig et al. (2013) did a survey on behalf of the Federal Institute for Occupa-

tional Safety and Health (BAuA) with 15,239 employees of the working population.

Table 1 Ratings of the five different assessment methods for the 66 different assembly tasks

EAWS

1.3.2c

EAWS

1.3.3 OCRA CL LMMMA SI HARM

A B A B A B A B A B A B

Green 41 41 35 39 11 18 45 41 11 19 25 26

Yellow 18 22 22 20 13 13 21 25 23 26 38 39

Red 7 3 9 7 42 35 0 0 32 21 3 1

Each task has been analyzed by two different assessors: A and B
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The subjects were distributed over all working sectors with the proportion of

interviewees from “manufacturing” at 32%. Compared to the subjects of our

study, who are working continuously in repetitive assembly tasks, complaints of

the lower back are approximately the same, but pains in neck and shoulders, and in

the arms and the hands/fingers are considerably less.

Another comparison comes from the data of the researches of Kotzab (2014) and

Steinberg et al. (2011), who recorded complaints and pains of production staff.

Therefore, the comparison to these two studies should even be more interesting.

Steinberg et al. (2011) interviewed 1293 employees, of which approximately

half perform manual assembly tasks. The other half of the interviewees do office

work. The prevalence of symptoms in the musculoskeletal system is specified for

the entire study population. The complaints of the population are continuously

lower than those of this study. Complaints centered around the elbows are in

approximately the same range, but for the other body regions there are major

differences. In this study, complaints and pains of the back (by 10%) and neck

(by 7%) are considerably higher than for the interviewees of Steinberg et al. (2011).

The difference for the shoulders, forearms and hands is even higher, as they differ

by as much as 15%.

Kotzab (2014) on the other hand studied three different assembly lines with

cycle times of 25–84 s and interviewed 621 employees of these lines. Therefore,

Kotzab’s study is most similar to this one and, therefore, the results mostly

Table 2 Comparison of complaint- and pain-values of different body parts of three different

studies

Heidl and Boespflug

(2016)

Wittig et al.

(2013)

Steinberg et al.

(2011)

Kotzab

(2014)

Upper back 44.98% 32.37%

(�12.61)

Lower back 44.98% 46.37%

(+1.39)

35.19% (�9.79) 57.81%

(+12.83)

Neck 63.05% 55.84% (�7.21) 43.16%

(�19.90)

Shoulders 55.42% 41.30%

(�14.12)

41.22%

(�14.20)

Neck and

shoulders

73.90% 47.52%

(�26.38)

Arms 44.58% 20.95%

(�23.63)

Elbows 21.69% 18.95% (�2.74) 22.71%

(+1.02)

Wrists 26.10% 36.07%

(+9.97)

Hands/fingers 26.10% 15.47%

(�10.63)

Forearms and

hands

43.37% 27.76%

(�15.61)
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comparable. The results from complaints and pains of the upper back are lower, but

results from the lower back are higher in comparison. Furthermore, in Kotzab’s

study (2014) the complaints in the neck and shoulders are smaller, but higher for the

wrists. Again, the pains in the elbows are in the same range.

In contrast with the results of this study and the comparison to other studies, the

previous approach of the assessment methods focuses on the movement frequency

in combination with force and grip conditions, as well as the joint position during

the assembly tasks. Even though in some assessment methods the duration of the

tasks and the breaks are already established, however there is more that should

be done.

In future, repetitive tasks should be approached holistically. There are, by way of

example, numerous work places where the employee has to be standing, which

leads, as has been proven (amongst others by Garcia et al. 2015), to discomfort in

the legs and back. But standing is only considered in EAWS, and when considering

standing they are only considering the strain on the whole body, which lies in a

different area than the one (Sect. 4) regarding repetitive loads. Moreover, the neck,

which causes complaints in most of the interviewees, is not considered in any of the

assessment methods. Those and other stressors of the whole body should be

considered in the assessment of repetitive working tasks.

As a next step, all the selected working tasks will be analyzed in detail. They will

be statistically evaluated as to which method is best for the assessment of manual

repetitive working tasks. Thereupon suggestions will be worked out as to how to

adapt this method to optimize the results.
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Abstract

Evaluation of physical workload such as the screening tool Ergonomic Assess-

ment Worksheet (EAWS) were developed and validated for use in industrial

manufacturing with short cycles (up to 3 min). If this tool is used for work

stations that have significantly longer cycles or no cycle at all, its use is limited.

On the one hand, measuring the workload intensity becomes increasingly

expensive. On the other hand, the workload intensity for these scenarios has to

be examined as well. The following contribution presents an instance of how the

EAWS can be used for long-cycle tasks on the example of a maintenance

workplace at Deutsche Bahn. This work is focused on methods for adapted

data collection from which indicators for possible adjustments to the evaluation

procedure can be concluded.
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1 Introduction

The German regulations for health and safety at work (89/391/EEC)

(Arbeitschutzgesetz) as well as the regulation of safety on machine and products

(2006/42/EC) (Geräte- und Produktsicherheitsgesetz), which are the basis of safety

and risk evaluation, demand profound ergonomic knowledge for their implement-

ation as well as for work place design. Consequently ergonomic assessment methods

and tools have been developed to meet the demands of legislation (e.g. Ergonomic

Assessment Worksheet EAWS; Key Indicator Method KIM). These methods

became widespread in the risk evaluation of predominately assembly tasks.

In order to evaluate the risks that result from the physical workload of a task, the

EAWS screening tool has been utilised and proven worldwide. EAWS was mainly

developed for the evaluation of short-cyclic tasks (duration of each cycle less than

10 min) and requires an even and recurring distribution of workload over the course

of one shift, respectively a full work day. Long-cyclic tasks (cycle> 10 min, Fig. 1)

are predominantly found in manufacturing companies such as aircraft manufactur-

ing and rail-vehicle manufacturing. Lately there has been an increased demand to

evaluate those long-cyclic tasks in the maintenance and repair sector. Due to health

and safety regulations at work and demographic constraints the ergonomic risks for

these tasks have to be determined and minimized as well.

In addition to these conditions and because of the length of the cycles, the diver-

sity of the tasks and the divergence in influencing factors, data collection and

processing for long-cyclic tasks is currently only possible with time consuming

effort.

Adapting the EAWS process to evaluate long-cyclic tasks is no trivial matter, as

there are significant differences in data collection and evaluation compared to short-

cyclic tasks. Furthermore, the boundaries between short- and long-cyclic tasks

have not been sufficiently defined.

One of the research goals of the co-operation between the Institute of Ergonomics

and Human Factors at TU Darmstadt (IAD) and the German MTM Association

(MTM), is to develop a method based on EAWS in order to adequately evaluate

long-cyclic as well as non-cyclic tasks. The first step is to review the approach of the

workload analysis with regard to its practicality. The second step is to present an

exemplary workload evaluation for long-cyclic workplaces using EAWS.

Fig. 1 Definition of the

duration of each cycle

(Kuhlang et al. 2015)
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2 Ergonomic Assessment Worksheet (EAWS)

The “Ergonomic Assessment Worksheet” (EAWS) is a screening tool to evaluate

the physical workload on the human body in different workplaces. It was developed

for production processes and for production planning in the automotive industry

and similar industries. By using EAWS physical stress can be evaluated with a high

level of detail. Aspects of successive stress superposition can be greatly simplified

for short-cycle tasks. The results of the evaluation are the basis for the communi-

cation between production and the development department (Schaub et al. 2012).

Due to the detailed results of the evaluations, EAWS has significant advantages

compared to other established evaluation procedures (Savino et al. 2016).

Official regulations determine the application and continuous development of

evaluation procedures to a great extent. With the introduction of the EU-Framework

Directive 89/391/EEC of the council on the 12th June 1989 and the EU-machinery

directive 98/37/EC, a legal framework for occupational health and safety was deter-

mined (Schaub and Landau 2004). As new ergonomic knowledge influences the

norms, the further development of the EAWS has to be dynamic in order to meet the

demands of occupational safety.

The EAWS scheme for the evaluation of physical risk factors is in accordance

with the machinery directive EN 614-1:2006/prA1:2008, consisting of a “three

zone” evaluation systematic. The zones are divided into a traffic light pattern

(Fig. 2). Occupational conditions that fall into the “green zone”, are characterised

by a safe construction and a safe operation and tasks that require longer and

continuous use fulfil ergonomic principles. Task evaluations that fall into the

“yellow zone” only fulfil ergonomic principles under certain conditions (limited

use, short duration). The “red zone” includes tasks that do not meet the require-

ments of ergonomic principles and are conditions that lead to an unsafe operation

prevail (EN 614-1:2006/prA1:2008).

This evaluation scheme is used throughout EAWS, whereby the physical risk

factors are separated and assessed into four sections and then, in accordance with

the superposition of the sectional stress values, an overall stress value is deter-

mined. The sections are structured as follows:

Fig. 2 Traffic light scheme of the EAWS-worksheet
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– Section 0—Extra Points:

In this area general evaluations of the task are determined, that cannot be

included in the following areas. These include rebound forces, impulses and

vibrations.

– Section 1—Body Posture (torso and arm position):

This area includes the evaluation of static and/or high frequency movements

of the torso and the arms. Only static postures of at least 4 s are taken into

account. Two forward bends or lifting the arms higher than 60� ten times per

minute are counted as high frequency movements. Weights under 3 kg and

action forces in the range of 30–40 N are included.

– Section 2—Action Forces:

This area considers action forces of more than 40 N. For this the maximum

force for the combination of body position and the direction of the force is

selected from the table. Also the maximum forces acting on the fingers that

correspond with hand movements are determined. In conclusion the corres-

ponding point values are selected using the level of the force and duration or

frequency of the action.

– Section 3—Manual Material Handling:

This area is focused on evaluating the manual handling of loads. First of all the

load points for shifting (lifting/setting down), carrying and holding as well as

pushing and pulling are determined, which can be taken from the table using the

weight of the load and the type of execution. After that the contact points,

execution points as well as frequency, duration and distance points are neces-

sary. These points are then added according to the given formula which results in

the overall score for this area.

– Section 4—Upper Extremities (during repetitive tasks):

In that area the stress of upper extremities during highly repetitive tasks is

evaluated. First of all the force, frequency and condition, under which an object

is grabbed, have to be determined. Following that the hand/forearm/shoulder

joint position is identified using the highest pressure on the hand, forearm or

shoulder. After that, additional functions that impede the execution of a task are

checked. In conclusion the duration of the repetitive movement has to be

recorded and the overall rating for the stress on the upper extremities during

repetitive tasks has to be calculated using the given formula.

Sections 1–3 refer to workload on the whole body and follow a “traditional

ergonomic evaluation approach”. Findings on the general energy consumption, load

distribution along the spine and local muscle fatigue are the basis for the evaluation

criteria. A valuation from more than one section is not permitted which further

increases the validity of the procedure. According to the required force or the load

weight during a task, the workload is rated as body posture (less than 30–40 N or

3–4 kg), as action force or as manual material handling (Schaub et al. 2012).

Section 4 refers to the upper extremities on the basis of medical and epidemio-

logical data. It is referenced by the OCRA-method (Schaub et al. 2012). The overall

result is calculated by adding the points from posture, force, load and extra points.
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Aside from this are the results from the upper extremities that are a direct result

from the formula to determine the overall result of the stress on the upper extrem-

ities. These two results are compared to the EAWS-valuation table and the risk of

the workplace is derived.

3 Initial Situation

There are a few different methods to analyse and evaluate the physical workload

during short-cyclic tasks with different focuses, that all simplify the evaluation of

the workplace considerably. Aside from the EAWS, the Key Indicator Method

(KIM), RULA- (Rapid Upper Limb Assessment), the OCRA- (Occupational Risk

Assessment) or NIOSH-method are common tools.

There have been only few studies conducted to evaluate the workload of long-

cyclic or non-cyclic tasks. In 2011, working together with a manufacturer of utility

vehicles, the IAD examined approx. 100 long-cyclic assembly work stations in bus

manufacturing. During this examination 12 model workstations were recorded on

video and analysed in great detail to evaluate the physical workload situation of the

workers using EAWS.

A former study carried out by MTM with the Deutsche Bahn (DB) presents a

promising new possibility to minimize the analytical effort for long-cyclic tasks. It

combines the advantages of a work sampling method based on the PATH approach

(Buchholz et al. 1996) with an EAWS analysis. This procedure uses descriptions

and a record of the different processes to generate the ergonomically influencing

variables. During this study 8509 observations of approx. 20 workstations in set

intervals were carried out. Furthermore, long-cyclic workplaces in the food industry

and the metal working sector were observed (Kuhlang et al. 2015).

The PATH method (Posture, Activity, Tools and Handling) is based on the work

sampling method and it was developed by Buchholz et al. (1996) to characterize the

ergonomic hazards of non-repetitive work especially of heavy highway construc-

tion work. The posture evaluation in the PATHmethod is based on the OvakoWork

Posture Analysing System (OWAS), with other codes including worker activity,

work equipment use, manual material handling and grasp type.

4 Methodology

For the ergonomic evaluation of long-cyclic tasks detailed information about the

physical workload are needed along the whole duration of the task. This informa-

tion can only be collected during the observation of the task, as most tasks are not

repeated over the course of the observation. Different documentation aids were

used to record the observations.

The IAD used a “physical workload matrix” to record the data. MTM used a

“data record sheet” to record the data.
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4.1 Physical Workload Matrix

With the support of the physical workload matrix the data needed for the evaluation

of long-cyclic tasks can be recorded while the task is being carried out. The EAWS

sheet is the basis of the new developed physical workload matrix. Using this

process the workload variations body posture, action forces and the manual material

handling can be evaluated in different sectors.

The physical workload matrix consists of two data entry forms. The first form is

used to record the body posture and movement, the asymmetric incline and rotation

of the torso as well as the arms being held far from the body. Figure 3 is a detail of

this form. The second form is used to record action forces, the manual material

handling as well as special characteristics of the activity such as particular joint

positions or surrounding conditions (e.g. noise). Each partial activity as well as its

duration is noted in the header of each form. With this, each partial activity has its

own column into which the observed stress situations are entered. In order to

simplify and quicken the use of the form, each workload situation is allocated a

number. This number is entered into the column and the duration and frequency are

recorded. When recording the handling of loads and action forces, the height of the

load, respectively the force is noted.

A pre-structuring of the matrix into sequences (Wells et al. 1997) is also

provided. Later, the overall workload can be determined through a time weighting

of each sequence.

The physical workload matrix is used to record an observation chronologically

over a longer period of time where there is no possibility of using video cameras or

other equipment to record the activity. Measurements of the workplace have to be

done separately. It is advisable to hold a briefing with the worker who is responsible

for the workplace to obtain a work flow, so that parts of the matrix can be filled out

beforehand.

Fig. 3 Detail of the physical workload matrix (1. from)
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4.2 Data Record Sheet

With the data record sheet (Fig. 4) all timely and ergonomically influencing factors

that are necessary for a workload evaluation of long-cyclic tasks can be recorded

efficiently.

The partial activity that has to be evaluated as well as its duration is recorded in

the header. Each sequence has its own column into which the observed workload

situations are entered separately. Each workload situation is separated into “nor-

mal”, “high” and “extreme”. The frequency or percentage of each workload is

entered into the appropriate level.

Using the weight, the number and the frequency the work items are assigned to

different ways of handling (i.e. shifting of a load). In order to record the time of an

action the main body posture (symmetrical or asymmetrical) is noted in words. By

recording the number and frequency the influential factors of each sequence are

determined for further evaluation. The work sequences are recorded in chrono-

logical order. This methodology facilitates the systematic transfer of data into the

MTM software EAWSdigital.

4.3 Comparison of Data Collection Methods

The different data collection instruments have proven to be valuable in everyday

practice. There are advantages of both methods. The main advantage of the physical

workload matrix is the detailed and chronologic recording of ergonomically rele-

vant data while the advantage of the data record sheet is the combination of fre-

quency and ergonomic aspects, which has proven to be very useful. Both methods

are compared in the Table 1.

Fig. 4 Detail of the data record sheet
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To summarize, the comparison of both methods showed that a skilful combi-

nation of both data collection methods would be an optimal basis for the collection of

data in long-cyclic tasks.

5 Exemplary Application of the Methodology

For this pre-study we selected a long-cyclic workplace in the DB maintenance

facility in Dessau (Germany), where segments of annular springs used in rail vehi-

cles are refurbished. The segments are taken apart, cleaned and refurbished before

being put back together.

This workplace can be characterised by its high physical workload that is a result

of handling heavy loads (for each segment of an annular spring 13 kg), a multitude

of constrained postures and critical working heights as well as having to use high

action forces (i.e. bending of locking plates and using a clamping device).

The duration of a cycle for this activity is approx. 5 h (319 min) per axis, which

MTM has already examined in 2011 in terms of time aspects (Table 2). Thus the

activity in disassembly/assembly is representative for a long-cyclic task.

Four people observed the activities at the selected work station (Fig. 5) over the

course of a complete cycle from different perspectives. Aside from the observation

protocols, they wrote a procedure protocol and took photos of individual work situ-

ations. In addition, ergonomics experts, health managers and workers carried out a

subjective stress evaluation of the workplace.

Table 1 Comparison of data collection methods

Physical workload matrix Data record sheet

Process-oriented data collection Object-oriented data collection

Detailed recording of ergonomically relevant

data

Combination of frequency and ergonomic

aspects

Table 2 Time calculation for the disassembly/assembly of annular spring segments

Pre calculation following data card Actual value (min)

10 Feed work status (segments) 2.96

20 Disassemble annular spring segment 30.98

30 Refurbish annular spring segment (used part) 21.68

40 Check annular spring segment 2.94

50 Weigh annular spring segment 3.86

60 Annular spring segment cleaning segment seat 7.03

70 Annular spring segment cutting of thread 30.03

80 Mounting of annular spring segment 60.00

. . . for 6 segments 159.48

. . . for 12 segments¼ 1 wheel set 319

226 D. M€uglich et al.



6 Results

As anticipated, this study proved that the data collection and evaluation for long-

cyclic activities is not only time consuming but also significantly more difficult than

data collection for short-cyclic activities.

An observation of the execution of each activity was proven to be an important

basis for the evaluation of long-cyclic activities from an ergonomic point-of-view.

It is important that all important influential factors that are relevant for an ergo-

nomic evaluation are considered in their time frame. Due to the long duration of

each movement (duration of each cycle) it is necessary to note each observation in a

detailed and reliable manner. The methods (physical workload matrix and data

collection sheet) that were used proved to be practical and valuable.

Furthermore, it is has become clear, that it is sensible to carry out the data col-

lection with at least two people. This ensures that all information can be recorded

completely and accurately. Before the data can be used for an evaluation all obser-

vations have to be compared and checked for their plausibility.

In the following we present for the three phases—before, during and after the

on-site data collection—practical hints and valuable knowledge.

6.1 Lessons from the Preparation for Data Collection

To ensure an effective and efficient data collection it is important that the observers

know the task they are going to evaluate. This includes the order and extent of the

partial tasks as well as the working materials and component parts that are used. All

the following (available) documents should be viewed, checked for timeliness and

evaluated as a preparation for data collection if available:

– A description of the task and instructions

– An analysis of the work sequence (i.e. MTM-UAS or MTM-MEK)

Fig. 5 Example of the

evaluated workplace
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– Movement graphs

– Part lists and equipment descriptions

Another aspect that should be considered is that the planned work method often

diverges from the actual working method (Bokranz and Landau 2012). This can be

due to less strict definitions of the work method or due to the complexity of long-

cyclic tasks.

In order to record these differences and be able to take them into account, the

following points have to be considered

– After viewing the work methods in the description of the task they have to be

reviewed with experienced workers or foremen and checked for differences

– Formulating a description of the work system on the basis of statements by

experienced workers in order to recognize influences that disrupt the work

method

Long-cyclic tasks often include repetitive partial tasks. It is especially important

to identify and describe these partial tasks in preparation for the data collection as

well as to pay attention to any divergence during the repetitive partial tasks.

It is common that tasks with complex objects require different variations of

specific parts that can lead to diverging ergonomic influences and different stress

factors. In order to portray stress situation realistically, the main product variations

(top sellers) have to be discussed beforehand. Less frequent product variations

(exotics) should not be included in the data collection.

6.2 Lessons for the Execution of the Data Collection

The data collection methods (physical workload matrix and data collection sheet)

are the most important instruments for data collection.

In addition, the following should be seen as valuable advice for the observation

of long-cyclic tasks:

– Due to larger work areas and changing work places of long-cyclic tasks, the

observers have to be increasingly mobile.

– It is advisable to collect data from different perspectives, which involves at least

two people taking notes at the same time. To be able to conflate and match the

data the same collection method should be used and the observers should have

similar experience.

– Video recordings are a useful tool to capture a complex work situation as they

allow for a review of unclear situations after the actual observation has been

completed. All legal requirements needed for video recordings should be

clarified beforehand.
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6.3 Lessons for the Post Processing of the Data Collection

Even with extensive preparation and consideration of all the advice concerning the

data collection, the detailed recording of a complex long-cyclic task is a difficult

challenge, often made harder by mistakes and variations in the collection. To avoid

severe discrepancies, a plausibility check is advisable. The following methods can

be used:

– Aligning of how often an activity was carried out (i.e. moving of objects) with

part lists and task descriptions

– Checking the work chronology or the partial activities with experienced workers

or foremen

With this study we have shown that it is possible to collect solid data for the

evaluation of physical workload in long-cyclic tasks using EAWS. An EAWS

evaluation was carried out on the basis of the data collected in this pre-study of

the work place “disassembly/assembly of annular spring segment”.

This calculation was done on the basis of the existing EAWS-catalogue and

calculation algorithm. Any occurring spikes in workload were not taken into

account, as the basis of the evaluation is an equal distribution of workload.

In an additional questionnaire the determined workload perception of the

workers and the assessment of the experts was confirmed with the result of the

evaluation. This is relevant not only for the overall result but for the duration of the

task as well as the evaluation of individual partial tasks.

7 Discussion

The data collection methods and the subsequent EAWS evaluation are a valuable

option to record all workload variations that occur during long-cyclic tasks in their

intensity, duration and chronology. Nonetheless, it would be helpful to examine the

advantages of both collection methods in order to find out where one is more

suitable than the other or where they can complement each other. It is evident

that the physical workload matrix is taking the process into consideration and

mainly records body positions and the duration of the stress factor, while the data

collection sheet is object orientated and more suitable to record the frequency of

body forces as well as the handling of loads. In comparison with the evaluation of

short-cyclic tasks it must be noted that the data collection and analysis is signifi-

cantly more complex.

Long-cycle activities might have less time pressure than short-cycle activities

and it might be possible to avoid lengthy, static forced postures. On the other hand,

lengthy static workload can occur in long-cyclic activities that do not happen in

short-cycle tasks. Furthermore, the stress factors are often not equally distributed

throughout the working day but occur as stress spikes during peak times (Finke
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2011). Assumptions made for the development of stress evaluation methods for rest

and fatigue cannot be applied (Schulte 1987).

The following criteria should be met to be able to apply an EAWS evaluation

correctly (Kuhlang et al. 2015):

– No occurring spikes in workload

– No concentrated or cumulated stress effects

– No long periods of exertion that require rest periods

– No surrounding influences that impede physical performance

For the application to long-cyclic tasks the following adjustments to the

EAWS procedure should be made (Finke 2011):

Peak Loads
For short-cycle activities the stress loads occur in regular intervals. The stress is

distributed evenly over the course of a shift. For long-cyclic activities the stress is

typically not distributed evenly and peak loads might occur during specific phases.

For example, the rating for the body posture is distributed following a linear princi-

ple. If longer static body postures occur, then this assumption is not correct. For this

case a progressive course of rating is needed.

Similarly, while handling loads in long-cyclic tasks different variations of the

same load handling type can occur during one cycle. In this case a weighted mean

value has to be calculated as the EAWS method only allows one rating per

“moving”, “carrying”, “holding” and “pulling & pushing”. This means that danger-

ous peak loads during the handling of loads are not indistinguishable or are not

included in the evaluation.

Effects of Fatigue and Rest
It can happen that the process of long-cyclic tasks can lead to longer waiting times

or longer postures in less strenuous body positions. Long-cyclic tasks are some-

times characterized by less time pressure. Recuperation effects are possible, that are

not taken into account in short-cyclic tasks. On the one hand, long static forced

postures can be avoided. On the other hand, long static forced postures can occur,

which do not happen in short-cyclic tasks due to time limits. Assumptions, formu-

lated for evaluation methods for rest and fatigue (Schulte 1987) are not applicable.

If, in any case, it becomes apparent that the tiring static body positions and the

ensuing difficulties in individual body parts are not compensated in the following

sections, the scaling should be altered. One solution would be to determine certain

body segments that experience difficulties, which cannot be compensated in the

following activity. The point values of the body positions that are stressful could be

increased.
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Minimum Evaluation
A further point of criticism of the evaluation with the EAWS procedure is that the

evaluation of the body posture begins at 5%. For long-cyclic durations these small

percent values can mean a significant duration of a static posture. This makes it

necessary that the minimum evaluation has to be lowered.

Repetition
There is no repetitive character identified in long-cyclic tasks, as many different

activities are carried out over a long period of time. That is why the stress on the

upper extremities has not been recorded in this pre-study.

In summary, the focus of the adjustments to the EAWS for long-cyclic tasks is

concerned with peak loads and potentially with the ensuing bottlenecks. One

helpful approach to improve the analysis and the evaluation of long-cyclic tasks

would be to divide the cycle into smaller sections with partial tasks (Wells et al.

1997). Hence, the overall workload can then be determined by the time weighting

of each sequence.

8 Outlook

The physical workload matrix is not only used for the DB maintenance in the

facility in Dessau but is also used to record physical workload data in non-cyclic

tasks in construction. After the practical tests of the entry sheets, the next step

should be a complete validation of the process. For this, long-cyclic respectively

non-cyclic tasks should be recorded with entry sheets as well as video recordings

and the necessary additional information. Subsequently an evaluation on the basis

of the video and the accompanying data as well as with the help of the new

approaches should be carried out. Based on these results the entry sheets should

be further secured and refined. Simultaneously they should be checked for their

practicability.

A further adaption of the EAWS to evaluate long-cyclic or non-cyclic tasks

would mean more extensive research, possibly even the development of a com-

pletely new method would be necessary. The work described here can serve as

groundwork for such a development.
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Abstract

The muscular strain of the lower extremities when walking “normally” and

“sideways” was analysed using the simple, simulated U-assembly line in the

Laboratory of the Institute for Ergonomics and Human Factors in Darmstadt

(IAD). Test subjects executed their assembly operations in different scenarios in

two studies. The U-line in the first study consisted of three work stations and five

work stations in the second one. Electrical activities (EA) in six leg muscles on

each leg (left and right) were measured and analysed by using EMGmethod. Ten

test subjects without experience in assembly work took part in both studies. The

results in the first study show that walking “sideways” puts lower extremities

under more stress than walking “normally” does. We were able to record higher

electrical activities values (especially dynamic EA-shares) in four out of six

analysed leg muscles. EMG-results in the second study show that when “walking

sideways counter-clockwise”, three muscles on the right leg are under greater

stress than the muscles on the left leg.
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1 Introduction

Nowadays the workflow principle of “One-Piece-Flow” is used in assembly, to

ensure a high degree of flexibility in production and at the same time the highest

possible quality of the product at lowest cost in a very short time. This principle

originated from the Toyota production system and is based on the Just-In-Time

principle of the “Lean Production”-approach (Kummer 2009). Using this method it

is possible to process a product on multilevel workstations without having to place

the product into temporary storage. Thus a flexible output quantity can be

maintained, despite having a high variance. To avoid long distances between the

first and the last station, the workstations are typically laid out in a U-shape. The

whole workplace is referred to as an U-assembly line.

When working in an U-assembly line a great amount of stress is put on the upper

extremities due to short movement cycles that include highly dynamic hand-arm

movements, as well as stress on the lower extremities that results from frequently

standing and walking between different work stations. In addition, movements that

require the worker to walk “sideways” are frequent. In order to make a statement

concerning the strain that selected leg muscles are exposed to when walking

counter-clockwise “normally” and “sideways” in an U-line assembly, two labora-

tory studies were conducted at the IAD (Institute of Ergonomics and Human

Factors at TU Darmstadt) (Wakula et al. 2016a). This contribution presents the

results of these studies.

2 Methodology and Experimental Setup in Both Studies

2.1 Surface Electromyography (EMG)

The objective strain data was measured on six selected leg muscles (left and right

half of the body), using the method of surface electromyography (EMG, Strasser

1996).

For the EMG recording a portable TeleMyo 2400 G2 device by Noraxon

(Noraxon, USA, Fig. 1) and a video recorder by Panasonic NV-DS28EG was

Fig. 1 TeleMyo 2400 G2

system from Noraxon
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used. The EMG was recorded using a continuous trace, a frequency of 1500 Hz, a

time interval of 20.0 s, and disposable surface electrodes (Noraxon Dual Electrodes,

USA and Ambu Blue Sensor P, Denmark). Since the Noraxon EMG-device can

only record a limited number of muscular activities, the number of muscles that

were to be recorded in the experiment had to been reduced. In an experiment with

one subject the 15 surface muscles on each leg (left and right) that are active during

work on a U-line, were recorded and compared. The following muscles proved to be

most relevant for the studies on U-lines: Musculus (m.) tibialis anterior, m. gluteus
medius, m. peroneus brevis, m. biceps femoris as well as m. gastrocnemius
(medialis) (Fig. 2). As the m. peroneus brevis is very small and the electrodes are

difficult to place, this muscle was excluded from further studies and analysis. In

addition to the five muscles, we chose to include the m. quadriceps femoris (vastus
lateralis) for some analysis, as it is essential for the extension of the knee joint and

is therefore activated when walking. Functions of the analyzed muscles are

presented in Table 1.

Fig. 2 EMG-electrodes

placed on the legs

Table 1 Function of the analyzed muscles

Muscles Function

m. gluteus medius Stabilization of the pelvis as well as abduction and inward rotation

of the hip joint. A contraction of the ventral fibers results in a

flexion and inward rotation. The dorsal fibers perform an

extension and outward rotation.

m. quadriceps femoris

(vastus lateralis)

Extension of the knee joint. It keeps the knee from buckling when

standing.

m. gastrocnemius

(medialis)

A plantar flexion of the foot as well as a flexion of the knee joint.

m. tibialis anterior Dorsalflexion and supination (tilt inward) of the foot.

m. biceps femoris It bends the knee joint and laterally rotates the knee joint (when

knee is flexed). The long head of the m. biceps femoris also

extends the hip joint.
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For the measuring of the resting activity the subject was in a recumbent position

to allow the muscle to relax. The additional testing of the maximal voluntary

contraction (MVC) in the muscle is necessary for the EMG analysis to be able to

compare the results of individual subjects. For the study we measured the MVC for

each muscle twice at begin and at the end of measurements. The

MVC-measurements were done according to the literature (AWMF online 2013).

2.2 Experiment Layout and Scenarios in the Study 1

The work on a simulated U-line can be divided into two situations with two

variations in execution. In situation A the subject stood at an assembly table for

15 s and in situation B for 30 s while doing simple assembly tasks. The two

variations when changing stations were described as “walking normally” (variation

1) and “walking sideways” (variation 2).

The U-line with three work stations was 2 m long and 1.4 m wide (Fig. 3). The

starting position is identical in both situations. The feet are parallel to each other

and the subject is standing in the centre in front of station 1 and moving on counter-

clockwise.

“Walking normally” requires seven steps and “walking sideways” needs nine

steps.

1,50 m

0,80 m

1,40 m 0,60 m

1,20 m

Station 1

0,80 m

0,80 m

0,80 m

Station 2

Station 3

Transmitter

Fig. 3 Simulated U-line with three work stations in the study 1
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We identified and analysed the following scenarios in this study:

– Scenario A1: assembly of small pieces while standing for 15 s at each of the

three stations and “walking normally” between the stations;

– Scenario A2: same as A1 but “walking sideways” (1–2 steps) between three

stations;

– Scenario B1: assembly of small pieces while standing for 30 s at each station and

“walking normally” between them;

– Scenario B2: same as B1 but “walking sideways” between the stations.

In between each of the four scenarios there was a break of approx. 5 min. Four

young subjects (three female and one male), being 24–26 years old and 170 cm tall

on average, took part in the experiment. The average body weight was 58 kg.

We measured and analysed muscular strain in the following six leg muscles (two

on the right and four on the left leg) on four subjects (Table 2):

2.3 Setup of the U-Line and Subjects in the Study 2

In the second study we focused on a further analysis of the effects on the muscular

strain of “walking sideways counter-clockwise” in the right and the left leg. Six test

subjects were examined while working on the simulated U-line with five work

stations in the IAD-laboratory with short-cycle tasks (approx. 80 s). In this study the

U-line was set up out of five work stations and was 2.2 m long and 1.2 m wide.

The tables were set up close to each other (0.15–0.4 m distance between each) to

allow the workers to change between the tables/stations with two steps (“walking
sideways, counter-clockwise”) (Fig. 4). There were double more “sidesteps” in this

U-line compare to first study. The standing time at each station was about 15 s.

During this time the subject had to execute simply assembly tasks similar to the first

study with the material provided, using both hands.

The test procedure included six test series with different duration of “walking

sideways, counter-clockwise”. The first two test series took about 10 min, each with

a break of 5 min in between. After that four test series with duration of 20 min each

and a 10-min break in between were executed. Before and after the tests, resting

activity and MVC measurements of the analysed muscles of each test subject were

recorded.

Table 2 Analysed

muscles in study 1
Left leg Right leg

m. gluteus medius m. gluteus medius

m. quadriceps femoris (vastus lateralis) m. biceps femoris

m. gastrocnemius (medialis) –

m. tibialis anterior –
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Wemeasured and analysed muscular strain in following six leg muscles (three in

the right and three in the left leg):

– m. tibialis anterior

– m. gastrocnemius lateralis

– m. gastrocnemius medialis

Six male young subjects took part in the tests. The data concerning the test

subjects can be found in the Table 3:

3 Data Processing and Results

In order to process the muscular strain data the software Myo Research XP Master

Edition in the version 1.08 was used. Markers were set in the EMG raw data to

define the exact start and finish of the test procedure. Afterwards, rectification and

Fig. 4 Simulated U-line with five work stations in study 2

Table 3 Test subjects

Subjects Age Weight [kg] Body height [cm] BMI-index

1 29 63 1.85 18.4

2 19 60 1.80 18.5

3 19 85 1.87 24.3

4 30 87 1.85 25.4

5 29 85 1.87 24.3

6 27 83 1.87 23.7

238 J. Wakula et al.



smoothing of the raw data were completed. The data of all subjects for each muscle

was entered into a separate excel-spreadsheet. On this basis we created a diagram

showing the static EA-parts, the dynamic EA-parts and the mean EA-values for

each EMG test series. Detailed information to each parameter can be found in the

EMG guideline (AWMF online 2013).

3.1 Results Study 1

For the muscle m. quadricaps femoris (vastus lateralis) in the left leg we found the

results presented in Fig. 5a, b. When comparing the muscular activity while

standing, it became clear that the mean values of the two time variables (15/30 s)

were relatively constant. We recorded the high dynamic EA-parts of the EMG

activity while the subject was walking “sideways” (scenario A2). Overall, the

m. quadriceps femoris (vastus lateralis) is exposed to only a low strain level for

scenarios A1, B1 and the two time variables.

The data, recorded while walking (Fig. 5b) shows, that the EA mean value and

the EA dynamic value for “walking sideways” (scenarios A2 and B2) are signifi-

cantly higher than they are for “walking normally” (scenarios A1, B1).

These results show, that the m. quadriceps femoris (vastus lateralis) is under

higher stress when “walking sideways” (scenarios A2 and B2) than when “walking

normally” (scenarios A1 and B1).

When comparing the activities of the muscle m. quadriceps femoris (vastus

lateralis) in the left leg, it becomes clear that the EA-mean values and the dynamic

EA-parts are more lower for “standing” than they are for “walking”. Thus, “stand-

ing” puts less pressure on this muscle than “walking” does.

Results in the second analysed muscle m. tibialis anterior in the left leg show

that the high dynamic value for “walking sideways” (scenarios A2 and B2) are

significantly higher than they are for “walking normally” (A1 and B1) (Fig. 6b).
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There are only minor differences in electrical activities in this muscle and in

m. quadriceps femoris (vastus lateralis).
A comparison of the data of the m. gluteus medius on the left leg while

“standing”, showed no significant differences in the four analysed scenarios

(Fig. 7a, b). The EA-mean values as well as the dynamic EA-parts stayed at a

consistent, low level (<10% of MVC). The diagrams in Fig. 7b demonstrate that

when “walking normally” (scenarios A1 & B1), muscle m. gluteus medius has the
same EA-level in the left leg. Minor EA-differences were measured when “walking

sideways” (scenarios A2 & B2).

As we have measured muscle activities data of the m. gluteus medius in four

scenarios on the right and on the left leg, we compared standardised EA-activities

while “walking” on the left vs. the right leg (Fig. 8a, b).

The diagrams in Fig. 8a, b illustrate that:
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– when “walking sideways”, muscle m. gluteus medius of the right leg are under

greater stress than the muscles in the left leg and

– when “walking normally”, muscle m. gluteus medius has approx. the same

EA-level in the left and in the right leg

3.2 Results Study 2

Initially the standardised EA-data of each muscle were analysed separately and

thereafter the results for each muscle for all subjects were outlined.

Figures 9 and 10 show the EMG results of the m. tibialis anterior (left and right

leg opposite each other) of subject 1 and 2 in the six test series.

The diagrams show clearly that the activity “walking sideways counter-clock-

wise” contribute to higher strain in both muscles of the right leg than in the muscles

of the left leg.

These tendencies are also present in the analysed EA-data (EA-mean values) for

the two muscles m. tibialis anterior and m. gastrocnemius lateralis, averaged over

six test subjects (Figs. 11a, b and 12a, b).

An analysis of the mean EA-values ofm. tibialis anterior, that are all in the range
between 1.5% and 2.7% of the MVC, shows that these vary only slightly.

When comparing the EA-mean values of the 10- and 20-min test series, the

differences are in the range of 1–2% of MVC. The dynamic EA-parts are in the

range of approx. 11–15% of MVC and differ about 3%. Overall, this muscle is

more exposed in the right leg than it is in the left.

The muscle m. gastrocnemius lateralis also shows higher electrical activities

(EA-mean values and EA-dynamic) in the right leg than in the left leg.
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a b

Fig. 9 Comparison of standardised EA-parts of m. tibialis anterior while “walking sideways” in

the left (a) vs. the right leg (b) of subject 1

a b

Fig. 10 Comparison of standardised EA-parts of m. tibialis anterior while “walking sideways” in
the left (a) vs. the right leg (b) of subject 2
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Fig. 11 (a, b) Standardised EA-parts of m. tibialis anterior while walking sideways in the left (a)
vs. the right leg (b), averaged over six test subjects
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4 Discussion

The muscles we analysed in the study 1 were evaluated according to different

criteria, which allowed us to formulate an overall evaluation for further field

studies. For this we evaluated the preparation phase in the clarity of the electrode

placement, the quality of the measurements taken during resting activity as well as

the performance of the MVC-testing. Additionally the muscular activity while

standing and walking (mean values, dynamic and static EA-parts) was included

as an important criteria. The criteria from the category “preparation” were

evaluated qualitatively and the results of the EMG-Analysis during the study

were used for a quantitative evaluation of the muscles (Abakumov et al. 2014).

The following muscles proved to be especially valuable for EMG-Analysis in

further field studies:

– m. quadriceps femoris (vastus lateralis)
– m. tibialis anterior
– m. gastrocnemius (medialis)
– m. gastrocnemius (lateralis)

These muscles are quickly and easily prepared for measuring and show obvious

EMG-activities (Wakula et al. 2016b).

Similarly, the m. gluteus medius proved to be relevant for field studies as it

showed promising values for electrode placement, MVC-measuring and the record-

ing of muscular activity. The main issue with this muscle is that an artery is very

close to the muscle and that the pulse will superimpose the resting measurement.

The m. biceps femoris showed the highest differences in the individual evalua-

tion. During preparation it proved to be very challenging as it is very hard to find.
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the left (a) vs. the right leg (b), averaged over six test subjects
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Especially when walking “sideways counter-clockwise”, which is the main

stressor in an U-line, the muscles m. quadriceps femoris (vastus lateralis),

m. tibialis anterior and m. gluteus medius show a significant muscular activity.

The activity in these muscles is lower for “normal” walking and standing.

Overall, the six muscles in the study 1 show higher EA-values for walking

(“normally” as well as “sideways counter-clockwise”) than they do for standing.

The results of the EMG recording in the lab study 2 prove that when “walking

sideways counter-clockwise”, some muscles of the right leg are under greater stress

than the muscles in the left leg.

5 Conclusions

5.1 Main Conclusions from Lab Study 1

A comparison of the four scenarios when “walking” showed that the increase in

EA-mean values and the dynamic EA-parts have approximately the same value for

15 and for 30 s. From this we conclude that the muscle is under significantly greater

stress when walking “sideways” than when walking “normally”.

When comparing the data for “standing” and “walking” it becomes evident, that

the mean values and dynamic parts for “walking” are significantly higher than the

EA-values for “standing”. This leads to the conclusion that the muscle is under

greater stress when “walking” than when “standing”. The static EA-parts are low

and remain at the same level of activity as they do for m. quadriceps femoris.
There can be derived the following four main conclusions from this lab study

(Wakula et al. 2016a):

– “Walking sideways counter-clockwise” is often practiced by workers working

on assembly lines that have work station that are very close together;

– “Walking sideways counter-clockwise” produce a higher stress factor than

“walking normally counter-clockwise” does. We measured higher EA-values

(especially dynamic EA-values) in four of six analysed leg muscles;

– When standing for 15 or 30 s there are slight differences in the strain level of the

analysed muscle;

– The static EA-values were low for all analysed muscles (<3% of MVC) and

showed only very slight differences in the four scenarios.

5.2 Main Conclusions from Lab Study 2

The analysed three muscles of each leg show higher electrical activities (EA-mean

values and EA-dynamic) in the right leg than in the left leg when “walking sideways

counter-clockwise” in small simulated U-line. The detailed examinations are based

on a laboratory study with six young subjects. In order to verify the presented
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findings statistically, further lab and especially field studies with additional and

more diverse subjects are necessary.
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Analysis of a Multimodal Human-Robot-
Interface in Terms of Mental Workload

Marc Schneider and Barbara Deml

Abstract

The trend away from highly automated processes using heavy industrial robots

towards HRI-systems (human-robot-interaction) using light-weight robots, is

leading to a strong increase concerning the technical complexity of future

industrial work systems. This article reports the results of an experimental

evaluation of a multimodal human-robot-interface. Two typical application

scenarios from the robot programming were examined, each performed with

three different modalities of control. The mental workload of the operators was

operationalized by subjective, objective and physiological indicators. There

were significant differences in mental workload between the different types of

control in both application scenarios. The present results demonstrate the

benefits of adaptive system design in human-robot-interaction.

Keywords

Human-robot-interaction • Workload assessment • Adaptive system design

1 Introduction

The development of modern industry is characterized by decreasing product life

cycles accompanied by an ever-growing variety of product variants. Future working

places in the industrial sector will provide simultaneously increasing demands on

the flexibility and repeatability (Neud€orfer 2014). To cope with this growing

dynamic, the high repeat accuracy of the robot is to be combined with the flexibility

of the human in human-robot-cooperation (Haddadin 2014). Besides the benefits,

such a combination provides an enormous increase in the complexity of future work
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systems. The development of adaptive, human-centered systems can sustainable

support the development of individual skills and knowledge, lead to well-being and

assist workers of different age (Spillner 2015). An exemplary process for such a

HRI-system is the teaching of a welding track. The individual coordinate points of

the welding path can be taught to the robot, so that these can be followed, modeled

or corrected afterwards. The present study analyzes two sub-processes with respect

to the mental workload: path planning and trajectory correction. Each thread is in

this case designed with three modalities of control to identify differences between

the modalities of control depending on the current working process. Such a task

dependent comparison of control modalities is an important and necessary condi-

tion for the user-centered design of adaptive interfaces for the complex HRI-work

systems of the future.

The reminder of the article is structured as follows: First, the theoretical back-

ground with regard to the mental workload is explained before the used methods of

workload assessment are described. After an overview of the experimental design,

the data analysis will be presented and discussed afterwards.

2 Theoretical Background

The mental workload can be defined as the cognitive response of the human
information processing system to external task load as a function of the personal

prerequisites and the individual coping strategies (Packebusch 2003). The construct

of mental workload is widely analyzed theoretically as well as empirically for many

years until today (Manzey 1998). Before having a closer look at the construct of

mental workload underlying the study of this article, it is necessary to explain the

fundamental aspects of human information processing. One current approach is the

information processing loop developed by Sträter (2005). This model is particularly

suitable for explaining the physiological reactions caused by mental workload

(e. g. blink rates, pupil dilations), as processing times and response times can be

derived directly. The processing loop by Sträter (2005) is based on the world model.

On the one hand there is an external world, including among others the working

system and the environmental factors. The external world provides changeable

information for the human and may require actions and responses. On the other

hand there is the internal world which contains the individual representation of the

external world build up on experiences, concepts and goals of the individual person.

In the interaction of a human with a working system during a work task both worlds

are continuously updating and enhancing each other with respect to the current state

of the system and the actual goals of the human (Neisser 1976). This mutually

adjustment is often conscious, but usually unconscious. In the case that the external

and internal world fit well together, no adaptions are necessary and the system of

both worlds is balanced. Humans are acting unconsciously until there is a stimulus-

related disorder or change in the external world, so that no suitable representation in

the inner world can be found. This condition is called cognitive dissonance. It is
clear that cognitive processes equally refer to both worlds and there is an iterative
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process of restoring the balance after a dissonance (Arenius 2009; Sträter 2005).

The processing loop is built up on that continuous interaction between both worlds

(Fig. 1).

External information that enters the processing loop becomes a task that is

processed based on the existing internal information. Humans are able to act and

react skill based in case of no, or only a very slight, dissonance between the external
and internal world. If there is an incorrect adjustment of the worlds due to a large

dissonance, the human needs to search rule based for similar internal information

that can minimize the resulting dissonance. If the dissonance cannot be resolved

properly more loops (knowledge based) are required (Rasmussen 1986). The

processing loop allows a consideration of the dynamic changes of system

parameters or other environmental influences which can lead to errors. The central

comparator (the limbic system) selects the information and can be influenced by

intentions and objectives (decision-making). The continuous adjustment of both

worlds, their mutual influence and the compensation of any possible dissonances

are important processes needed to be considered in the description and detection of

mental workload (Sträter 2005). Over the duration of a task the behavior can adjust

due to changes in the goals of humans or the environmental factors. Accordingly,

the mental workload can change over time, even in the absence of obvious changes

in task demands or task difficulty. Furthermore the model distinguishes between

Fig. 1 The cognitive information processing loop (Sträter 2005, S. 79)
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cognitive levels of information processing. On the one hand the information can be

processed skill based (often unconscious). On the other hand greater dissonances

require rule based or knowledge based processing of information (often conscious).

In particular the unconscious cognitive processes make enhanced use of existing

mental models, which may differ individually very strong. In addition to the

variability of information processing over time it may be highly individual. These

circumstances further complicate the detection of mental workload at a general

level including complete samples of subjects. Before explaining the approach of a

differential consideration of mental workload assessment used in this article the

resource theory as one of a multiplicity of models trying to describe cognitive

processing and mental workload is specified (Wickens et al. 2013). The capacity of

mental resources is the upper limit of the information processing capability of

human like modelled in the processing loop. The capacity and availability of

resources are underlying certain elasticity depending on the task loads, the individ-

ual constitution and the level of training. An increase in task requirements may lead

to an increase in resource mobilization up to a certain individual degree (Wickens

et al. 2013). The ratio of resources provided and the performance of a task is often

assumed to be linear until all resources are invested (Kahneman 1973). At that

individual point the performance decreases with further increases of task demands.

In the case that not all resources were needed to work on a primary task, the further

resources can be used for the processing of additional tasks (Wickens 1984). If

several tasks were processed simultaneously, they infer to different degrees. A

variety of experiments examined the relationship between the demand level of a

primary task and the performance in a secondary task. Many results indicate that

interference between the tasks cannot be attributed to the level of requirements in

the primary task (Wickens 1984). These results are consistent with the findings

based on information processing loop—the model of multiple resources is exactly

at this point. Much of the performance variation in dual-task situations can be

attributed neither to the difficulty of the task, nor to the procedure of activation of

resources (of the favored tasks). Differences in the efficiency of time sharing

between two tasks are routed in differences concerning the requirements for

different cognitive processing structures of the human. Various structures of infor-

mation processing are supported by independent resources. The efficiency of the

time sharing between two tasks is better when different structures are recruited. An

example is the information perception by the eyes or ears, or the required response

to a change of the information (Wickens 1984). For further descriptions of these

four dichotomous dimensions within the cube model it should be made at this point

to Wickens (1984). Based on the mentioned theoretical considerations, this article

uses a differential approach for assessing mental workload. By the use of a general

approach on sample level too much information about the individual workload

characteristics is lost. However, considering the individual to raise conclusions for

the design of systems is accompanied by great effort concerning analysis and

implementation. The differentiate approach is a trade-off between cost and accu-

racy, at which sample is divided into groups based on various characteristics

(Driver and Mock 1975). The study results of Fels et al. (2015) demonstrate that
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such a differentiation contributes reliable predictions in the field of mental work-

load assessment. The number of adaptive cognitive processes is used to as criterion

for the discrimination of the clusters. Through the mutual updating and changing of

the internal and the external world, the human-machine-interaction and thus also

the mental workload changes during time on task (Sträter 2005). The adaption

processes take place both consciously and unconsciously. Both types are

differentiated and take into account for the classification of the clusters. In the

following section with used methods the physiological indicators of mental work-

load are distinguished with respect to their sensitivity to both types of information

processing.

3 Methods

To measure the construct of mental workload a tri-modal approach is used in this

article. Within this approach subjective, physiological and performance-based

parameters are measured in order to conclude the mental workload.

The theoretical chapter already explains a part of the diverse inter- and intra-

individual factors that influence the mental workload during a working task. To

account for the greatest possible proportion of the influencing factors, it is neces-

sary to consider mental workload from three perspectives (Fig. 2). For example

negative changes in performance can be routed back to increased mental workload,

but also to a decline in effort of the subjects. In this case, the performance data can

be compared to the subjective and physiological data. The following sections will

explain the used indicators and methods in detail.

Fig. 2 Tri-modal approach for mental workload assessment
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3.1 Subjective Perceived Workload and Performance-Based
Measurement

Depending on the research object different measurement instruments for both

subjective perceived workload and the performance can be the most reliable and

sensitive choice. According to Hart and Staveland (1988) the subjective workload

assessment with a questionnaire or interview is the only method having access to

the essentials of workload. Subjective indicators are the only way to find out the

subjective perceived effects of task loads. Besides this advantage there are several

factors biasing the subjective indicators. Unexperienced participants often have

problems verbalizing or assessing their mental workload correctly. For this reason,

there are some criteria to evaluate subjective measurement instruments (sensitivity,

Diagnosticity, validity, intrusiveness, reliability, implementation, acceptability).

Following Rubio et al. (2004) the NASA Task Load Index (NASA-TLX) has a

very high validity, reliability as well as acceptability. The NASA-TLX developed

by Hart and Staveland (1988) is rather widespread and economical, well-structured

and easy to understand. Rubio et al. (2004) point out weaknesses of the NASA-TLX

regarding the sensitivity and Diagnosticity. In former studies it could be shown, that

the questionnaire is able to reveal significant differences in task difficulty with

respect to mental workload measured by physiological and performance-based

measures (Fels et al. 2015; Schneider and Deml 2016). The NASA-TLX consists

of six items (mental demand, physical demand, temporal demand, performance,

effort and frustration). For this study the questionnaire is used without the item of

physical demand, because it is expected to be not relevant for the assessment based

on the results of a former study (Schneider and Deml 2016). After each task the

subjects rate all five items on 20-stage scale ranging from low to high.

Based on the resource theory by Wickens (1984) a secondary task is used in this

study to assess the performance of the subjects. The subjects were instructed to

focus on the main task, the interaction with the robot, and edit the secondary task

only if they have spare capacity. According to the resource model the secondary

task measures the remaining, available resources. The available resource capacity

and the resource requirements of the main task can be concluded by the failure rate

of the secondary task (Wickens et al. 2013). As secondary task a so called n-back

task is used. Within this task there is a code, consisting of a letter and a number

(e.g. A9 or C3), visually presented on an additional screen every 4 s. Each time

there is a new code presented the subjects have to represent the previous one

verbally.

3.2 Physiological Indicators

Physiological indicators use the reactions of the human body to detect mental

workload continuously and with high temporal resolution (Manzey 1998). In this

study only ocular parameters, recorded by a binocular head mounted eye tracking

system, should be regarded. The ocular parameters have the advantages that the
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recording with a head mounted system has a very high user acceptance. The

subjects cannot be seen or identified from the recordings made by the field camera

and both eye cameras. Furthermore there is a very short latency between the

cognitive system and the eyes due to the anatomical arrangement (Sträter 2005).

For cross validation and the control over other constructs which may influence the

ocular parameters (e.g. fatigue or sleepiness), there are six parameters assessed in

this study. Following these six parameters should be explained in detail and

distinguished by the sensitivity to either conscious or unconscious mental

processes.

3.2.1 Unconscious Parameters
The following parameters can be classified as particularly sensitive to unconscious

cognitive processes as they may not be influenced deliberately during time on task.

After a task they cannot be reported or verbalized by the subject (Martens and

Wyble 2010; van Gaal and Lamme 2012). The first parameter in this category is the

blink rate. Commonly, an eye blink takes about 70–100 ms (Marshall 2000) and the

blink rate describes the number of eye closures in a pre-defined period of time (here:

30 s). Wilson (2009), for example, showed that there is a significant negative

relationship between the blink rate and the increasing difficulty of certain temporal

phases of a simulated flight. However Cardona and Quevedo (2014) could not find

any significant correlation between the blink rates of car drivers and their perfor-

mance at different complexity levels. This may also be due to the fact that blink rate

is not only influenced by the mental workload, but it is also altered by other user

states, such as the degree of sleepiness (Watling and Smith 2013). As shortly

mentioned above the blink duration can take between 70 and 500 ms and can also

be used to assess mental workload. Benedetto et al. (2011) suggest that the blink

duration is even more sensitive to the cognitive workload than the blink rate. They

tested both parameters in a lane change task with two conditions, control condition

and dual task condition. In a study by Martins and Carvalho (2015) the parameter

PERCLOS (percentage of eye closure) was derived, which is a rather well

established parameter to predict fatigue and which is defined as the accumulated

blink duration on a pre-defined time interval. The PERCLOS is also a sensitive

measure for the mental workload like, among other, the study by Brookhuis and

Waard (2010) showed in a driving scenario. The last parameter sensitive to uncon-

scious cognitive processes is the pupil dilations. The pupil of the human eye may be

compared to an optic lens, which changes its size in order to regulate the incidence

of light into the eye. The pupil dilations are controlled by two antagonistic muscles

surrounding the pupil: the Sphincter Pupillae, which scales down the pupil size

para-sympathetically, and the Dilator Pupillae, which scales up the pupil size

sympathetically (Beatty and Lucero-Wagoner 2007). Besides changes in pupil

size due to an adaption to the light conditions or the distance of the regarded object,

there is also the psycho-sensory reflex (Loewenfeld 1993). This reflex is triggered

by neurocognitive activities over different muscles-depending paths, indicating that

the fluctuation in pupil size is also related to mental workload (Steinhauer et al.

2004). However, the separation of the individual reflexes from the signal of pupil
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diameter is a challenging task. Marshall and Sandra (2000) introduced the Index of
Cognitive Activity (ICA), which succeeded the separation of the psycho-sensory

reflexes. In the presence of psycho-sensory reflexes the signal, created from the

continuous recording of pupil size, is characterized by abrupt discontinuities. In the

presence of effortful cognitive processing, the pupil responds rapidly with a reflex

reaction (Marshall 2002). Marshall (2000) uses the wavelet analysis which allows

analyzing the frequency of a signal without losing the reference of time. There are

several recent studies among others which show explicit the significant relation

between the ICA and subjective as well as objective reference measurements

(Marshall 2007; Marshall et al. 2003; Schwalm 2009).

3.2.2 Conscious Parameter
The parameters described below can be consciously influenced by subjects during a

task. They can be placed in a direct relationship with the strategy used for informa-

tion perception. Due to the fact that changes in search behavior or gaze strategy,

which affect these parameters, can mostly be verbalized by the participants after the

task, these processes can be assigned to the conscious cognitive processes (Goodale

and Milner 1992). Due to the reason of a restricted area of sharp seeing, eye

movements are needed, to ensure that the retinal image of the interesting object is

mapped completely and correctly on the retina. The alignment of the fovea, the

“gaze” on an object, is called fixational eye movement. It could have been shown

that in high workload situations the fixation duration is directly related to the time,

which is needed to either gather information or to understand a certain problem at

hand (Backs and Walrath 1992). In other words, if the mean fixation duration is

short, a higher amount of time may be dedicated to searching behavior. In this

study, too, the fixation duration is considered, whereby the mean value of all

fixations in a defined period of time (30 s) is regarded. Further the Nearest Neighbor
Index (NNI) is a spatial statistics algorithm, which in the context of eye-tracking

expresses the proximity of each fixation relative to all other surrounding fixations.

In other words, it assesses the randomness of fixation patterns (Di Nocera et al.

2007). Thereby a ratio between the average of the observed minimum distances

between fixations and the mean distance, which would to be expected for a random

distribution of fixations, is derived. In consequence, for a random distribution a

ratio that is equal to 1 is to be observed. For values less than 1 the mean of minimum

observed distances is smaller than the random one, which indicates a clustering of

fixations and which stands for so called informational gaze patterns. For values

larger than 1 a regular, non-random gaze behavior is given (Di Nocera et al. 2007).

According to Di Nocera et al. (2007) the value range for NNI lies between 0, which

corresponds to maximum clustering, and 2.1491, which accounts for a strictly

regular hexagonal pattern. It is assumed that under high stress conditions the gaze

behavior does not follow a clear strategy and that it is characterized by searching for

information randomly (NNI¼ 1). There is a lot of empirical evidence that NNI

reveals a significant correlation with both subjective as well as objective perfor-

mance parameters of cognitive workload (Halverson et al. 2012).
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4 Experimental Setting

For the evaluation of the multimodal human-robot-interface, two typical scenarios

from the robot programming have been studied with three input modalities. In the

first scenario the subjects had to plan and train a welding path to the robot whereas

in the second part they had to control and correct the trained path. Right before the

experiment the subjects were instructed in detail with training sequences until they

feel comfortable with the controls and the handling of the robot. In the first

application scenario the subjects had to teach a predefined welding path to the

robot. The path here was composed of seven contour points that should be taught

sequentially. The second application scenario involved the control and correction of

the taught welding path. For this, the subjects were instructed to follow the path

until they reach the fourth of seven points and delete this one. Afterwards they had

to check the path with now six points again. The used welding path was a modified

version of typical welding processes of body parts in the automotive manufacturing

(Fig. 3).

Both scenarios have to be performed three times by each subject at which the

sequence of used control modalities was randomized. With voice and gesture

control, the subject used defined voice or gesture commands for saving and deleting

points or for driving to already memorized points. In the case of the path planning

the robot has been moved to the new points by a motor torque sensor and they were

then stored with a voice or a gesture command. The third control modality was a

tablet PC with the path planning and correction performed using a graphical

interface. While the subjects work on both application scenarios they wore a

head-based eye tracking system (Ergoneers Dikablis Professional) and conti-

nuously processed also the secondary task (mental rotation). After each trial the

Fig. 3 Welding path of

application scenario 1 and 2
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subjects were asked to fill out the NASA-TLX, so that questionnaire was completed

six times (2 tasks � 3 control modalities) by each subject.

5 Data Analysis

The study based on a predominantly student sample with N¼ 19 subjects who were

24.14 years old on average (SD¼ 3.25). There were 16 male and 3 female subjects

with a total of 5 subjects wore glasses. The data were analyzed using analysis of

variance with respect to measurement repetitions as well as correlation analysis.

5.1 Planning of Welding Path

There were significant main effects between the control procedures concerning the

path planning—both for the mean values of NASA-TLX (F(2, 36)¼ 7.08, p< 0.01)

as well as for the error rate in the secondary task (F(2, 36)¼ 3.99, p< 0.05). The

tablet control induced significantly lower workload than voice or gesture control in

both measurements (Fig. 4).

The analyses of the individual items of the NASA-TLX offer further interesting

facts for the evaluation of the controls. There were no significant differences

concerning the item “temporal demand” between the control modalities, so it can

be assumed that this parameter did not affect the overall assessment. Moreover the

item “frustration” was very low on average (M¼ 7.95, SD¼ 1.70), which indicates

that isolated non-recognitions of voice or gesture commands did not increase the

experienced workload.

Fig. 4 Path planning: NASA-TLX values and error rate of secondary task
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5.2 Trajectory Control and Correction

There were also significant differences between the control modalities for the

control and correction of the trained path. Both the NASA-TLX (F(2, 34)¼ 7.47,

p< 0.01) and the performance in the secondary task (F(2, 34)¼ 3.89, p< 0.05)

showed these main effects (Fig. 5). In this application scenario the subjective

perceived workload differed from the performance in secondary task. The subjec-

tive evaluations showed only that the workload of the gesture control was experi-

enced significantly higher than both other modalities. The error rate, however, was

significant lower using the tablet control in contrast to both other modalities. In the

case of the tablet control it was not necessary to recognize any command on the

feedback-screen which led to increased fixation durations on secondary task.

Therefore the error rate was not representative with the tablet control for path

correction. According to the NASA-TLX scores the voice control provided the

lowest workload in this application scenario.

5.3 Analysis of Physiological Data

By using a new approach of Schneider and Deml (2016) for the grouping of a

sample to workload-related adaptation strategies (consciously and unconsciously)

based on theoretical background mentioned in the beginning of this article, there

could be found highly significant correlations between all physiological parameters

and the NASA-TLX values on the differential (grouped) level (Table 1). The

sample was classified based on the characteristic of the subject’s individual adap-

tion strategies. Conscious adaptations during time on task, for example, changed the

view strategy, which directly impacts the NNI values, but also the fixation duration.

A subject changed the strategy not only aware of his behavior, but also uncon-

sciously. Unconscious adaptations showed, among others in the temporal change of

the pupil diameter or the blink rate as well as the blink duration (Schneider and

Deml 2016). These different adaptive strategies of each cluster can be described

highly reliable through different physiological parameters depending on the degree

to which the subjects of each cluster adapt either conscious or unconscious. A

Fig. 5 Path correction: NASA-TLX values and error rates of secondary task
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standardized evaluation on the level of the whole sample was not possible due to the

individually different behavior. With these results the study confirmed the theo-

retical implications of the cognitive information processing loop (Sect. 2).

6 Discussion

All three analyzed workload indicators of the tri-modal approach showed a consis-

tent result with respect to the assessment of the control modalities. For the path

planning the tablet control showed the lowest workload values (MTLX¼ 8.14,

SD¼ 3.06), whereas in the case of trajectory correction the voice control induced

the lowest workload (MTLX¼ 8.80, SD¼ 2.62). The results of this study showed

clearly that an adaptive and multimodal interface design could lead to an optimized

workload situation in human-robot-interaction. However, further studies are needed

to combine the control modalities in one application scenario and to verify that a

dynamic change of the modalities may lead to an optimization of the overall

workload situation. Concerning the mental workload assessment, the results of a

clustered evaluation confirm the theoretical considerations. It is difficult to describe

a whole sample with a uniform physiological parameter configuration due to the

internal world, which influences individually the perceptions and actions. There are

significant changes in information processes during time on task. For example the

prioritization between main and secondary task varies greatly between subjects and

also time-dependent. In upcoming studies, the classification of the sample clusters

should be further investigated in order to incorporate the theoretical and practical

insights into the future development of sustainable systems.
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How to Evaluate the Usability of Smart
Devices as Conceivable Work Assistance:
A Systematic Review
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Abstract

The ongoing digitalization of work and working environments suggests that the

application of smart devices as a work assistance will increase. In this context,

particularly it is important to consider an ergonomic design, especially the

usability of mobile interactive systems before using it in the working environ-

ment. Therefore, a specific significance will be attributed to the usability evalu-

ation of smart device applications. Consequently the Federal Institute for

Occupational Safety and Health (BAuA) implemented a study by means of a

systematic review, which examined how to evaluate the usability of smart

devices. The aim of the review was to investigate, if there are specific methods

to evaluate the usability of smart devices or how far consisting methods includ-

ing their criteria from the area of conventional screen work can be adopted.

Results indicate that the majority of existing studies used evaluation criteria

from the area of conventional screen work or recently developed kits for mobile

usability evaluation, which are built on similar criteria. Actually the established

methods and criteria are still adequate, but they have to be adjusted to the rapid

development of new technologies with respect to new influence factors like

innovative interaction concepts, smaller displays or mobile operations.
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1 Introduction

The increasing performance of computer systems and digitalization of the working

environments result in significant impacts on the organization, contents and

requirements of future work. Especially against the background of Industry 4.0, a

decline of manual work and routine work with a simultaneous increase of

knowledge-intensive work is expected. Employees will assume more and more

monitoring and controlling tasks, job content are becoming more and more complex

and previously rigid workplaces are becoming mobile with a decentralization of

decisions (Spath et al. 2013). Considering the demographic development and an

imminent shortage of skilled professionals, the changes, which occur in the course

of the digitalization, lead to large challenges for the work organization and design.

A popular approach of the practice-oriented research and development to meet

these challenges is to integrate “smart devices” (e.g. smart glasses, smartphone,

tablet-pc) as a work assistance system for an appropriate provision of information

as well as for the interaction between humans and production systems (Schuh et al.

2014; Ittermann et al. 2015).

From the perspective of occupational safety, it is crucial that health and well-

being of employees profit from the implementation of technological innovations as

an important key factor for increasing the competitiveness of companies. Consid-

ering that, there are a lot of different factors to verify from the ergonomic point of

view before using smart devices as work assistance. In this process not only the

physical and mental stress during the use (Terhoeven et al. 2015; Grauel et al.

2014), but especially the usability are important. According to § 3 of the Ordinance
on Industrial Safety and Health (BetrSichV), the employer has to assess all occur-

ring hazards prospectively, which arise with the use of work equipment (hazard

assessment). In particular, this comprises the consideration of the usability, includ-

ing an ergonomic design according to the age and ageing of employees.

In this paper, an actual review of the Federal Institute for Occupational Safety

and Health (BAuA) regarding the usability evaluation of smart devices is presented.

Therefore, it was investigated by means of a systematic review, if there are specific

methods to evaluate the usability of smart devices or how far consisting methods

including their criteria from the area of conventional screen work can be adopted.

For this reason, initially the state of the art of usability evaluation as well as the

research aim of the review will be described. Subsequently the methodical approach

of the systematic review will be described. In the following the representation and

discussion of the results take place together with an outlook for future research

needs.
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2 The Systematic Reviewing Process

2.1 State of the Art and Research Question

The requirements related to the usability of an interactive system and the criteria for

evaluating this are clearly defined by the DIN EN ISO 9241-11 (1998). Thereby, the

design of the interaction and the presentation of information have the strongest

impact on the usability. For these influence factors common methods in the

usability or software engineering exist, mostly in form of usability heuristics.

These common heuristics contain different criteria to evaluate the usability of

software, but the criteria also have to be considered prospectively in the develop-

ment phase. In case of the interaction design exist common evaluation kits like the

usability heuristics of Jakob Nielsen (1993), the eight golden rules by Shneiderman

and Plaisant (2005) or the DIN EN ISO 9241-110 (2008). All of them give advices

how to design the human-machine-interface and which criteria can be used to

evaluate it. In this process appears a high content-related congruence regarding

the individual criteria of the different evaluation kits. The heuristics of Nielsen are

the most detailed criteria, but the other methods are summarizing Nielsen’s indi-

vidual criteria on a higher level and are not less precise in doing so. A comparing

overview of the criteria of the three described references contains Table 1.

As well there are established evaluation kits for the designing and evaluating the

presentation of information to ensure the usability of interactive systems. The DIN

EN ISO 9241-12 (2000) and the requirements concerning information design by

Table 1 Comparison between the usability criteria of three common evaluation kits

# Nielsen (1993)

Shneiderman and Plaisant

(2005)

DIN EN ISO 9241-110

(2008)

1 Visibility of system status Offer informative

feedback

Self-descriptiveness

2 User control and freedom Support internal locus of

control

Controllability

3 Consistency and standards Strive for consistency Conformance to expectations

4 Recognition rather than

recall

Reduce short-term

memory load

Conformance to expectations

5 Error prevention Offer simple error

handling

Error tolerance

6 Help users recognize,

diagnose and recover

from errors

Permit easy reversal of

actions

Suitability for learning

7 Flexibility and efficiency

of use

Enable to use shortcuts Possibility of

individualization

8 Aesthetic and minimalist

design

Design dialog to yield

closure

9 Match between system

and real world

Appropriateness for the task

10 Help and documentation
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Wickens and Hollands (2000) are given as an example at this point. However, all

these evaluation kits for ensuring the usability of interactive systems by an appro-

priate interaction and information design are dealing with conventional screen work

instead of using smart devices with significant smaller screens and other control

systems like touch-screen.

For this reason, the Federal Institute for Occupational Safety and Health (BAuA)

initiated a systematic review to sight the current state of studies about evaluating the

usability of smart devices, especially against the background of a potential work

assistance system. It was questioned how existing criteria and procedures for the

evaluation and consideration of the usability in designing interactive systems can

apply for Smart Devices or whether they have to be adapted to current technologies.

2.2 Methodical Approach

In order to collect the current state of studies about evaluating the usability of smart

devices, especially in the context of a potential use as work assistance, a systematic

review was chosen as the fundamental method. The procedure was inspired by

Mattioli et al. (2010) and Arksey and O’Malley (2005), who describe a systemati-

cally performed review based on appropriate search strings. The literature search

took place inside the five big and established databases EBSCOhost, PubMed,

ScienceDirect, Scopus and Web of Science as well as their embedded smaller

databases.

For the subject orientation in the systematic review process three categories were

chosen to classify the search terms. The first category contained all search terms

around the core issue of usability (“usability”, “perceived use”, “user-friendliness”,

etc.), against which the second category dealt with search terms related to the topic

smart devices, i.e. potential technologies and conflating terms for technology

groups (e.g. “smartphone”, “mobile device”, “head-mounted display”). By the

third category, using terms such as “study”, “measurement” or “test”, the review

aspired publications, which deals with the evaluation of different applications of

smart devices regarding the usability. In all categories English as well as German

search terms were used. In Table 2 below all search terms are aggregated, which

were used in the systematic review.

After defining all terms and their classification into one of the three categories, a

scheme for an iterative identification of relevant publications was set up. For this

purpose initially the different possible and relevant search fields for the review

process were transferred on a truth table based on propositional logic. As relevant

search fields the title (T) were selected on the one hand and abstract or keywords

(A) on the other hand. Consequently search classes for clustering the results were

defined depending on whether the particular search term category is located in the

title or abstract/keywords. In this process the search term category “usability” was

set of top priority, the category “smart device” out in the first place, the category of

“smart devices” behind it and the category “evaluation” on the third spot, from

which the search classes TTT, TTA, TAT etc. resulted (Table 3). The defined

264 J. Terhoeven and S. Wischniewski



search classes were not only appropriate to assort the detected publications, but

conduced to rate the results for a focused screening later on. For this purpose, each

search class got assigned an individual rating score (Table 3). If search terms from

each category were found in the title of a search hit (TTT), the publication got five

points as rating score. If there were only two of the three search term categories

existent in the title (e.g. TAT), the publication got three points as rating score. For

only one search term category in the title, the search hit was assessed with one point

(e.g. ATA). Because the systematic review in particular dealt with the topic

usability, a publication with one or three points got an extra point in the rating

score, if the search term category “usability” was detected in the title (e.g. TAA).

Using the previously described preliminary works, it was possible to prepare

search strings for each of the five databases in order to collect the population of

relevant publications. Based on the individual syntactical rules of the databases, a

Table 2 Allocation of search terms to the search term categories

Terms of usability Terms of smart devices Terms of evaluation

“usability” “smart device”a, “smart-device” “study”, “studies”

“usability”, “utility” “wearable device”, “wearable-

device”, “wearable”

“evaluation”, “evaluate”,

“evaluating”

“perceived use” “mobile device”, “mobile-device” “test”, “testing”

“perceived usefulness” “head mounted display”, “head-

mounted display”

“measurement”, “measure”,

“measuring”

“user-friendliness” “smart glass“, “google glass”,

“HMD”

“Studie”

“serviceability” “smart phone”, “smartphone” “Bewertung”

“Gebrauchstauglichkeit” “smartwatch”, “smart watch” “Untersuchung”

“Nutzerfreundlichkeit” “tablet”, “tablet pc”, “tablet-pc” “Evaluierung”

“Bedienfreundlichkeit” “tablet computer”, “tablet-

computer”

“Untersuchung”

“Bedienerfreundlichkeit” “Mobiles Endgerät”, “Mobile

Endgeräte”
aDepending on the databases the plural of each search term was added separately

Table 3 Search classes

and rating score depending

on the search term

categories

Usability Smart devices Studies Rating score

Ta T T 5

T T Ab 4

T A T 4

A T T 3

T A A 2

A T A 1

A A T 1
aSearch term category is located in the publications title
bSearch term category is located in the publications abstract or

keywords
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separate search string was defined for each of the seven search classes. The

combination of five databases and seven search classes resulted in 35 search strings

in total, which ensured the systematic process of organizing the hit list of each

database. The search strings were such structured, that initially the title level and

subsequently the level of abstract and keywords have been integrated. Exemplary

for the structure, the search string for the database Scopus in the search group TTA

with the search terms 1 to n appears as follows:

TITLE ((usability 1 OR usability 2 . . . OR usability n) AND (smart device 1

OR smart device 2 . . . OR smart device n) AND NOT (evaluation 1 OR

evaluation 2 . . .ORevaluation n))AND (ABS (evaluation 1ORevaluation 2 . . .
OR evaluation n) ORKEY (evaluation 1 OR evaluation 2 . . .OR evaluation n))

The actual process of the review was divided into four phases. The first phase

represented the identification of the overall study sample, aggregated across all

databases using the search strings and an additional hand search. In the systematic

review only studies as from 2007 were considered, because this was the formative

year with the iPhone as supposedly first smartphone coming on the consumer

market. Firstly, it was necessary to eliminate all duplicates out of the hit list as

well as outliers, which came about because of dual word meanings (e.g. the search

term “tablet” leads to many results in the field of drug studies). Based on an initial

screening on the title-abstract level more matches were sorted out subsequently in

the second phase of the review process, because they differed thematically from the

analysis focus. Thus, a first evaluation basis for a more detailed screening with

regard to the analysis focus was build up. This basis was assessed in the third phase

of the review process using the rating system described above (Table 3). By means

of the rating system an appropriate amount of hits could be filtered out for the

in-depth screening on abstract and full-text layer in the fourth phase. For this

purpose all studies with five or four rating points, about one-third of the matches

with three or two rating points and randomly scattered publications with one rating

point have been considered furthermore. Due to the in-depth screening the effective

amount of relevant publications has been determined, of which the contained

explanations regard the topic and the full-text was be analysed in detail concerning

the objective of the review.

3 Results

Using the defined search strings across all databases in the first phase of the

systematic review, a population of n¼ 3523 publications dealing with at least one

of the search term categories was identified. However, an amount of n¼ 2551 hits

had du be excluded because of being duplicates or outliers due to dual word

meanings. Thus, n¼ 962 hits were taken over in the second phase of the review.
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Based on the initial screening on title-abstract level another n¼ 196 matches were

thematically excluded. Consequently an evaluation basis of n¼ 766 matches

remained, which could be thematically classified as publications dealing with the

evaluation of usability in respect of smart devices. By means of the subsequent

rating process in the third phase of the review additional n¼ 549 publications were

excluded as described in Sect. 2.2. In the in-depth screening on abstract and full-text

level ultimately n¼ 92 publications were filtered out for the full text analysis. An

overview of the systematic review process including the results of each review

phase shows Fig. 1.

3.1 Initial Results

Based on the result of the initial screening in the second phase of the review process

(n¼ 766) different analyses were performed, which shows potential trends and

focal points considering the topic usability and smart devices. Table 4 shows as

an example the distribution of the evaluation basis in total but also with regard to

different smart devices across the individual years of the review period. The first

line of all studies evaluating base are to be considered. Overall it represents an

expected increase in the number of publications from 2007 to today.

In the other lines of Table 4 the results are clustered per smart device technology.

Thereby, the number of studies, which deal with smartphones, is still well above

those, which are investigating tablet-PCs. Investigations in the field of smart

Fig. 1 Review process and results of the individual phases
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watches, head-mounted displays or smart glasses are limited to a minimum. Pro-

spectively there is a lot of action concerning these innovative technologies required.

The described results are represented as well in Fig. 2, which illustrates in the

form of a Tag Cloud that the focus within the current publication and study situation

concerning the usability of smart devices is lying on smartphones. The Tag Cloud

displays the ratio of the amount of publications about an individual topic with the

size of the respective imaged search term, which is contained in the publications

title in combination with the topic usability in title, abstract or keywords.

It should be noted that the majority of studies are dealing with the evaluation of

the usability of individual applications, without specifically addressing the effects,

which result due to using it within a special context of use. Usability studies of

smart devices and corresponding applications in the context of an insert in an

industrial work environment can be only sporadically assumed on abstract level.

The majority of usability studies are evaluating individual applications, using a

high frequency of use as the sole criterion for the user-friendliness and thereupon

conclude from this on the usability of the application (Hongu et al. 2015).

3.2 Results of the Full-Text Analysis

Within the amount of n¼ 92 publications for the full-text analysis a small number

of studies (<25) were identified, which deal with the use of different (heuristic)

Table 4 Distribution of individual focused search results across the review period

Year 2007a 2008 2009 2010 2011 2012 2013 2014 2015

overall 40 50 63 62 101 77 109 134 130

smartphone 17 17 25 28 48 46 63 90 91

tablet-pc 6 4 6 3 10 15 31 26 28

smartwatch 0 0 0 0 0 0 0 0 2

smart glasses 1 2 2 2 2 0 1 2 4
aThe first iPhone as supposedly first smart device sets the beginning of the review period

Fig. 2 Tag Cloud of different search terms on title level concerning the topic usability
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methods or criteria for the evaluation of usability of mobile devices. An amount of

n¼ 14 studies are using criteria, which are directly related to the methods described

in Sect. 2.1. Exemplarily for that, the references Huang andWang (2011), Inostroza

et al. (2012) and Varsaluoma (2009) can be mentioned at this point. There can be

found a high correlation between the criteria of usability for interactive systems in

the field of conventional screen work (cf. Sect. 2.1) and the criteria applied for the

evaluation of the usability regarding smart devices or the considered application in

the studies. In particular the usability heuristics of Jakob Nielsen (1993) are mostly

applied there to evaluate the usability of the specific application. In some cases

there are differently named criteria, which are very similar to the common methods.

Some references like Inostroza et al. (2012) or Gielkens and Wetzel (2012) devel-

oped their own methodology to evaluate mobile applications, but they uses the

common criteria again. The same applies for some publications like Billi et al.

(2010) or Conde et al. (2010), where other developed kits for usability evaluation

are used, which are again built on Nielsen (1993). Because nearly every criterion in

the investigated studies can be assigned to one of the heuristics of Nielsen, the

following analysis refers to those. Based on the full-text analysis it was possible to

filter out, how much and which criteria was used individually in the studies. For this

reason it was worked out for every criteria, which reference is using it for

evaluating the usability inside the specific application (cf. Table 5). Overall, it

can be noted, that within the analysed studies all usability criteria of the common

evaluation kits are referenced for the mobile usability evaluation by the full or

nearly the full amount of studies. Furthermore, eight of ten criteria are referenced

by an amount of at least thirteen studies. Only two criteria are referenced less, but

still by an amount of at least ten studies.

The highest accordance get the usability criteria, that there has to be a good

match between the system and the real world or rather a self-descriptiveness as well

as an aesthetic, minimalist, easy design. These criteria are immediately followed by

a group of six criteria, which are referenced by an amount of thirteen studies. There

can be found related requirements of a continuous visibility of the system status, the

user control and freedom as well as the flexibility and efficiency of use. Further on,

there are two associated criteria with the need for a design, which promote the users

recognition and helps to diagnose and recover from errors. Finally the requirement

of help and documentation within the system got referenced on the same level. The

criteria of error prevention by the system (n¼ 11 studies) and the consistency of the

software design (n¼ 10 studies) are behind on a lower level of references.

4 Discussion and Outlook

Against the background of the ongoing digitalization of work and working

environments, it seems conceivable, that the application of smart devices as a

work assistance will increase. In this context, particularly it is important to consider

and to ensure the usability of the system in the individual application before using

it. Therefore, a specific significance will be attributed to the evaluation of the
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Table 5 Allocation of studies to usability heuristics

Heuristics Used by reference

Match between system and real

world

Barricelli et al. (2013), Billi et al. (2010), Conde et al.

(2010), Fetaji and Fetaji (2011), Gielkens and Wetzel

(2012), Huang and Wang (2011), Inostroza et al. (2012),

Karahoca et al. (2010), Marcus et al. (2013), Sch€onfelder
and Schmalstieg (2008), Soomro et al. (2013), Varsaluoma

(2009), Wahab et al. (2010), Zaibon and Shiratuddin

(2010)

Aesthetic and minimalist design Barricelli et al. (2013), Billi et al. (2010), Conde et al.

(2010), Fetaji and Fetaji (2011), Gielkens and Wetzel

(2012), Huang and Wang (2011), Inostroza et al. (2012),

Karahoca et al. (2010), Marcus et al. (2013), Sch€onfelder
and Schmalstieg (2008), Soomro et al. (2013), Varsaluoma

(2009), Wahab et al. (2010), Zaibon and Shiratuddin

(2010)

Visibility of system status Barricelli et al. (2013), Billi et al. (2010), Conde et al.

(2010), Fetaji and Fetaji (2011), Huang and Wang (2011),

Inostroza et al. (2012), Karahoca et al. (2010), Marcus

et al. (2013), Sch€onfelder and Schmalstieg (2008), Soomro

et al. (2013), Varsaluoma (2009), Wahab et al. (2010),

Zaibon and Shiratuddin (2010)

User control and freedom Barricelli et al. (2013), Billi et al. (2010), Conde et al.

(2010), Fetaji and Fetaji (2011), Huang and Wang (2011),

Inostroza et al. (2012), Karahoca et al. (2010), Marcus

et al. (2013), Sch€onfelder and Schmalstieg (2008), Soomro

et al. (2013), Varsaluoma (2009), Wahab et al. (2010),

Zaibon and Shiratuddin (2010)

Recognition rather than recall Barricelli et al. (2013), Billi et al. (2010), Conde et al.

(2010), Fetaji and Fetaji (2011), Huang and Wang (2011),

Inostroza et al. (2012), Karahoca et al. (2010), Marcus

et al. (2013), Sch€onfelder and Schmalstieg (2008), Soomro

et al. (2013), Varsaluoma (2009), Wahab et al. (2010),

Zaibon and Shiratuddin (2010)

Flexibility and efficiency of use Barricelli et al. (2013), Billi et al. (2010), Conde et al.

(2010), Fetaji and Fetaji (2011), Huang and Wang (2011),

Inostroza (et al. 2012), Karahoca et al. (2010), Marcus

et al. (2013), Sch€onfelder and Schmalstieg (2008), Soomro

et al. (2013), Varsaluoma (2009), Wahab et al. (2010),

Zaibon and Shiratuddin (2010)

Help users recognize, diagnose

and recover from errors

Barricelli et al. (2013), Conde et al. (2010), Fetaji and

Fetaji (2011), Gielkens and Wetzel (2012), Huang and

Wang (2011), Inostroza et al. (2012), Karahoca et al.

(2010), Marcus et al. (2013), Sch€onfelder and Schmalstieg

(2008), Soomro et al. (2013), Varsaluoma (2009), Wahab

et al. (2010), Zaibon and Shiratuddin (2010)

Help and documentation Barricelli et al. (2013), Conde et al. (2010), Fetaji and

Fetaji (2011), Gielkens and Wetzel (2012), Huang and

Wang (2011), Inostroza et al. (2012), Karahoca et al.

(2010), Marcus et al. (2013), Sch€onfelder and Schmalstieg

(continued)
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usability of smart device applications. Consequently the described systematic

review was implemented, which examines how to evaluate the usability of smart

devices. The objective of the review was to investigate, if there are specific methods

to evaluate the usability of smart devices or how far consisting methods including

their criteria from the area of conventional screen work can be adopted.

Initially the review showed that the majority of publications are dealing with

smartphones instead of other innovative technologies with high potential as work

assistance. Furthermore, the amount of studies increased in the last years, but only a

small number of studies describe a potential use of innovative technologies for

work applications. An optimal task-technology-fit stays the basic prerequisite

before using smart devices as work assistance (Terhoeven et al. 2015).

Concerning the usability evaluation of smart devices the review revealed that all

in all the established methods and criteria of usability from the area of conventional

screen work are used as well to design and evaluate the usability of mobile user

interfaces. Recently developed mobile usability evaluation kits can be found in

limited cases (Gielkens and Wetzel 2012), but are still built on the common criteria.

Especially the heuristics of Jakob Nielsen (1993) were applied in the majority of the

studies, but a content-related delimitation of the other established methods (DIN,

Deutsches Institut f€ur Normung 2008; Shneiderman and Plaisant 2005) is often not

possible. In particular, the most referenced criteria for evaluating the usability of

smart devices were the match between system and real world and an aesthetic,

minimalist design. This becomes clear with regard to the small display size of smart

devices. The information design for smart devices should be simple and quickly

manageable based on the user’s experiences. This criteria correlate with the fol-

lowing requirements of recognition or helping the user to recognize, diagnose and

recover from errors. These criteria relieve the working memory and promote

learning effects. The fact that the criteria of error prevention and consistency are

referenced by a smaller amount of studies is a bit slightly unexpected. Consistency

helps the user to recognize and control the system more easy and thus to relieve the

Table 5 (continued)

Heuristics Used by reference

(2008), Soomro et al. (2013), Varsaluoma (2009), Wahab

et al. (2010), Zaibon and Shiratuddin (2010)

Error prevention Barricelli et al. (2013), Conde et al. (2010), Fetaji and

Fetaji (2011), Gielkens and Wetzel (2012), Huang and

Wang (2011), Inostroza et al. (2012), Karahoca et al.

(2010), Marcus et al. (2013), Sch€onfelder and Schmalstieg

(2008), Varsaluoma (2009), Wahab et al. (2010)

Consistency and standards Barricelli et al. (2013), Conde et al. (2010), Fetaji and

Fetaji (2011), Huang and Wang (2011), Inostroza et al.

(2012), Karahoca et al. (2010), Marcus et al. (2013),

Sch€onfelder and Schmalstieg (2008), Varsaluoma (2009),

Wahab et al. (2010)
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working memory as well. The error prevention should be assured to protect the user

from unexpected consequences. It is assumed that these criteria were included in

the other considered criteria or prospectively provided with the development of the

application.

With regards to the progressive digitalization of work, it becomes increasingly

important to put smart devices, especially the usability of it, in the focus of the

research and development. Actually the established methods from the area of

conventional screen work for evaluating the usability are still adequate, but they

have to be adjusted to the rapid development of new technologies. Different

interaction concepts like touch screen or gesture control as well as distractions

because of unsuitable information design are not respected in conventional criteria.

Furthermore, there are not enough studies about a potential use of smart devices at

work. Mostly the studies are looking at consumer or gaming applications.

In order to continue the research in the area of smart devices further studies with

different issues will follow. Based on the results of this review, the BAuA addresses

different concepts of information and interaction design for smart devices, which

take into account the usability, an optimal technology tasks-fit, an optimization of

cognitive load and other ergonomic requirements regarding the use as work

assistance.
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Menu Styles of Mobile Devices and Their
Influence on Gaze Behavior While Walking

Jessica Conradi, Bjoern Nord, and Thomas Alexander

Abstract

Mobile IT-devices (Smartphones, Tablet-PCs, etc.) are often used while

performing other tasks in parallel, e.g. while walking. However, mobile device

and environment often compete for the users’ attention. Binding too much

attention on the mobile device will reduce attention on the environment. Espe-

cially in risky environments like road traffic, this might trigger substantial

danger for users and third parties. Therefore, graphic user interfaces (GUIs)

have to be adapted to it. Yet, lightweight mobile devices have small displays and

only a limited number of objects can be displayed. Content with multiple

subunits has to be arranged, e.g. by forming subcategories. Hierarchical

structured menus facilitate this. In our survey, we compared the effect of

different menu concepts on gaze behavior while walking. Menus containing

4–8 icons per level required the lowest number of gazes. In single interactions,

the shortest visual distraction was found for the least number of objects on the

screen.
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1 Introduction

Our modern information society asks people to be permanently “on-line” and to

have access to and to be in exchange with the World Wide Web. So, information

technology has to be—and is—used constantly. Size and weight of modern mobile

devices stimulate this.

However, using mobile IT-devices always and everywhere proved to have

disadvantages. It provokes usage not only exclusively but also during performing

additional activities. This takes place in different environmental contexts, e.g.,

while walking. In this setting, the user’s attention is drawn to the device and

therefore away from the environment. This leads to distracted walking. A survey

founded by the American Academy of Orthopedic Surgeons found 78% of the

adults in the U.S. believing that this is a “serious” issue, 74% say other people are

almost always or sometimes distracted while walking. Just 29% of the Americans

admitted to do so themselves. Using a cell phone is a common means of distraction

to walkers (e.g. 90% talking on the phone; 85% using a smartphone). Many

pedestrians are aware of the danger of being distracted as they either witnessed a

distracted walking incident (38%) or have been involved in one themselves (26%)

(Ipsos 2015).

This puts pedestrians at risk of accident, injury and even death. In recent years,

numbers of accidents due to smartphone usage have multiplied and are likely to

continue rising (Nasar and Troyer 2013). Besides demanding attention, walking

influences body motions. Different parts of the body move in different ways. Head

as well as the device-holding hand move independently from each other, each step

sends a small shockwave through the body (Pozzo et al. 1990; McDonald et al.

1997). The vestibular reflex of the visual system as well as the hand-arm-system

compensates these effects only partly (Grossman et al. 1989). This hampers inter-

action with mobile devices regarding visual as well as motion issues. For example,

visual acuity while walking is lower than while standing. This is due to effects of

dynamic visual acuity caused by the relative motion of device and eye. A walking

speed of 5 km/h causes a loss of about 20% of visual acuity compared to standing.

Signs like letters or icons have to be enlarged to compensate this loss (Conradi and

Alexander 2014). Hitting a button while walking proved to be harder than while

standing. For a low error rate buttons have to be larger in walking settings (Conradi

et al. 2015). So, due to the walking setting, visual as well as movement issues

require larger interaction objects. However, enlargement of relevant objects leads to

a reduced number of displayed objects and items.

Therefore, walking calls for specially adapted graphic user interfaces, taking the

limited display space into consideration. Modern mobile devices are powerful and

provide a vast number of applications, which can handle a huge amount of infor-

mation. Therefore, information objects cannot be presented at once but have to be

structured in some way. This calls for interaction metaphors meeting the

requirements, e.g., by arranging large numbers of items in hierarchical menus.

They provide a given number of interaction options on each level (hierarchy

breadth) resulting in a number of levels (hierarchy depth). Therefore, considering
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a given number of items, a large hierarchy breadth triggers a small hierarchy depth

and vice versa. For example, a database of 64 items could be arranged in 2, 3, or

6 equally sized levels, resulting in level of different broadness, depicting 8, 4 or

2 options. The broadest hierarchy depicts eight options per level in two levels

resulting in 8^2¼ 64 items. A medium-broad hierarchy provides four options per

level, which results in three levels (4^3¼ 64). A slimmer hierarchy of two options

per level demands six levels (2^6¼ 64) (Paap and Cooke 1997).

In a hierarchical menu structure comprising multiple levels the user has to learn

to navigate between any given levels. The learning effort increases with the number

of levels. Furthermore, each level calls for at least one interaction. So, broader

hierarchies demand a low number of interactions to execute the item in question.

However, a higher number of options per level increase the searching effort for the

option in question. In mobile devices, display size limits the number of scrolling-

free presentable options. The so-called “crowding” of objects on the display is a

constraint imposed by the amount of available space. However, crowding hampers

interaction and should be avoided. When this space is exceeded by the options,

hierarchical depth has to be provided. Another point favoring deeper hierarchies is

funneling. Funneling refers to a reduction in the total number of options processed

by the user. This is achieved by designing a less broad but deeper menu structure.

Then, an efficiency gain occurs for long processing times per option. This

processing time includes the time demand for encoding options, comparing

encoded representations with the target and deciding to terminate or to continue

search. A simple example of the benefits of funneling is presented with a database

of 64 items: in case of crowding all options on a single screen, an exhaustive search

would lead to processing each of the 64 options. Yet, only two options are shown at

once in a minimum-breadth hierarchical menu with a depth of six levels. In this

case, the user has to search only two options per level in six levels; this results in

processing only 12 options altogether. However, while the search demand

decreases, the number of responses by the user (e.g., touch button) and the system

(e.g., show next level) increase (Paap and Cooke 1997).

Menu hierarchies in desktop applications have been a research topic for years. A

study focused on the optimal relation of breadth and depth for 64 items. Experi-

mental task was finding a target word in the lowest hierarchy level. Level breadth

was varied between 2 and 64 options. Experimental error rate as well as search time

hinted at an optimal menu breadth of 4–8 items per level (Miller 1981). Other

surveys showed broader hierarchies to be more effective as interaction time and

accuracy decrease in deeper hierarchies and disorientation increases (Chae and Kim

2004; Jacko and Salvendy 1996).

Besides menu structure, there are other factors influencing the user performance.

An influence of user expertise was shown. Novices worked faster with broad menu

structures, but experts showed shorter time on task in slimmer, deeper structures.

This was attributed to the experts’ knowledge about the navigation to the target item

(Dray et al. 1981). However, time pressure triggers different performance in

different menu structures. Other authors compared broad and deep menu structures
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with novices. Time pressure slowed down time on task and increased error rate in

all of the menu structures (Wallace et al. 1987).

In some ways, requirements of mobile devices correspond to those of stationary

computers with larger displays. Crowding and funneling have to be considered,

especially in respect to the limited space of the displays. While some authors

recommend broader hierarchies (Barbaria et al. 2001), others found slimmer

hierarchies to be beneficial for small displays (Geven et al. 2006). The hierarchical

structure effects navigational behavior and users’ perception and therefore should

be adapted to the display size (Chae and Kim 2004). According to a meta-analysis,

slim hierarchies should be used. These should utilize the whole screen space;

scrolling is to be avoided. In designing, it is important to keep the application’s

objective in mind, which includes the usage of different kinds of menu structures

for different applications (Kim et al. 2011). This demand can be applied to the

setting of walking and interaction as secondary task.

Besides hierarchical menus, other kinds of menus are frequently used for

smartphones, e.g. fisheye-menus or 3D-menus. For these menu types, the size of

depicted options is variable. While selected options are bigger, other options are

represented smaller. Changing the selected option also changes the size of the

options. This type of menu is limited by the small screen space of mobile devices.

Furthermore, it involves smaller buttons and often scrolling. As scrolling as well as

small buttons are to be avoided in a walking setting, these types of menu structures

were not considered in this study.

However, other menu structures can be used depending on the kind of database.

In graphical composition tasks, graphical editors can be used. They consist of a set

of buttons, which allow for changing special attributes of a graphical element. The

current status of the element is depicted continually. In case of a limited number of

attributes of the graphic element, all options can be depicted in one screen.

Dependent on the starting point of the displayed graphic element and on the target

element, different numbers of user responses are needed. However, this kind of

editor demands high mental effort in regard to changing the graphical element.

Compared to a hierarchical menu, which leads the user through the choosing

process, it results in intricate interaction.

Touch displays trigger movements of the finger und subsequently of the arm to

reach the button in question. Fitts’ Law addresses this kind of movements (Fitts

1954). It describes the relation of the distance to the target button, the size of the

button and time on task. Influence of the distance is obvious. Target size affects the

precision of the movement. Movements that are more precise demand

re-adjustments which results in longer time on task. According to Fitts’ Law,

distance and target size determine the index of difficulty of a particular target.

For low indices of difficulty, a fast, solely ballistic movement occurs. Higher

indices of difficulty induce corrections of the movement, and therefore result in

longer lasting movements. We also proved the applicability of Fitts’ Law for

walking settings (Alexander et al. 2008).

To decide upon an action and to direct the movement, the user requires visual

feedback. Therefore, he or she has to gaze upon the smartphone. For the time of this
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gaze, the visual focus is on the display and for this time at least, the user is distracted

from the environment. The longer this distraction lasts, and the longer the

surrounding scenario evolves without the users’ attention, the higher the probabil-

ity, that the user misses relevant developments. Therefore, errors are likely to occur

and result in dangerous situations.

Gaze duration can be described in different ways. One is the duration of a single

gaze on the device. This may be influenced by the complexity of the GUI. A simple

GUI, presenting few objects, might need only short gazes to take in the meaning.

So, the visual focus has to be distracted only for a short moment. GUIs with more

objects might trigger longer visual distractions. Besides this, the number of glances

on the smartphone is relevant, because it provides information about how often the

user is distracted. Furthermore, the duration of fulfilling a particular action, a single

interaction in a particular level, is of interest. It is determined by the glance duration

as well as by the number of glances. This may give hints for basic interaction

recommendations. Another important measure for distraction is the overall time for

fulfilling a desired action, e.g., selecting an item of a database. This overall duration

time is influenced by the single interactions as well as by the number of screens. In

hierarchical menus, the hierarchy depth or the number of levels determines the

number of screens, and the breadth of the hierarchy determines the complexity of

one single screen.

In previous studies, walking has been addressed scarcely. Therefore, in this

study we focus on the influence of menu structures in hierarchic menus and a

graphical editor, respectively, on the gazing behavior in the special setting of

walking in an attention-demanding surrounding.

2 Method

We assumed that the menu structure influences the gazing behavior in smartphone

usage, especially while walking. Therefore, we carried out a study with 16 male

volunteers aged 27� 6.7 years (MW� SD). A design with repeated measures for

all conditions was chosen, conditions were permutated according to Latin square

(Tabachnick and Fidell 2007).

Participant’s task included the interaction with a smartphone while walking on a

treadmill. In the main task, a set of 64 different symbols was used. These symbols

differed in fringe, form, color and filling-element and were easily distinguishable.

They were selected to be items of 2^6, 4^3 and 8^2 hierarchical menus as well as for

a symbol editor. As soon as a symbol randomly showed up in the environment,

interaction process started. The symbol was visible during the whole process until

the participant quitted the interaction. The first 32 symbols were used for practice;

data of the second set of 32 symbols was used in the analysis. Time to fulfill the task

in one condition was about 15 min.

A projection-wall (2.3� 3.6 m) with a virtual environment was used (see Fig. 1).

The participants walked through a rural virtual landscape. The landscape was

realized by means of the gaming-engine CryEngine 2 (Crytec®, Frankfurt a.M.,
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Germany). This environment allowed for administering an attention-demanding

secondary task. Human-shaped distractors appeared randomly to draw the

participant’s attention to the environment. Participants had to observe the environ-

ment and react to the distractors.

As device for facilitating almost natural walking we used a treadmill. During the

experiment, the treadmill determined participant’s walking speed. The treadmill

was an H/P/Cosmos pulsar (h/p/cosmos sports & medical GmbH, Nussdorf,

Germany).

The mobile interaction device was a Samsung Galaxy S2 (I9100, see Fig. 2, left).

A head-mounted eye-tracking system (Dikablis®, Ergoneers GmbH, Germany),

was used to estimate the number and duration of glances directed at the smartphone

(see Fig. 2, right). The eye-tracking system consisted of two cameras, first of them

aiming at the participant’s eye. Based on this, the position of the pupil was

calculated. The second camera aimed forward and recorded the visual field of the

participant. The environment was fitted with markers. These markers allowed for

the calculation of the position of the smartphone at any moment. The footage of the

two cameras was matched and the analyzation software calculated the duration and

the number of glances directed at the smartphone.

Fig. 1 Test environment including large-scale projection wall and treadmill
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The independent variables of the experiment were treadmill walking speed and

menu type. Walking speed was 2.5 and 5 km/h, respectively. The second indepen-

dent variable, menu type, consisted of four levels, i.e. three hierarchical menus

types and an intricate symbol editor. The realization of the GUIs is depicted in

Fig. 3.

Walking induces a relative motion of the hand and therefore hampers interac-

tion. To exclude any influence of this on the interaction, button size was chosen

deliberately to meet the conditions of Fitts’ law for ballistic movements (Fitts 1954;

Alexander et al. 2008). Therefore, display height allowed a maximum of five

buttons and display width allowed two buttons. In consequence, a total of ten

buttons was depicted. Two of them were necessary for the “back” and “home”

buttons. Therefore, a maximum number of eight options per level were applicable.

The resulting height of the buttons was 15 mm. This size was used uniformly for all

buttons, regardless of the number of buttons used in a particular GUI.

The independent variable “menu type” was varied on four factor levels, three

hierarchical levels and a graphical symbol editor. The hierarchical menus differed

in depth and breadth. The slimmest hierarchy consisted of two options per level (see

Fig. 4 left) which required 6 levels (2^6) to lead to 64 items. The medium hierarchy

level is depicted in Fig. 4 (second from left), it shows four options on one level in

3 levels (4^3). The broadest hierarchy is shown in the Fig. 4 (second from right), it

has 8 items per level (8^2). The right-hand picture in Fig. 4 shows the symbol editor

(SE). By touching one of the six buttons, the attributes of the resulting symbol

change accordingly. The currently composed symbol is shown continuously at the

bottom on the screen. The minimum number of interactions needed to compose a

particular symbol was determined by the pre-set symbol and the target symbol. In

case of high similarity, only few adjustments are necessary. Maximum number of

demanded adjustments was 6, medium adjustment number was 3. In all conditions,

it was possible to correct input by either using the “back”-button on the bottom

(hierarchical menus) or by a second interaction with the accidentally used button

(SE).

Dependent variables of the experiment were derived from the eye-tracking

system. The system provided automated, marker based analysis of the raw data

Fig. 2 Interaction device (left) and eye-tracking system (right)
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Fig. 3 Independent variable menu type and its realization on a smartphone
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and provided number of glances and mean glance duration. Based on these, glance

time per single interaction was calculated. Only hierarchical menus were included

in this part of analysis, as each input triggered the change of hierarchy level but not

in the single-screen symbol editor. Finally, overall glance time per interaction cycle

was computed, including all four menu types. An interaction cycle covers the entire

time to register a symbol, a variable number of single interactions and finally the

confirmation of the selected symbol. It also includes mistakes and corrections. To

measure this time on cycle, we used the percentage of smartphone glance time

compared to entire time for finishing the task.

Besides glance behavior, performance in main task and secondary task, as well

as workload was registered and analyzed (Conradi et al. 2016).

A two-factored multivariate analysis of variance was used. In advance, all data

were checked for normality and sphericity (Mauchly-Test). In case of significant

results, pairwise comparisons using the Bonferroni-correction were administered.

Significance level was 5%. We used SPSS 20 for analysis.

3 Result

Number of glances on the smartphone is depicted in Fig. 5. They were found to be

influenced by the menu type ( p< 0.01, F(3,45)¼ 11.49) with an effect size (partial

eta squared) of η2¼ 0.434. The post-test showed significant differences for the

menu type combinations 2^6 and 4^3, as well as for 2^6 and 8^2 (each p< 0.01). A

statistical trend was found for the combination 4^3 and SE. Other combinations

showed no significant difference. Estimated marginal means for the factor levels

were M(2^6)¼ 134.8; M(4^3)¼ 90.9; M(8^2)¼ 82.8 und M(SE)¼ 113.4. The

menu types 4^3 and 8^2 demanded a lower number of glances on the smartphone

Fig. 4 Examples for operation paths of the menu types: 2^6: 6 single interactions (left); 4^3:
3 single interactions (second from left); 8^2: 2 interactions (second from right); SE: 0–6

interactions (right)
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than in the menu type 2^6. The statistical trend hints to a difference between 4^3

and SE, with fewer glances in the 4^3 condition.

Walking at 2.5 and 5 km/h respectively, showed no significant influence on the

number of glances ( p¼ 0.696; F(1,15)¼ 0.159, M(2.5)¼ 106.30 und M(5)¼
104.73).

Mean glance duration on the smartphone showed no significant influences,

neither for the menu type ( p¼ 0.629; F(3,45)¼ 0.583, M(2^6)¼ 1.12 s; M

(4^3)¼ 1.065 s; M(8^2)¼ 0.997 s; M(SE)¼ 1.052 s) nor for walking speed

( p¼ 0.814; F(1,15)¼ 0.058; M(2.5)¼ 1.061 s; M(5)¼ 1.054 s). A graphical repre-

sentation of this data is given in Fig. 6.

Glance time per single interaction or screen is depicted in Fig. 7. Only the three

hierarchical menu types were used in the analysis, as the method does not apply to

Fig. 5 Mean and �1

standard error of number of

glances

Fig. 6 Mean and �1

standard error of mean glance

duration
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the symbol editor. Menu type had a highly significant influence on it ( p< 0.01, F

(2,30)¼ 68.1, η^2¼ 0.819). Post-tests showed high significance for all

combinations, with p< 0.01 for each. Marginal means were M(2^6)¼ 0.71 s; M

(4^3)¼ 0.92 s and M(8^2)¼ 1.19 s. So, the glance time per interaction rose with the

number of buttons. Compared to 2^6, in 4^3 the time on task increased by 30% and

in 8^2 by 68%.

Walking speed showed no significant influence on glance time per single

interaction ( p¼ 0.268; F(1,15)¼ 1.223, M2,5¼ 0.95 s und M5¼ 0.92 s).

The percentage of smartphone glance time compared to the entire time for

finishing the task was analyzed to estimate the glance time consumption of all

interaction cycles (see Fig. 8). They showed a highly significant influence for menu

Fig. 7 Mean and �1

standard error of glance time

per single interaction

Fig. 8 Mean and �1

standard error of glance time

percentage in all interaction

cycles
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type ( p< 0.01, F(3,45)¼ 20.34, η^2¼ 0.576). Posttests proved highly significant

differences for the combinations 2^6 and 4^3, 2^6 and 8^2, as well as for 8^2 and

SE (each p< 0.01). Marginal Means were M(2^6)¼ 44.2%; M(4^3)¼ 36.9%; M

(8^2)¼ 35.1%; M(SE)¼ 40.4%.

For walking speed on the percentage of glances on the smartphone no significant

influence was found ( p¼ 0.969; F(1,15)¼ 0.02, M(2.5)¼ 39.12 und M(5)¼
39.15).

4 Discussion

We conducted a study concerning menu designs for smartphones used while

walking. The results indicate an influence of menu type (hierarchical menus and

graphical editor) on gazing behavior.

The focus of our study was on menu hierarchies based on the same overall set of

items. The menu designs differed in number of options per level, resulting in

different numbers of levels and therefore different number of single interactions.

Additional, a non-hierarchic menu type was included, i.e., an intricate graphic

symbol editor.

To evaluate the menu types, we considered an entire interaction cycle. It

consisted of registering a symbol and selecting a target item from a sized item

pool, including several single interactions. We found deeper hierarchies with a

small number of options to lead to a high number of glances at the smartphone as

well as to a high overall interaction time. This was true for hierarchies containing

two options per level. We expected this outcome as the slim hierarchy demands a

high number of levels and therefore a high number of single interaction steps.

For hierarchies with four and eight options per level we found no differences for

number of glances as well as for overall interaction. We expected a difference

between those two conditions just as between the 2-option per level hierarchy and

the broader hierarchies. However, the higher number of options and the resulting

heightened searching time in the broader menu type seems to have used up the

advantage of the low number of single interactions in the broadest hierarchy.

Similar results for desktop applications were found by other authors (Chae and

Kim 2004; Jacko and Salvendy 1996).

The graphical symbol editor provided an interaction process, which demanded

three interactions per cycle on average. This equals the interaction demand of a

4-options-per-level hierarchy. However, a statistical trend indicated the number of

glances to be higher in the symbol editor than in the medium hierarchy level. So, the

editor had no advantages over the other levels. Furthermore, the graphic editor has

shown to trigger a high number of interaction errors (Conradi et al. 2016). There-

fore, in the walking setting, this menu type was found to be disadvantageous.

Menu types did not influence single gaze duration; more complex GUI screens

did not trigger longer glances. So, the heightened effort to figure out the meaning of

a more complex screen was compensated by an increased number of similarly long

gazes.

286 J. Conradi et al.



Walking condition showed no influence on gazing behavior. However, only slow

(2.5 km/h) and fast (5 km/h) walking were covered in the study. The vestibular

reflex of the visual system as well as the hand-arm-system seems to have

compensated the walking-induced body movements in slow and fast walking in a

similar way. However, standing and very fast walking or running should be

considered in further studies.

Additionally, we looked into single interactions involving only a single level of a

menu hierarchy. Glance time for the interaction in this case was the lowest for the

interface offering the least number of options. Doubling the number of options from

two to four resulted in an increased time on task (130%). Increasing the number of

options to 8, the interaction time rose to 168% compared to the two-option

condition. This clearly shows the relevance of the number of options in selection

screens for application design in attention-demanding environments. It matches

other results also recommending slim hierarchies (Geven et al. 2006). While

necessary information has to be given, all kinds of less important or redundant

information or interaction options should be questioned. Furthermore, crowding

should be avoided. This result is in accordance with findings deriving from desktop

computers (Paap and Cooke 1997). So, especially for applications designed for

walking settings, all depicted information and options have to be scrutinized

thoroughly and included only in case of high relevance. This could result in smaller

sets of items and therefore facilitate interaction.

To sum up, in a given set of items, we found a medium broad menu hierarchy of

4–8 options per level to be the most advantageous. An intricate graphical editor was

less applicable. However, the most beneficial way of improving interaction for a

walking setting, is to reduce interaction options to the relevant minimum.
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Abstract

The digitalization of medical human-machine system equips data with an essen-

tial role during processes supported by digital information systems. Here, data

and information visualizations are able to reduce complexity only if influencing

variables on human understanding, insight, and decision-making can be con-

trolled, quantified and ergonomically designed. Present chapter provides an

review on previous work in computer sciences, engineering, psychology and

medicine in order to descriptively summarize human aspects which are relevant

for the design of data and information visualizations in healthcare settings. The

second part of this chapter builds upon the outcome of this review by working

out current challenges of information and data visualization for consumer

healthcare systems and introducing three studies which serves to tackle those

challenges.

Keywords

Visualization • Data validation • Health care • Human factors • Research

agenda • Literature study

1 Introduction

Health is a fundamental social value and is a valuable commodity. From an eco-

nomical point of view, the benefit of healthcare is comprised of the prevented

health-dependent failures and reduced disease spending. The healthcare industry in
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Germany is growing faster than the overall economy and has generated eleven

percent of the German gross value in 2015. In this regard, demographic change

constitutes vital challenge for the healthcare sector. With progressive aging of

western population, the number of those who need medical care as well as the

morbidity of individuals increases. Age patterns, but also the quantitative ratio

between men and women, the proportion of a countries residents, foreigners and

naturalized citizens are expected to change.

At the same time the medical domain evolves from a reactive to a predictive and

preventive one, where an early intervention strives to prevent or at least detect

illnesses early, as to start treatment earliest and as individualized as possible.

Changing the medical approaches and processes from general to individual and

stratified is expected to improve well-being during course of life and especially in

old age. Side effects of individualized medicine include less health expenditures

and constant quality of care compensating the implications of demographic change.
The collection of large, heterogeneous personal data is referred to as one way to

implement individualized and preventive medical processes. Data required for

personal medicine include clinical data, census data, epidemiological data and

data from imaging methods, but on the other hand miniaturization of technology

and sensors also foster collection of personal data in home settings. The appli-

cations of digital medical sensors in patients and elderlies homes range from smart-

homes to active implants to intelligent prostheses to small wrist gauges activity

tracking devices measuring steps and blood pressure to glucose meters smartphone

extensions.

Analyzing personal health-related data by data-mining and deep learning tech-

nologies generates new knowledge for pathogenesis, prevention and individualized

diagnosis, prevention, mentoring and monitoring. Besides tailored medical treat-

ment and efficient resource usage, individual medicine also opens up new per-

spectives for individuals. Especially, data collected and displayed on smartphone

and wearables-applications provide consumers with an overview about their own

nutrition and exercising behavior or their mental capability. A greater leeway in

decision-making reveals to individuals regarding a detection of health risks, selec-

tion of preventive measures and therapy method. But safe, efficient and effective

transmission of data characteristics only accrues by understandable, easy-to use

data representations. If data and information is represented by graphic features, data

characteristics and relationships can be understood more easily by a larger target

group. Attaching graphical features to data, -types,-characteristics and -transitions

puts the highest bandwidth channel to mediate between data and human. The

original definition of visualization implies a “formation of mental visual images”,

a second definition refers to “putting something into visual form”. Though, by

externalizing the mental visualization it becomes a cognitive tool whose virtue is

not automatically given by the fact that it is a visible. Instead different factors have

to be taken into account during the creation or selection of visualization. Contextual

factors such as optics, lightning, display size and resolution, lightness, brightness,

contrast, but also more important human aspects including perceptual, attentional

and cognitive processes but also and equally important the users tasks, goals

corresponding with individual information need and behavior.
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2 Digital Consumer Health Products and Visualizations

In order to get a first impression of existing personal digital health products which

come together with data or information visualizations, preceding subchapter

describes personal health applications and individual perspectives on visualization.

Here an emphasize is put on mobile monitoring of private health-related aspects

and on medical test results and personal health records which make frequent use of

data visualization and information visualization. In some cases the borders between

these two areas already overlap. This could be interpreted as hint to future devel-

opment of both application areas towards cooperative care systems where private

and professional medical data is merged together in one database and individually

shown to the user depending on his/her role and tasks.

In order to establish a narrative overview, several research papers and reviews

dating from 1980 to 2015 were considered using APA PsycNET (psychology) and

ACM Digital Library (computer science). For the search in all libraries we used the

following search terms: ((((“visualization technique”) OR “information visual-

ization”) OR “data visualization”) AND “health”).

2.1 Mobile Personal Health Monitoring

Medication adherence is one of the most important tasks for consumer or personal

health with incremental amount of digital information systems support. Pillboxes

and bottles which automatically connect and send data in form of messages to

patients or caregivers phones (Theng et al. 2013). Other than this pure medication

reminder another application includes visualizations of diabetes patient’s conti-

nuous and discrete data plotted for a mobile health feedback system with the

purpose to monitor medication ingestion events and physiological measures simul-

taneously with sensors, adhesive patches and a smartphone (Browne et al. 2015).

Visualizations of this app included medication ingestion and activity, heart rate,

sleep, rest, and glucose data over varying time intervals and supported insights into

individual longitudinal patterns of medication adherence and self-management in

the natural setting. The visualizations were accessible to healthcare professionals as

well as patient consumers by preserving accuracy of the data and being understand-

able at the same time. Time-dependent line graphs were able to augment communi-

cation (interviews) between patients and medical professionals. Frost and Smith

(2002) developed a system which users could apply to keep track of parameters

important for a treatment of their diabetes. Data formats included behavioural and

sensor data. Besides medication adherence, wellness or fitness applications are a

domain in which lay users and consumers are provided with behavioral, physiolog-

ical or affective information which poses certain relevance for their personal health.

The quantified-self (QS) movement (Swan 2012) uses on-body sensors which

provide input for traditional bar-chart und line graph visualization primarily dis-

played on web applications and mobile phones. By nature, people have a vague

sense of their activities and often find it difficult to keep track of their progress over

An Age-Differentiated Perspective on Visualizations of Personal Health Data 291



time. Furthermore of comparing themselves to others, a social element that helps

many people sustains motivation. Ali-Hasan et al. (2006) found for example that

visualizations showing pedometer data of activity encouraged students to set per-

sonal goals, activity planning, analyzing. Furthermore the insight into own data lead

to an increase of motivation through virtual competitions and teamwork. The same

effect was observed for a mobile system using photos and manual entries instead of

sensor data. Users could take photos of their food, attach a category to it and

manually enter their exercise behaviour. Photos and entries were displayed on a

horizontal timeline. The authors found that it raised the awareness of health

concerns and motivated users to engage a healthier behavior (Brown et al. 2006).

Additionally, Goodman and Foucault found within their literature review that

visualizing weight loss and fitness activities creates structure, accountability and

motivates the users (Goodman and Foucault 2006). Subramonyam (2015)

implemented an innovative solution to display data on a mobile phone for

quantified self-monitoring data. Here, the so called “MagicMirror” maintains

conjunction between data and its context by visualizing health data with the body

as reference frame. The systems detect gestures and projects heart-rate, calories,

steps and sleep data onto a virtual image of the user. By touching ones heart e.g., the

mirror shows a numerical representation of the current heart rate value. Instead

Epstein et al. (2014) analyzed the specific tasks of individuals using self-tracking

devices and which data visualizations they appreciate. In total 14 participants

regularly wearing self-tracking devices were interviewed about their tasks and

goals. Results suggest that participant’s main goal is to get an overview on their

physical activity and an insight into their workout behavior serving the long-term

goal of maintaining or increasing the personal level of physical activity. Subjective

interviews with all participants revealed that visualization preferences are closely

related with individual goals. All participants preferred to view workout-patterns,

eleven participants mentioned their work schedules influenced their activity. Sensor

data are the basis for many wellness visualizations and air quality plays an impor-

tant role for personal health and wellbeing (Jones 1999) a lot of wellness devices

monitor and visualize corresponding parameters. Within the “inAir” application as

within most wellness applications time-based line graphs where the vertical axis

being air quality level and the horizontal axis being time. A line graph representing

particle counts over four hours within the main part of the screen. There are two

modes of data visualization: a single-user and sharing mode. In single-user mode,

the graph displays only its own data, and in sharing mode a user can choose to

display either a single line from the local sensor or multiple lines in different colors

from all participants. Additionally, the display renders a grey area in sharing mode,

which represents the range of data from all participants. The visualization of air

quality helped to improve air quality by fostering the behavior and awareness of the

users regarding the measured (Kim et al. 2013). The psychological needs of users

with chronic pain during fitness had concerns regarding visual appearances of fit

instructors within exercise videos and preferred an abstract or realistic represent-

ation of the instructor (Swann-Sternberg et al. 2012). An interesting approach to
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investigate visual preferences of users was conducted by Jang et al. (2013) who

focused on investigating the visual communication of pain. Eight Individuals drew

pen-and-paper diagrams to communicate about their pain. Four subjects used color

to describing surface-level symptoms and they tried to match the color to the

symptom. Symptoms below the surface were never described with colors. Marks

like crosses, dots and lines were used to indicate the location of pain while shape

outlines and shading were used to refer to an area. Users preferred the body diagram

and drawing as easier, accurate and more specific than textual representations. The

happiness counter is on example for a digital health application and encouraged

users to be happy by monitoring time based smiling and visualized in with the help

of a calendar having one smiling icon each day the user smiled (Tsujita and

Rekimoto 2011) . An affective health system for coping with stress and stressful

situations was built by Vaara et al. (2009) logging data about a person’s arousal

(galvanic skin response), pulse (heart rate), movement (accelerometer) and contex-

tual data from the device itself like photos, text messages, but also surrounding

devices Bluetooth signal. All data were visualized for the user to detect patterns.

The iteratively built visualization contained geometrical shapes as representations

for places. Positions and activities were ordered linearly according to time on a

horizontal axis and with a circular representation of time. Besides a participatory

design the authors reported no evaluation.

Preceding summary illustrates the increasing amount of application domains

where digital consumer health applications communicate aggregate health-related

data to people interested in factors influencing their health by means of visual-

izations. The major part of mentioned applications relates to a less private setting

where data are interpreted without professional expertise or additional clinical data

sources.

2.2 Medical Test Results and Personal Health Records

Personal also professional medical records become increasingly intervened with

personal data and are more and more being made available to patients. Non-experts

and consumers primarily employ computers and smart phones to access their

personal health records while initially personal health records (PHRs) include

professional medical information. Personal health records contain personal health

data administered by an individual often referred to as patient. PHR support people

in medical care, but they also encourage healthy individuals to maintain their

health, improve their well-being and prevent illnesses (Tang et al. 2006). This

implies a promotion of autonomous and impartial handling of individual’s own

health. Just as electronic health records (EHR), PHRs refer to digital instance of

patient data. Patients are able to maintain, aggregate, and analyze their own data

which then can support caregivers and health care providers. PHR differ among

providers and allow patients to directly enter information on personal diagnoses,
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medications, laboratory tests, diagnostic studies, and immunizations into an infor-

mation system. A review on PHR systems literature (n¼ 130) by Archer et al.

(2011) stated that due to the accessibility of health information on the internet,

individuals increasingly incorporate online information to make health-related

decisions for themselves and others. As care givers and physicians play a pivotal

role in people’s personal health life the authors identify a certain overlap and expect

PHRs and EHRs to be brought together at some point within the digitization of

healthcare services. The kind of health-related information which needs to be

included into PHRs remains contentious. Showing individual’s data which a health-

care provider keeps about them might be as reasonable and useful as providing data

and information an individual’s keeps for personal use to clinicians. Information

collection, information exchange/sharing, and information self-management count

among important PHR systems activities. Relevant data include demographic infor-

mation, lists of health problems, health procedures, illnesses, allergies, home moni-

toring data, family (health) and social history, lifestyle/wellness data like data

generated by fitness trackers, health recommendations, immunizations, exami-

nations, medications, laboratory test results and appointments as well as physicians

and personal notes. Mentioned data can be provided by the patient his/herself, the

caregiver, physicians, clinical EHR systems or insurances. Functionalities include

sending and receiving electronic messages to and from doctors’ offices, making

completing prescription renewal forms, appointments, and referral authorizations;

viewing lists of current medications and allergies; and accessing health and practice

information. Decision support can also assist patients in managing chronic ill-

nesses, based on monitoring data.

PatientsLikeMe is one example for a PHR application. Within a web-platform,

patients could view and understand their personal health data and exchange per-

sonal disease-specific information with each other based on data visualizations

(Frost and Massagli 2008). Initially PHR pointed to an analogous medical file

which was kept at home and regularly updated by the patient including various

health information. At the beginning digital personal health records were limited

(Kim and Johnson 2002) but nowadays the digital personal access to health

information is becoming increasingly important (Archer et al. 2011; Tang et al.

2006; Frost and Massagli 2008).

While patients are experts regarding their personal behavior, environment or

their perceived symptoms they are assumed to have less knowledge about medical

tasks like diagnoses medication or laboratory test result interpretation as well as less

numeracy. Therefore a user-oriented perspective on data visualizations has an even

greater relevance. If confronted with medical data in patient portals patients

perceived the information storage, the time-based view of lab results and reminder

notifications as a major benefit. Concerns relate to privacy and a fear of reduced

face-to-face interaction. Much older patients felt that it would be too costly learning

how to use digital healthcare information systems though the authors hypothesizes

that interest in technology correlates with age and low educational level. They
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summarized that a lack of ability, confidence and interest of older adults but also

system complexity and a lack of usability, prevents elderly from using ICT

supported systems. Elderlies said that looking at laboratory test results, schedule

appointments, sending questions to the healthcare providers and functions to online

renew their prescriptions are tasks they want to perform with online health

platforms (Latulipe et al. 2015).

In order to provide patients with context information for the more autonomous

interpretation and handling of their medical records Solomon et al. (2016) designed

meaningful representations of test results within patient portals in a user-centered

way. The authors found that color or text conveying contextual information can be

effective, but may conflict with graphic related goals such as eliciting emotional

responses or supporting clear communication between doctors and patients. The

LifeLines system for example visualizes personal time-dependent data such as

medical histories (Plaisant et al. 1996). Its evaluation included qualitative

non-statistical approach to improve the software. Another system, InfoZoom, dis-

plays data sets as highly compressed as an interactive table. Both systems visualize

raw data without temporal conclusion or domain knowledge. The KNAVE visual-

ization platform instead visualizes time-oriented clinical data of a single patient.

Clinicians can query, visualize and explore those data with the help of context-

sensitive time data interpretations, as well as the dynamic visual exploration of the

raw data (Goren-Bar et al. 2004). All three examples suggest, that time-oriented

data plays an important role in health information visualization.

In comparison with the computer science domain, literature from psychological

journals relevant for an age-dependent visualization design, do not focus on the

visualization artifacts themselves but on perception and cognition related to

it. Given our previous query results only (Breslow et al. 2009; Salthouse 2010,

2015) apply the term “visualization” explicitly and investigate data visualization

relevant objectives. From the seven results of our initial search query only four

appeared to be relevant for data and information visualizations. (Breslow et al. 2009)

replicated the results from Merwin and Wickens (1993) showing a task x scale type

interaction where the performance is higher-ranking using multicolored scales on

identification task and superior using brightness scales on relative comparison task.

Their results suggested that people use different search strategies during an identifi-

cation task and a comparison task with color and brightness scales which are a

parallel search strategy for comparison tasks and a serial search for identification

tasks. The results of Breslow et al. (2009) implicate that a legend within a visual-

ization increase execution time of visualization tasks. They furthermore emphasize

the importance of color distances for the visual search in multicolored displays

which require a color-difference standard to guide designers of color scales to

produce easy to use color scales. While (Padilla et al. 2015) concentrate on

non-expert decision making. Understanding how people interpret and use visually

presented uncertainty data is an important yet seldom studied aspect of data visual-

ization applications. The authors found that there was a difference in how decisions

were made with spatial versus nonspatial glyphs, but no difference among the spatial

glyphs themselves. Furthermore, the effect of different glyph types changed as a
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function of the variability of the distributions. Hesse et al. (2015) found through their

review that life-sensitive, personal health record (PHR) can be used to support persi-

stent conversations and situational awareness for teams involved into cancer care,

while mobile health apps make it easier to support healthy behavior through self-

regulatory feedback. Spence et al. (1999) found out that color codings for quanti-

tative coding, which are close to perceptual linearity, were best for both simple and

complex judgments in data visualization.

In summary we conclude, based on the literature we found, that visual repre-

sentations of private health data and personal clinical data are an important field of

research in computer sciences and in medical informatics. Research concentrates on

the development of computational systems, data handling, system architecture and

interaction methods. User-centered development and usability engineering methods

are largely applied to build interactive health systems. Recent systems use mobile

and wearable input and output devices. Data visualizations are used in the major

part of all systems to provide healthy and ill subjects as well as physicians and

clinical experts with health-related information. What appears is, that data visual-

izations are most of the time considered as just one part within the system and that

age-differentiated recommendations regarding an ergonomic design merely exist.

3 Problem Statement

Human information processing is central for the perception and understanding of

data visualizations. During the design and evaluation of data visualization human

information processing has to be taken into account, especially as the fast aging of

many western and eastern societies and their increasing reliance on information

technology create a compelling need to reconsider older users’ interactions with

computers. Changes in perceptual and motor skill capabilities that often accompany

the aging process bring important implications for the design of information and

communication technologies.

The importance of an ergonomic perspective on data and information visual-

ization research for digital healthcare information systems becomes apparent espe-

cially in the light of age-related changes. Many visual functions deteriorate slightly

with age. This age-related slowing of visual function has been interpreted as

reduced processing efficiency or effectiveness. Data visualizations thus need to

consider age-related changes in order to be usable for the elderly who can be consi-

dered as one major target group. While general recommendations for age-related

design of graphical user interfaces exist sparse can be found for data visualizations.

So far, the human factor has mainly been involved at an a posteriori stage of

novel visualizations techniques or tools. As tasks strongly influence a certain evalu-

ation their analysis needs to precede the visualization development and its further

evaluation. The problem of such task-oriented research evolves from the different

abstraction levels tasks have. Either they are domain dependent or domain inde-

pendent. Domain-independent tasks which are used as basis for further evaluation
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studies might not be relevant for domain specific activities. Therefore, a detailed

task analysis on the relation between various task abstraction levels and their inter-

relationship are necessary in order to generate generalizable results for all tasks

relevant to the domain of digital healthcare information systems.

User-centred design for digital health-care systems prevalently starts after the

main purpose or application area has been defined. Research and development

activities are driven by a project idea or an initial hypothesis. Only few develop-

ment activities consider the actual information needs of users as starting point for

the development of a system.

4 Efforts Towards an Age-Differentiated Design of Data
Visualizations

While the Tech4Age project (www.tech4age.de) focuses age-differentiated evalua-

tion of digital health care systems in order to built a general pattern language

summarizing design recommendations for system designers and engineers, given

article presents the projects efforts on visualizations of personal health data. In total

three studies will be described. Initially Sect. 4.1 describes results of a context

analysis investigating health-related information need of people older than 60 years

in Germany. Subsequently Sect. 4.2 describes efforts to formalize health-related

tasks and abstract visualization tasks and according data types. This formalization

will be the input for a study described in Sect. 4.3. This study will examine

age-differences in performance and insight of data visualization in proportion to

feature and conjunct search task performance. A conclusion and summary is

provided in Sect. 5.

4.1 Elderlies Health Information Need and Behavior as Context
of Visualizations of Personal Health Data

Deep understanding of user needs is crucial for building successful digital services

and technology. At the beginning of research activities it is thus important to

understand and specify the context of use, specify the user goals and activities in

order to achieve quality in use. This is especially important for health-related

systems with end users having exceptional requirements: elderlies, for example,

are less familiar with modern information and communication technology (ICT)

while visual acuity (Elliot et al. 1995), spatial vision starts declining (Sekuler et al.

1982) and visual sensitivity alters (Zhang and Sturr 1995). Also mental models of

elderlies are characterized by enormous life experiences and thus strongly differ

from users who are familiar with ICT systems. While we see information techno-

logy as a tool to which humans assess information, the analysis of user’s health
information need and health information-seeking behavior can motivate technology

usage as it presides over engineering processes.

An Age-Differentiated Perspective on Visualizations of Personal Health Data 297

http://www.tech4age.de/


4.1.1 Research Questions and Background
Present context analysis aims at investigating which information has a meaning for

elderly’s personal health. Knowing what a patient needs to know about her/is health

and which sources s/he applies to find those information, creates the basis for the

design and the development of artifacts conveying health information to the elderly

patient. This leads to the questions (1) how do elderly currently gain relevant health

information, (2) what health-related information do elderly need (3) and how and

why to they elderly approach certain information sources?

Information behaviour as human behaviour in relation to sources of information

includes both active and passive information seeking, and information use. It

includes direct communication between people, but also the passive information

perception. Information seeking behaviour instead is an active and directed behav-

iour, where the user purposive seeks for information as a consequence of a need to

satisfy some goal. In the course of seeking, the individual may interact with digital

or non-digital information systems. Information behavior in general and especially

within the healthcare context is determined by intrinsic and extrinsic factors which

should also be captured during our investigation. Concerning information needs in

healthcare Miller and Mangan (1983) showed that individual coping strategies have

an impact on information needs. People avoiding to handle their illness are more

aroused by a large quantity of illness-related information, while they are less if

provided information quantity fits their coping strategy. Wilson and Walsh (1996)s
model of information seeking behaviour illustrates the influence of personal and

environmental factors. Besides, coping strategies as part of activation mechanisms,

psychological, demographic, role, environmental and source characteristics have an

impact on a person’s information need (Auerbach 2001). Activity-theory

(Miettinen 2009; Nardi 1996) and Wilsons model (Wilson 2000, 2005) on informa-

tion seeking behavior build the foundation for questions on health-related activities,

required information and confounding aspects. Validated tools captured the con-

founding concepts of coping strategies (Endler and Parker 1999) and need for cog-

nition (Cacioppo et al. 1984; Verplanken et al. 1992). The Need for Cognition Scale

is an assessment instrument that quantitatively measures the tendency for an indi-

vidual to engage in and enjoy thinking. Results indicate that need for cognition was

related weakly and negatively to being close minded, unrelated to social desirabil-

ity, and positively correlated with general intelligence.

4.1.2 Method
Aim of this study was to investigate which health-related information need and

behaviour do older adults in Germany have and how is this influenced by individual

coping strategies and demographic variables. In order to investigate the context of

health information systems, qualitative interviews provide rich and detailed infor-

mation. Our aim was to generate insights and hypotheses rather than generalizable

results. Respectively, we conducted a mixed-method study—involving structured

surveys and in-depth interviews—with people about their health information shar-

ing routines and preferences for different information sources. Participants (n¼ 20)

older than 60 years were acquired via adult education institutions. At the beginning
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of each session, the participant first filled in a questionnaire about demographic and

role-related parameters. Then the semi-structured interview investigating health-

related information needs and behaviour was completed. All interviews were

probing questions participants had about health, personal health and related

concepts (medication, prevention, health and vital data, health insurance, hospitals

or institutions) and regarding activities, goals and tools they use, share, and access

health information with. The interview was based on existing interview guidelines

on information needs of urban residents (Warner et al. 1973), information

behaviour and needs related to information source/technology usage (internet,

VT, print, smartphone, doctor, family and pharmacist). A standard questionnaire

on coping strategies (Coping Inventory for stressful situations, CISS, Cosway et al.

2000) helped to post hoc divide the sample into groups. Finally, audio recordings

were transcribed by means of the T4 transcription software (www.

audiotranskription.de/english/f4.htm). Then two independent analysts iteratively

developed an open and a theory-oriented coding theme with the Dedoose Software

(www.dedoose.com).

4.1.3 Results
Results for n¼ 10 showed that the information the elderly require to stay healthy

most frequently consists of a diagnostic assessment of an observed symptom along

with cause estimations and treatment recommendations (n¼ 9). Three participants

reported that they were completely satisfied with the health information they get,

while six participants reported that they were partly satisfied with the information

available to them. Four participants described problems getting information about

examination results and related procedures. Six other participants also reported

having trouble contacting their physicians or exchange vital data from laboratories

or monitoring activities. In addition, four participants described information-

sharing between medical experts as cumbersome. One participant suggested “a
solution that documents the content of each appointment, diagnosis and treatment
as patient history that could be shared between physicians and viewed or even
edited by patients.” Last but not least, four participants described information needs

regarding health insurance services. Details about pricing and availability of

chargeable health services were considered insufficient, especially if covered by

private health insurance. Four participants desired greater transparency regarding

billed services versus performed services. Sixty percent of the preliminary sample

believed that an excessive preoccupation with health-related information could

trigger a disease. As a result, they avoid devoting any more attention than necessary

to health issues. In contrast to the 60% group that believes an excessive preoccu-

pation with health-related information could trigger a disease and so they avoided

engaging in health information-seeking behavior, we identified a second group of

40% that actively engages in health-related information behavior. They (1) put

effort into quantifying and documenting personal health data in order to monitor

their health, (2) strive to improve health-relevant behaviour and (3) cooperatively

use the data they gathered to communicate health-related information to

stakeholders. Elderly patients perceive their physician as a competent professional
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authority to whom they outsource information processes and decisions so as to not

burden themselves with information searches and decision-making in addition to

dealing with their disease. Participants rated their family doctor or a specialist as

their most important health information source (n¼ 9).

4.2 Formalizing Health Visualization Tasks and Data Types With
Regard to Generalizable Evaluation Results

Investigating ergonomic aspects of data and information visualizations requires a

solid model of relevant tasks in order to use these as experimental tasks during

evaluation. Tasks per se differ in domain relevance and abstraction level. To our

knowledge no information exists about user-centred general task analysis for the

digital information systems domain. Furthermore the relevance of individual

abstract visualization tasks, and corresponding data-types, for domain-specific

health tasks remains unclear. Brehmer and Munzner’s (2013) differentiated differ-

ent perspectives of visualization tasks based on the concept of cognitive task

analysis (Vicente 1999). Unfortunately, healthcare and telemedicine taxonomies

predominantly try to differentiate ambiguous terms representing the concept of IT

supported medical processes. Bashshur et al. (2011) provides a conceptual context

of the terms e-health addressing tasks as functionality dimensions: consultation,

diagnosis, monitoring and mentoring. His research remains vague when it comes to

the origin of his classification. Therefore, we want to verify it from the user’s

perspective and extend it. Additionally we want to know which abstract visual-

ization tasks are relevant for the tasks in digital healthcare systems (telemedical

systems).

In order to find an answer to the previously mentioned research question we set

up an online questionnaire consisting of fifteen questions. Bashshur’s et al. (2011)

classification of telemedical functionality dimensions, Brehmer and Munzner

(2013) multi-level model of abstract visualization tasks and Shneiderman

(1996)’s task-by-data-type taxonomy for visualizations build the basis for the

questionnaire (see Table 1).

We sent the link to the online questionnaire to N¼ 400 health-care systems

experts and elderlies while getting N¼ 48 answers from experts and N¼ 50 from

non-expert elderly (older than 60 years). Preliminary results based on a sample size

of n¼ 10 experts suggest that their answers reflect parts of Bashshur’s telemedicine

tasks. Experts agreed that one-dimensional data, group data, single values,

tree structures and distributions are relevant for medical consultation tasks, while

quantitative, time dependent, two-dimensional data as well as data organized in a

net structure, single values, outliers and nominal data are the most important ones

over all tasks. Concerning relevant data types for data visualizations during

mentoring, time dependent, ordinal, three-dimensional data are together with ano-

malies tree data and distributions the most important ones. Quantitative, time

dependent and ordinal data are instead together with group dependent and distri-

butions the most important ones.
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4.3 Investigating the Relation Between Age-Dependent Visual
Search Task Performance and Visualization Task
Performance and Insight

Older adults often report difficulties when searching for items within cluttered

visual scenes (Kline et al. 1992). Often feature search characteristics and pre-

attentive visual features are reported to have an influence on visualization task

performance. The efficiency of an individuals search is known to vary with age

which leads us to the assumption that visualization benchmark and insight tasks

might vary as well. This subchapter will therefore describe background, problem

and planned experiment to investigate age-dependent performance on feature and

conjunct search in relation to visualization performance and insight tasks.

Visual information acquisition and processing can be described by the paradigm

of feature search and conjunct search, where a target must be identified within a

number of distractors. The process of search and the search time in visual search

Table 1 Questions investigating general health tasks in relation to abstract visualization tasks and

according data types

No. Question

Answer

option

1 What medical tasks and activities can be supported by digital health

systems?

Text field

2 Which data play an important role for digital health systems? Text field

3 What data are required for medical consultation? Text field

4 What data are required for medical diagnosis? Text field

5 What data are required for medical mentoring? Text field

6 What data are required for medical monitoring? Text field

7 Specify what data is required for the following medical tasks.

[horizontally: consultation, diagnoses, mentoring, monitoring; vertically:

datatypes (Shneiderman 1996)]

Text field

8 Indicate which abstract visualization tasks (vertically) are required for

given medical tasks (horizontally) [horizontally: consultation, diagnoses,

mentoring, monitoring, vertically: abstract tasks from Brehmer and

Munzner (2013)]

Text field

9 Assess the benefit of digital health systems for the following tasks.

(Horizontally (tasks): consultation, diagnoses, mentoring, monitoring,

vertically (benefit assessment): very high, high, moderate, low, very low)

Text field

10 What medical domains benefit from digital health systems? Text field

11 Which diseases can be treated better with digital health systems? Text field

12 For which places of care are digital health systems suitable? Text field

13 What treatment methods can be supported by digital health systems? Text field

14 How important do you think are the following application dimensions for

digital health systems? (Horizontally: medical domain, symptoms,

location of care, method of treatment, vertically: very important,

important, neutral, unimportant, very unimportant)

Checkbox

matrix

15 Assess your knowledge in digital health systems. Likert Scale
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tasks depend on the characteristics of the target and distractor objects. Treisman and

Gelade (1980) constituted in their feature integration theory (FIT) that certain

fundamental features exist which are perceived in parallel (shape, color, texture).

When an object is different from other objects in one of these characteristics, this

object is pre-attentively perceived (feature search). This is done automatically and

unconsciously within a few milliseconds (200 ms) and is independent of the number

of other objects. The top-down-driven perception of objects with conjunct

properties (conjunct search) instead corresponds to a sequential process that

requires more time and depends on the number of distractors.

The model of directed search (Wolfe et al. 1989; Wolfe 1994) however, assumes

that the pre-attentive search, is processed at a large part of the visual field. Wolfe

and his colleagues assumed that information that has been detected in parallel

during the pre-attentive phase are used to direct the sequential process of percep-

tion, which are then proceeded in a smaller area of the field of with more attention.

This can also be observed by means of the symmetry factor during conjunct search

tasks. Wolfe and Friedman-Hill (1992) have shown that the visual search can be

facilitated by a vertically symmetrical arrangement of distractors. This suggests that

the distractor symmetry is processed in parallel and facilitates to detect a target

among an array of distractors. One question that arises regarding the sequential

search is to which extent the working memory is involved and whether once

detected distractors are stored as such in memory and are not considered in the

further search again, or whether the visual search corresponds to a non-cognitive

process. By means of empirical and inferential studies following the dual-task

paradigm, visual search task were associated with a task of visual working memory,

Woodman et al. (2001) showed that an occupation of the working memory (through

remembering one, two or four colors as well as forms had to be kept in mind) does

not affect the performance in visual search tasks. Oh and Kim (2004) conducted a

similar study, but they differentiated between the availability of visual working

memory and spatial working memory. With regard to the visual working memory

this results are similar with those of Woodman et al. (2001). The simultaneous

execution of a task of spatial working memory however interferes with visual

search processes. Woodman and Chun (2006) came based on the literature to the

conclusion that the spatial working memory for storing position properties is

involved to visual search and that a once fixated item is supposed to be memorized

there. The visual working memory for storing object properties, however, is not

required for visual search. But additionally, the eccentricity of the target object has

an effect on the visual search: the further a target is away from the place of fixation,

the later it is detected (Carrasco et al 1995;. Wolfe 1998). Rayner and Fisher (1987)

assume that there are two parts or areas within the search for a target letter: a central

area by which all the information about the target object are available, and a

preview area by which some information about the target can be detected, which

is not in a recognizable range. The more the size of both areas increases, the more

similar target and distractors are. Wolfe et al. (1998) were able to provide evidence

that it is the eccentricity effects not a purely visual process, but that attentional

process plays a role in here. Their studies show that attention is drawn more quickly
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to central/foveal items than on peripheral ones. In addition to the eccentricity

effects of the target object the position of distractors has an additional impact on

the visual search.

Already from the age of 30 on, longer reaction times are observed during

(Hommel et al. 2004). Age-differences occur only slightly within the pre-attentive

search tasks (feature search), while they are more prominent during attentive top-

down-driven conjunct search tasks. However, the strong age-differences of con-

junct search tasks add by the number stimuli (Hommel et al. 2004; Plude and

Doussard-Roosevelt 1989) and by heterogeneity of the distractors (Madden et al.

1996). Nothing is known about age-dependent feature number thresholds from

which on the performance in conjunct search tasks declines. Furthermore, an

age-related shift of the speed-accuracy trade of was found in the visual search.

Elderly require typically more time but make fewer mistakes than younger

participants (Strayer and Kramer 1994; Rogers and Gilbert 1997). In this context,

it could further be shown that older adults stronger tend to fixated a stimuli a second

than younger participants (Veiel et al 2006; Mitzner et al. 2010) and elderly tend to

fixate the target stimuli longer than younger participants (Veiel et al. 2006). The

results of Maltz and Shinar (1999) also revealed that older people have significantly

longer search times, more fixations and shorter saccades than younger people.

Studies of Scialfa et al. (1994) and Ball et al. (1988) suggest that the area in

which stimuli can be detected without fixation change during visual search tasks

is smaller in elderly subjects than in younger subjects.

As pre-attentive and conjunct features have been cited to have an impact on

humans handling and understanding of data visualizations, and as age-related

differences have been reported there, our first objective of this study is to investi-

gate age-related performance in visualization tasks involving standard time based

visualizations of health data. A second objective will be to investigate the feature

search performance of a large sample of participants across adulthood and to which

extend their feature search performance influences the performance in visualization

benchmark and insight tasks. Additionally, the influence of different attentional and

perception parameters on visualization task performance will be tested.

For the identification of age-related factors we will use a mixed design in which

participants in each age group (20-50, 50-90 years) will perform benchmark and

insight-tasks by using different visualization of health data. The data type and kind

of benchmark tasks will be defined by the output of the study on task-data-type-

taxonomy. Only health-relevant tasks and data types will be considered. After the

visualization tasks participants will complete 30 trials searching for a target item on

each of 5 different visual search displays. Three search displays will be used to

assess feature, double and triple conjunction search (target present trials only). Two

search displays will be used to assess exhaustive searching versus stopping in

feature and conjunction searches (target absent versus present trials). Preliminary

perceptual and cognitive tests include intensity and selectivity aspects of individual

attention, like general attention, vigilance and short-term, early and long-term

attentional activation measured by means of the TAP 2.3 (Zimmermann und

Fimm 2002). To understand mental processes during feature search and during

An Age-Differentiated Perspective on Visualizations of Personal Health Data 303



visualization tasks more objectively, the participant’s eye movement will addition-

ally be captured. In addition, contrast sensitivity and individual visual acuity

will be recorded with the Optovist vision test equipment. The planned study is

used to determine the relationship between perception- and attention parameters

and performance in dealing with data visualization quantitatively. Potential age-

differences will finally be examined with analysis of variance; relationships

between individual factors will be tested by means of correlation and regression

analysis.

5 Summary and Conclusion

A review on existing computer science and psychology literature revealed the

importance of visualizations for personal health information systems. It became

clear that digitalization of health processes and services increasingly incorporate

medical experts and elderlies into cooperative care processes where personal health

data is exchanged between medical experts and private users. While a lot of health

applications incorporate data visualizations their definition is ambiguously and

ranges from graphical representation of abstract statistical data to graphical repre-

sentations of realistic physical objects. Data visualizations are treated as a part a

technical system and are seldomly evaluated and designed age-dependently. Conse-

quently a lack of knowledge regarding an age-differentiated design of health data

visualizations was identified. A description of three individual studies addresses

this lack of knowledge was precedingly presented. Preliminary results from a quali-

tative user study on health information need and behavior of older adults in

Germany substantiated findings from the initial literature review and identified

the need for cooperative health care and data exchange between patients and

medical experts. Furthermore, a task-dependent study which we see as basis for

generalizable results of ongoing visualization studies was described. So far time-

dependent data are the most important data types, while diagnosis and symptom

evaluation are important medical tasks for experts as well as novices. Finally the

research design of an evaluation study aiming at general recommendations for the

age-differentiated evaluation of health data visualizations was presented. Here, the

relation of age-dependent feature and conjunct search performance on visualization

benchmark and insight tasks will provide general recommendations for the

age-dependent design of health data visualizations.
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How the Duration of Automated Driving
Influences Take-Over Performance
and Gaze Behavior

Anna Feldh€utter, Christian Gold, Sonja Schneider,
and Klaus Bengler

Abstract

The take-over of the driving task in highly automated vehicles at system limits is

subject to latest research in ergonomics and human-machine-interaction. Most

studies focus on driving simulator studies, examining the take-over performance

mainly after short periods of automated driving, although take-over requests

may not occur such frequently in future automated vehicles. This study tries to

close this gap and compares driving performance and reaction times of a take-

over after 5 and 20 min of automated driving. Further, the gaze behavior in the

beginning and in the end of the 20 min period is compared. While the duration of

automated driving did not show to influence the take-over performance, gaze

behavior changed within the 20 min of automated driving. The SuRT and the

20 min automation period induced slower reactions, but no significant changes

regarding accelerations and time to collision.

Keywords

Take-over • Automated driving • Automation effects • Gaze behavior

1 Introduction

In highly automated vehicles (Gasser 2012) or conditional automation (SAE Inter-

national 2014), the driver is not required to monitor the system, but be available to

take over control at system limits. The performance of the driver in such take-over

situations is a crucial aspect when considering controllability of highly automated
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vehicles. Within the last years, several studies focused on this take-over and the

influencing factors on take-over performance, like non-driving related tasks,

performed while driving automated (Gold et al. 2015; Neubauer et al. 2012;

Radlmayr et al. 2014) drivers’ age (K€orber et al. 2016; Petermann-Stock et al.

2013) or complexity of the situation (Gold et al. 2016). Next to those factors, a

long duration of non-interrupted automated driving previous to a take-over seems to

influence the take-over performance of drivers (Neubauer et al. 2012). This is the

only study known to the authors, where automation effects of longer automated

driving periods are considered and deterioration of driver performance, likely

caused by monotony or fatigue, became apparent. Drivers engaged in different

phone tasks showed quicker brake reactions compared to drivers without

non-driving related task in a take-over that occurred after 25 min of automated

driving. This is likely to be an important finding, as other studies include only short

contacts with the automated system and periods of automated driving previous to the

take-over request (TOR) of less than 5 min or only a few seconds (Louw et al. 2015).

These short periods could be an unrealistic scenario, as a system frequently

requesting a take-over may lack acceptance and may be rated as unsafe and would

not make it to series production or frequent use. Therefore, this study tries to

replicate results of the simulator study of Neubauer et al. (2012) and measure

take-over performance, based on drivers’ input and gaze behavior in take-over

situations after different durations of automated driving and under consideration

of two different non-driving related task (NDRT) conditions.

2 Method

2.1 Participants

In total, 31 participants completed the simulation drive whereas one person had to

be excluded due to technical problems. The remaining sample of 30 participants

consisted of 14 females (46.67%) and ranged in age from 21 to 28 years with a

mean age of 24.17 years (SD¼ 2.09). Mean driving experience was 7.2 years

(SD¼ 2.19). Of the participants, 25 (83.33%) have never experienced highly

automated driving before.

2.2 Driving Simulator

The present study is based on a high fidelity static driving simulator of the Chair of

Ergonomics which consists of a full vehicle mockup. Six projectors create a

180 degree field of view and allow the use of the side mirrors as well as the

rearview mirror (see Fig. 1).
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2.3 Experimental Design

During the 45 min simulated drive on a three-lane highway the participants

experienced in total five take-over situations. The first three take-over situations

followed on 5 min of automated driving served as training and are not considered

for examining the proposed research question. To investigate the effect of the

automation duration on take-over performance and gaze behavior, the participants

drove 5 and 20 min before the fourth and fifth take-over situation. The sequence of

the two different automation durations was counterbalanced between participants

(see Fig. 2). Furthermore, it is assumed that a non-driving related task could

compensate possible deteriorations due to underload during longer automated

drives by maintaining a suitable vigilance level. Therefore, there were two different

NDRT conditions during the experiment. In the non-underload condition, half of

the participants were engaged in the visually distracting standardized Surrogate

Reference Task (SuRT (ISO/TS 14198)) before the take-over occurred (Group A).

The SuRT was presented on a display in the middle console (see Fig. 3). To reduce

monotony and avoid underload during the time period of automated driving, the

SuRT was repeatedly offered for a short time (between 0.5 and 2.5 min). To

generate the underload condition, the other half of the participants did not have

any task to perform during the entire time of automated driving (Group B).

Fig. 1 The high fidelity static driving simulator of the Chair of Ergonomics

Fig. 2 Experimental design
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2.4 Take-Over Situation

The take-over situation was identical for both automation durations (5 and 20 min).

The ego-vehicle was located on the left lane of the three-lane highway with no other

traffic on the remaining two lanes (see Fig. 4). The take-over due to a system limit

was initiated by a suddenly appearing stationary vehicle on the lane of the

ego-vehicle and was requested by an auditory alert. The time budget for taking

over the driving task was set to 6 s which corresponds to a distance to the collision

object of 200 meters at a velocity of 120 km/h. Figure 4 shows an illustration of the

take-over situation. To ensure that each participant had the same time budget for

taking over control, the stationary vehicle appeared in front of the ego-vehicle at the

same time as the TOR sounded. Especially in the underload condition (i.e. without

SURT), this is crucial as without visual distraction the participant could monitor the

surrounding traffic situation the entire time and could therefore discover the

obstacle too early.

2.5 Dependent Variables

In the present study, the effect of different automation durations on the take-over

performance and the gaze behavior is investigated. In order to assess the take-over

Fig. 3 The Surrogate Reference Task presented on a display in the middle console

Fig. 4 Left: The simulated take-over situation on the left lane without additional traffic. Right:
Illustration of the take-over procedure (cf. Damb€ock et al. 2012, modified)
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performance, the reaction time (RT), the take-over time (TOT), the maximum

longitudinal (Acclong) and lateral acceleration (Acclat) of the ego-vehicle that

occur during the take-over and the time-to-collision (TTC) are considered as

dependent variables. The RT represents the time that the participants need for

directing the first gaze away from the SuRT after the TOR. This measure is only

applied in the SuRT condition. The TOT is the time that the participants need to

start a conscious maneuver as a reaction to the TOR. A driver input is considered a

conscious maneuver as soon as the steering wheel angle exceeds 2 degrees or the

braking pedal position exceeds 10% (Gold et al. 2013). The time that theoretically

remains until a potential collision with an obstacle assuming constant speed of both,

the ego-vehicle and the obstacle, is considered as the minimum occurred TTC

within the take-over situation. Together with the longitudinal and lateral accelera-

tion the surrogate safety measure TTC corresponds to the criticality of the take-

over. These dependent variables are measured in the two take-over situations with

different previous automation durations. The sample size for comparing the RT

after 5 and 20 min diminishes from 30 to 12 participants as only half of them

performed the SuRT during the TOR and three had to be removed from the analysis

due to technical reasons.

In order to assess changes in the gaze behavior due to automation duration, the

participants wore a head mounted eye tracking system (Dikablis 2.5) during the

experiment. The driving scene which corresponds to the area of the windshield is

defined as an area of interest (AOI). Here, the cumulative duration of the gazes, the

average duration of one gaze, the maximum duration of one gaze and the number of

gazes towards this AOI within 60 s are set as dependent variables. They are

compared for the 3rd and 18th minute of the 20 min uninterrupted automated

driving. Within these periods, no SuRT was presented. In order to assess the impact

of underload, the dependent variables of the take-over performance (TOT, Acclat,

Acclong and TTC) and of the gaze behavior (the cumulative duration of the gazes,

the number of gazes, the average duration of one gaze as well as the maximum

duration of one gaze towards the AOI within 60 s) are compared the conditions with

SuRT to without SuRT.

2.6 Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 22 software and

consisted of two mixed analyses of variance (ANOVA). The first one focused on

take-over performance and included task condition (SuRT vs. without SuRT) as

between-subjects factor and duration of automated driving prior to take-over (5 vs.

20 min) as within-subjects factor. The second one analyzed the impact of task

condition (between-participants factor) and the duration of previous uninterrupted

automated driving (3rd minute vs. 18th minute, within-factor) on drivers’ gaze

behavior. For the comparison of the RT in the SuRT group, a two-sided t-test for

paired samples was conducted. Throughout the whole analysis, a significance level

of α¼ 5% was set.
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3 Results

Figure 5 presents the results regarding driver performance following the take-over

request. The duration of automated driving prior to the take-over had no significant

main effect, whereas the introduction of the SuRT led to an extended take-over time

(F(1, 28)¼ 12.19, p¼ 0.002, ΔMTOT¼ 0.36 s). Consistently, the group engaged in

the SuRT also showed a non-significant tendency towards a shorter minimum time-

to-collision (F(1, 28)¼ 3.62, p¼ 0.067, Δ MTTC¼ 0.47 s). No differences were

observed concerning lateral and longitudinal acceleration. There were no signifi-

cant interaction effects.

Regarding the reaction time in the SuRT condition, participants were signifi-

cantly faster after 5 min (M¼ 0.55 s, SD¼ 0.08 s) when compared to the take-over

after 20 min (M¼ 0.64 s, SD¼ 0.09 s; df¼ 11, p¼ 0.014, Δ MRT¼ 0.09 s; see

Fig. 5).

In Fig. 6 the drivers’ gaze behavior in the 3rd and 18th min of uninterrupted

automated driving is compared. Towards the end of the 20 min period, the time

spent looking at the driving scene decreased (F(1, 28)¼ 5.37, p¼ 0.028, Δ
MCDG¼ 5.25 s). Gazes towards the driving scene tended to be shorter but more

frequent, although values for the average duration (F(1, 28)¼ 3.56, p¼ 0.070, Δ
MADG¼ 1.12 s) and the number of gazes (F(1, 28)¼ 3.60, p¼ 0.068, ΔMNG¼ 3.2)

did not reach significance. The maximum duration of single gazes decreased (F
(1, 28)¼ 9.70, p¼ 0.004, Δ MMDG¼ 3.74 s). The SuRT led to an increase in the

number of gazes (F(1, 28)¼ 9.48, p¼ 0.005, Δ MNG¼ 5.4) but did not affect any

other variable. Again, no significant interaction effects were observed.

Fig. 5 Left: Take-over time (TOT), minimum time to collision (TTC) and reaction time

(RT) compared after 5 and 20 min of uninterrupted automated driving. Right: TOT and TTC

compared in the two NDRT conditions (SuRT vs. Without SuRT), error bars represents the

standard deviation
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4 Discussion and Limitations

In the present study, the effect of different automation durations prior a take-over

request (5 vs. 20 min) on the take-over performance and the gaze behavior during

the automated drive was investigated. Furthermore, it was examined whether the

engagement in the SuRT during the automated drive has an effect on these

parameters.

Concerning the take-over performance, the time for averting the first gaze from

the SuRT towards the driving scene after a TOR significantly increased after 20 min

of automated driving in the group with SURT. Longer reaction times may indicate a

decrease in vigilance level and an increase in fatigue (Graw et al. 2004). Here, a

duration effect seems to occur but it cannot be clarified whether it is due to

automation or long term engagement in the SuRT. Concerning the remaining

parameters of the take-over performance, no differences were observed comparing

the 5 and the 20 min period. This lack of an evident deterioration due to fatigue is

consistent with the findings of Neubauer et al. (2012) and Saxby et al. (2013). It is

conceivable that due to an insufficient length of the chosen intervals no fatigue-

related or hypovigilance-related deteriorations occurred. Additionally, it is also

possible that after prior sufficient training, as it was provided in this study, deterio-

ration effects on the take-over performance occurred already after 5 min of

automated driving. Thus, no differences between the 5 and 20 min regarding the

take-over performance could be found.

Fig. 6 Left: Cumulative duration of all gazes (CDG), average duration of one gaze (ADG) and

maximum duration of one gaze (MDG) towards the driving scene within 60 s compared in the 3rd

and 18th minute of uninterrupted automated driving. Right: Number of gazes (NG) towards the

driving scene within 60 s compared in the two NDRT conditions. Error bars represent the standard

deviation
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Regarding the task condition, results showed a significant increase of the TOT in

the SuRT group. It is assumed that the extended TOT is caused by the visually and

cognitively distracting SuRT. However, the remaining parameters for take-over

performance did not show significant differences due to the task condition. Thus, it

can be supposed that the extended TOT is induced by the time the participants

needed to redirect the gaze from the visually distracting SuRT towards the driving

scene. Therefore, Neubauer et al.’s (2012) finding that being engaged in a

non-driving related task during automated driving enhances subsequent response

speed could not be replicated.

Comparing the task conditions regarding the gaze behavior, only in the number

of gazes towards the driving scene a significant difference was found. As none of

the other gaze parameters showed any effect or tendency, it is assumed that the

SuRT group frequently controlled the availability of the task, which was presented

on a display in the center console of the vehicle and thereby increased the number of

gazes to the driving scene.

Towards the end of the 20 min period the percentage of time spent watching the

driving scene diminished. This might be caused by more frequent or prolonged

blinking, which is an indicator for fatigue (Schleicher et al. 2008; Schmidt et al.

2009). However, there are more suitable metrics, like PERCLOS (Knipling and

Wierwille 1994), for assessing fatigue by eye-tracking data which was not possible

to be evaluated by the Dikablis system. A different approach to explain the

diminished gaze duration towards the end of the 20 min period is that the

participants did not spend the same attention to the driving scene. An increase in

glance durations and glance numbers away from the AOI may be indicators for

visual distraction (ISO 15007-1:2014). This may indicate that the participants

showed more self-initiated distraction after longer duration of automated driving

by averting the eyes from the driving scene and letting the gaze wander due to

monotony and boredom. However, the number of gazes increased with longer

automation duration. The assumption is that despite more visual distraction the

participants still controlled the traffic and the driving scene by regular but short

glances. As the glances towards the driving scene became shorter the participants

tried to compensate the thereby reduced absorption of visual information by more

frequent short glances (Damb€ock 2013). The more frequent control glances may

also indicate that the participants did not trust the system enough to reduce checking

the driving scene (Moray 2000) with being simultaneously visually distracted by

letting the gaze wander. This is feasible as due to the experimental design the

participants have previously experienced at least three take-over requests and

therefore probably expected another take-over situation.

5 Summary

In this study, an effect of the duration of automated driving on the reaction time was

found, while the remaining parameters for take-over performance did not show any

significant differences. The gaze behavior was also affected by the duration of the
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automation. It is assumed that the drivers let their gazes wander and therefore

showed self-initiated visual distraction due to monotony after 20 min of automated

driving. In this experiment the non-driving related task, which was the visually

distracting SuRT, did not show an effect on the take-over performance except for

the take-over time. The longer times are presumably caused by the additional time

the participants needed for redirecting the gaze from the SuRT to the driving scene

after the take-over request.
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Abstract

Progress in sensors, computer power and increasing connectivity allow to build

and operate more and more powerful assistance and automation systems, e.g. in

aviation, cars and manufacturing. Besides many benefits, new problems occur e.

g. in human-machine-interaction. In the field of automation, e.g. vehicle auto-

mation, a comparable, metaphorical design correlation is implied, an unsafe

valley e.g. between partially- and highly-automated automation levels, in which

due to misperceptions a loss of safety could occur. This contribution sketches the

concept of the (uncanny and) unsafe valley of automation, summarizes early

affirmative studies, gives first hints towards an explanation of the valley, outlines

the design space how to secure the borders of the valley, and how to bridge the

valley.
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1 Introduction: Assistance, Automation and Robotics

Enabled by technical advancements in the field of sensors, computers and connec-

tivity, as well as motivated by cost-pressure along with ever-increasing perfor-

mance requirements, the complexity of information systems has steadily grown in

the last decades (cf. Hollnagel 2007). A part of this complexity can be compensated

with assistance systems and automation, however, unwanted side effects such as

“Operator/pilot out of the loop” or “Mode confusion” (cf. Billings 1997) are

reported in a variety of domains like aviation, nuclear power plants and automotive.

Rather than speaking about over-automation in an undifferentiated manner,

Norman (1990) points out that not over-automation is the problem, but inappropri-

ate feedback and interaction.

There is a concept in robotics, which can be considered as a specific form of

automation, known as “The Uncanny Valley”, where robots showing high,

however imperfect similarities to humans are perceived by humans as uncanny

and disconcerting (Mori 1970; Mori et al. 2012). Conscious of the Uncanny

Valley, research and development in robotics is focusing on cooperative robot-

ics, where to a certain extent humans and highly automated robots work together

in the same work spaces, instead of fully-automated robots (cf. Mayer 2012;

Kuz et al. 2015).

A similar development regarding cooperative assistance and automation is

currently emerging in the area of ground vehicles ensuing from the aviation domain

(e.g., Flemisch and Onken 1998; Schutte 1999; Goodrich et al. 2006). It became

increasingly clear, through basic concepts such as Levels of Automation, that

assistant and automated systems are related and, (a) should be discussed holistically

and (b) could be depicted on a scale—that is, a spectrum of assistance and

automation, (cf. Flemisch et al. 2003, 2008). This point of view was later applied

in the standard categorization of vehicle automation (cf. BASt 2012a; SAE 2014),

which differentiates between assisted, partially- and highly-automated systems.

Figure 1 shows a simplified scale of assistance and automation related to the control
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Fig. 1 Control distribution between the human and automation represented as an assistance- and

automation-scale, here with explicit automation-levels/modes (inspired by Sheridan 1980;

Flemisch et al. 2003, 2008, 2012, 2014, 2015a, b; Gasser et al. 2012b; SAE 2014)
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distribution between the human and the automation in the assistance- and

automation-levels including manual, assisted, partially-, highly- and fully-

automated/autonomous.

A possible unsafe valley of automation can be found in the right half of the scale

between partly- and highly-automated, which could be rather uncanny for the user,

and more importantly, rather unsafe, as described further down.

2 Early Indicators for the Existence of an Unsafe Valley

There is a good chance that the metaphor of an (uncanny and) unsafe valley can be

applied to automation in all kinds of domains. Early systematic explorations within

the area of partly- and highly-automated vehicle control have been conducted for

ground and air vehicles since 2003 (NASA-H-Mode) and since 2004 for ground

vehicles as part of DFG-H(orse)-Mode-Projects.

These were inspired by the H-metaphor, a design metaphor that takes the rider-

horse interaction as a blueprint for vehicle automation (Flemisch et al. 2003, 2015a,

b; Bengler and Flemisch 2011; Altendorf et al. 2015). The initial base research

sparked a series of national and EU-projects, introduced the term highly-automated

driving (e.g. Flemisch et al. 2006; Hoeger et al. 2008, 2011) and inspired the

development of partially-automated “piloted” driving e.g. of Volkswagen, Audi,

Mercedes and the more chauffeur inspired Tesla.

At the beginning of this research and development in 2000, it was debated as to

whether one or multiple modes between assisted- and fully-automated automation

levels would be advisable and how they should be designed, especially regarding

the involvement-degree of the operators, here the drivers, and the extent of the

automation’s intervention and the required safety measures, e.g. by operator

monitoring.

With accumulating research, it became clear that there are combinations of

partially- as well as highly-automated modes that are functional, while other

implementations are not. An example of a well-functioning implementation of a

lower automation level in the car domain is presented by Ma and Kaber (2005). In

their implementation automation only supports longitudinal control. They revealed

that an Advanced Cruise Control (ACC) system is able to enhance system perfor-

mance in terms of lane deviations and speed control in tracking a lead vehicle and

increase drivers situation awareness, even when drivers are distracted by a

non-driving related task.

In the early decade of this century, research explored whether assistive (i.e., not

fully autonomous) solutions beyond ACC, with coupled longitudinal and lateral

control could be successful. Starting from the H-Mode projects, a series of studies

(e.g. Schieben and Flemisch 2008; Schieben et al. 2008; Petermann and Schlag

2009), have shown that designs differentiating between partly- and highly-

automated systems and using well-arranged transitions could succeed. Rauch
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et al. (2010) demonstrated that an integrated driver-state detection may improve the

safety and acceptance of the automation systems.

Furthermore, Merat et al. (2012) presented a safe implementation of a highly-

automated vehicle, which takes longitudinal and lateral control and can perform

gentle maneuvers itself. They conducted an experiment in which the automation

had complete control of the automobile in normal situations and drivers were

warned when approaching an obstacle and manual control had to be resumed.

The results showed that, in their implementation of highly-automated driving, no

negative effects on system performance emerged.

Besides these successful examples, there are clear hints that areas between well-

functioning modes and their variants exist, which are clearly less safe: For example,

simulator-based studies conducted at DLR showed that partially-automated driving

designs, where drivers did not have to apply steering torques any more, can cause

problems in compensating system failures. However, when the driver still needed to

apply some of the required steering torques, these failures could be absorbed

(Schieben and Flemisch 2008). Furthermore, additional studies, (e.g., Damb€ock
2013; Schwalm et al. 2015; Schwalm and Ladwig 2015; Voß and Schwalm 2015)

have shown, that highly automated designs could lead to reduced take-over

capabilities of drivers. This correlation is proven, e.g., by a lack of compensatory

reaction in terms of reducing activity in non-driving-related tasks that would be

needed for an appropriate preparation of a take-over situation (Voß and Schwalm

2015; Schwalm et al. 2015; Schwalm and Ladwig 2015). Moreover, a real-world

indicator for the existence of an uncanny/unsafe valley might be the first fatal crash

of an automated ground vehicle, a partially automated Tesla, which has become

public in 2016, just shortly after the first publication of the unsafe valley in

February 2016 (Flemisch et al. 2016a).

As of 2016, everyday- and user-experience with highly automated ground

vehicles is sparse, however additional indicators for the existence of an unsafe

valley can be derived from the aviation domain. As the applicability of the

H-Mode has shown, ergonomic principles for cooperative guidance and control

can be applied to both domains. Moreover, Schutte et al. (2016) argue for a similar

phenomenon in the aviation area. They present examples of systemic failure

resulting from highly automated flying (National Transportation Safety Board

2010; et d’Analyses 2012) and argue that these incidents were partly due to bad

system design instead of pilot failure alone. They presented an alternative cockpit

design, which keeps the pilot in the loop. In terms of the unsafe valley they avoid

falling into it by staying on the left side of the abyss. During scientific discussion in

the context of this publication it turned out that also other researchers already had

resembling ideas like the valley of automation. Thus e.g. Maurer (2016) describes

an u-shaped curve for the relation between user-transperancy and driver assistance

systems. Furthermore Maurer (2016) and Eckstein (2016) describe the grand

canyon of the driver-assistance systems, which refers especially to the differences

in effort and protection systems between partially and highly automated vehicles.

322 F. Flemisch et al.



3 A First Glimpse: What Happens in an Unsafe Valley?

Are there scientific phenomena that could determine the existence and the

characteristics of such an unsafe valley? Figure 2 pictures an example of a potential

“crash” into an uncanny valley, here applied to the car domain. Within that

example, a system failure with an adjacent take-over occurs in front of a narrow

curve. In one condition (which here is named partially-/highly-automated, because

it is was supposed to be operated as partially automated, but drivers used it in a way

highly automated systems are used) this leads to an unsafe driving performance, i.e.

a “crash” into an uncanny valley. This does not occur in another condition

(partially-automated). This suggests that there might be a correlation between the

control repartition—which ranges from manual to fully automated driving—and an

output quantity, such as performance or driving safety. Figure 2 conceptualizes this

issue: While a mode with a low degree of automation (M3.1: e.g., partly-automated)

still provides sufficient safety, a higher automation level (M3.2) seems to be rather

unsafe. However, passing this unsafe valley, an even higher automation level

(M4) could be safe again.

An important element, which could lead to the safety drop in M3.2, is the

connection between the automation performance and the operator’s performance

in case of a take-over situation: A potential correlation between the operator’s

involvement and his take-over capabilities could be that, if the former is too low,

then the latter will not happen in time. A nominally highly reliable and capable

automation that infrequently is insufficient and incapable will induce a pure moni-

toring role for the operator, i.e. “supervisory control”, for which humans are not

well prepared (e.g., Sheridan 1976; Endsley 1995). A pertinent approach from

Schwalm et al. (e.g., Schwalm et al. 2015; Schwalm and Ladwig 2015; Voß and

Schwalm 2015) postulates that operators, here drivers, abandon a continuous

control and regulative process in case of a (too) high automation level. Due to

this, they supposedly are no longer capable of applying regulatory measures in

terms of a functional situation management. Instead, if the drivers are fully

involved in the driving task, i.e. manual driving, this assumed regulatory process
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Fig. 2 An example of a “crash” in an Uncanny Valley: Intercepting a system failure prior to a

curve (green: system variant partially-automated; red: system variant partially-/highly automated)
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would allow them to analyze and anticipate the driving situation, and to adequately

distribute available cognitive resources.

In order to conceptualize this idea of reduced driver’s involvement as a risk

factor for the appearance of an unsafe valley, a schema was developed for the

context of driving, in which the different automation levels were combined with

possible states of driver’s involvement (cf. Fig. 3: Herzberger et al. 2016). These

states depict minimal requirements for each level of automation regarding the

driver’s involvement which is necessary to guarantee safe driving performance.

These minimum requirements are separately reported for the three levels of a

driving task [navigation, guidance and stabilization; see Donges (2015)] in order

to provide a more detailed sketch of the driver-system interaction. In Fig. 3, the

orange shaded area represents driver-sided task fulfillment, while the blue shaded

area represents system-sided task fulfillment (Herzberger et al. 2016).

In total, five driver states were defined on the basis of the SAE Levels (SAE

International 2014). In the following, these five driving states will be described

regarding the required extent of involvement, presented from high to low. The state

Fully (F) requires an active performance of the entire driving task. The second state,

BASt SAE Navigation Guidance Stabilisation

0
F F F
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Fig. 3 Minimal requirements for driver states. Note: The crosshatched area depicts the unsafe

valley
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Involvement (I), is divided into Involvement 1 (I1) and Involvement 2 (I2). State I1

still requires an active performance, either longitudinal or lateral control, and a

cognitive monitoring of the entire driving task. Moreover, drivers in state I1 have to

be ready to take over the driving task at any time without a take-over request

(TOR). In contrast to I1, drivers in the state of I2 do not actively perform a driving

task. However, they are still required to perform the cognitive monitoring. Still,

drivers in state I2 have to be ready to take over the driving task at any time without a

TOR. Regarding the state of Retrievable (R), a cognitive monitoring of the driving

task is no more required. Nevertheless, the driver has to be able to resume the

driving task after an appropriate TOR. In the final state, Non-Retrievable (NR), the

driver cannot take over control of the vehicle. This state is reached, if the driver e.g.

sleeps or if a transition from Retrievable to a higher level of involvement is not

possible. These five states only define the minimal requirements for a driver’s

involvement for the safe management of the driving task. Any requirements for a

possible intervention by the driver are not considered by now.

Two different vehicle conditions were specified: Firstly, in the condition of

assisted driving (A) the vehicle either takes over longitudinal or lateral control

during the driving task. Secondly, the condition of lead driving (L) which posits that

a vehicle controls any longitudinal or lateral actions to a full extent. On top of that,

the earlier introduced driver state Fully (F) can be transferred to the vehicle. It

requires an active performance of the entire driving task by the vehicle.

Based on this concept of states of driver’s involvement in the context of

automated driving, it is possible to derive an explanation for a “crash” into the

uncanny/unsafe valley: For drivers, the SAE Levels 2 and 3 seem to pose the same

requirements in normal traffic of automated driving, as both lateral and longitudinal

guidance are carried out by the system. Nevertheless, the actual requirements of a

Level 2 system to the driver are clearly higher due to the missing TOR in case of a

system failure. In Level 2 drivers have to constantly monitor the driving task (I2),

while in Level 3 it is not required (R). In other words, drivers tend to misconceive a

Level 2 (I2) state with a Level 3 (R) state (cf. orange crosshatched area in Fig. 3).

Only if system limits are reached, the differences between the two (required) states

of involvement will appear and the driver potentially crashes into the uncanny/

unsafe valley.

Another advantage of the classification of driver states is the timely recognition

of a decreasing driver involvement. If this risk is recognized, possible consequences

can be rebalanced and/ or reduced. In the following, a time course of occurrence

probability of an uncanny/ unsafe valley is presented.

Figure 4 highlights the temporal course of a “crash” into an unsafe valley: At

first, everything is working properly, because the automation’s capabilities are

sufficient for handling the vehicle control situation and the operator is still able to

take over (T1). Over time, habituation effects can emerge (T2). If in that case a

system failure occurs, a human operator’s take-over capability would be insufficient

for the safe management of required take-over maneuver (T3). Within that scenario,

the unsafe valley metaphorically resembles a crevasse (ice crevice) that seems to be

crossable over a stable bridge. This bridge, however, will break down as soon as it is
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used and will devour the all too trustful operator. Another possible metaphor

depicts a pair of scissors: One blade represents the operator’s take-over capabilities,

the other the automation’s availability. The first blade is slowly closing when the

operator’s take-over capability decreases with increasing trust. As soon as the

automation availability decreases temporarily, the movement of the two blades is

cutting off the operator from the control of the process, e.g., of the vehicle.

The deeper mechanism of the “scissor” could be located between the operator’s

confidence in the system’s performance capability and the operator’s take-over

capability, as sketched, e.g., by Manzey and Bahner (2005). Here, the relationship

between the perceived/attributed automation capacities on the part of the operator

and the actual capacity of the automation seems to be relevant. First, there is the

ideal scenario in which the expectations with regard to the technical system’s

abilities are realistic and fit the actual capacities. In that case, it is to be expected

that even after critical events, which will outline the system’s boundaries, no

adjustments to the attributions are necessary. The trust in the system is on an

appropriate and constant level. However, there is a second scenario, in which the

actual capacities do not meet the (too high) expectations. According to Lee and See

(2004) this inadequate calibration might be traced back to an insufficient precision

and specification of the judgment. In the literature, this phenomenon is discussed

under the notions of overtrust/overreliance (e.g., Inagaki and Itoh 2013; Lee and

See 2004) and automation bias/complacency (e.g., Bahner 2008; Mosier and Skitka

1996). While overtrust and automation bias might be understood as cognitive

components that postulate the exaggerated system trust, overreliance and compla-

cency depict the behavioral component. The latter two terms often are used

complementary. They might be conceptualized by means of an insufficient or

infrequent operator-sided system monitoring compared to what actually would be

T 1 :

Habituation

Degradation

T 2 :

T 3 :

Fig. 4 A possible connection between control-distribution and certainty
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required with regard to the system’s capacities (Bahner 2008). Only in those critical

situations that evince the automation limits, an adaptation of the attributions with

regard to the system abilities takes place. Subsequently, a strong loss of trust occurs,

which is—according to existing literature (Hoffman et al. 2013; Lee and See

2004)—in most cases only difficult to compensate. Payre et al. (2016) affirm this

role of complacency with regard to the emergence of an unsafe valley. They

postulate that distinct complacency will lead to difficulties (e.g. slow reactions) in

the course of take-over maneuvers between automated and non-automated driving.

Here it also becomes clearer why “unsafe” is the better name for the valley, as the

drivers even feel too comfortable, at least before the incident or accident.

With regard to that phenomenon, there seems to be an additional irony in the

progress of automation: At the beginning of a technological development process,

an automated system still has various errors that an operator can react on by means

of an increased readiness for take-over. Due to the technical system’s increasing

availability over time, the user’s first experience with a system error or failure will

be postponed in time. As such, an undue confidence will build up. Under these

conditions, the same error that could be compensated beforehand will have a higher

impact on road safety and user expectations. Likewise, the loss of trust will be

stronger, the more difficult a mistake might be compensated and the more costs it

provokes (Bahner 2008) as well as the bigger it is and the more difficult it is to

predict (Lee and See 2004).

Choi and Ji (2015) provide a more holistic model of trust on adopting an

autonomous vehicle: Within their approach, they combined different relevant

concepts (e.g., trust, perceived risk and personality traits) within one model and

took it under empirical examination. They found that the concepts of trust (defined

via system transparency, technical competence and situation management) and

perceived usefulness have major influence on the behavioral intention to use a

system. Other factors such as perceived risk and ease of use as well as locus of

control and sensation seeking only have minor or no influence at all. According to

these results, it might be assumed that exaggerated trust and perceived usefulness

lead the naive driver into the uncanny and unsafe valley.

4 A Sketch of the Design Space: The Solution’s Dimensions
for Safeguarding an Unsafe Valley

Justified by the successful implementation of automated systems such as in

Goodrich et al. (2006), Hoeger et al. (2012) or Altendorf et al. (2015), the assump-

tion is that not automation or higher automation per se is unsafe, but that there are

unsafe regions around safe automation designs and combination of different assis-

tance and automation levels and transitions between levels or modes. How can the

unsafe regions be safeguarded in order to utilize the safe regions? Decisive

dimensions that form the design space of safeguards could be:
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a. Abilities of the human and automation: The human capability might depend on a

selection process e.g. in domains like aviation, or on the distributions of a

general population e.g. in the driving domain. The abilities of the automation

depend on their interplay with the environment, and might be structured

according to normal operations, systems limits and system failure. Increasingly

important will be the (meta-) ability to describe its own ability to sense and act, e.

g. in case of a sensor degradation due to changes in the environment like bad

weather.

b. The distribution of tasks, authority, responsibility and a minimum of autonomy

for both the automation and the human, as described e.g. by Flemisch et al.

(2011).

c. Combining (a) and (b), the control-distribution of the corresponding automa-

tion-level, which interact with the human’s involvement, and which could be

organized in clear modes (Fig. 1.5). It is an open research and engineering

question as to how many and which modes are needed and/or wanted at all,

but there are clear hints that to many modes can lead to mode confusion

especially in time critical situations. It is especially not clear whether partially

and conditionally automated levels are needed at all, even if there are hints that a

well designed level of partial automation might improve the take-over ability

and might also be fun. Another open research and engineering question is how

many different modes can be differentiated and operated safely, and how

potential migration paths could look like in order to ensure upwards and down-

wards compatibility.

Another dimension of the design design space are the transitions between the

modes, that can be initiated either by the human (Fig. 5 red) or by the automation

(Fig. 5 blue). It is an open research and development question as to how the
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transitions are balanced and secured against false and failed transition. A safeguard,

e.g., for a transition from right side of the automation scale, crossing the valley

towards the left side of the scale, could be an interlocked transition, where the

control is only handed over to the operator if it is really clear that the operator has

taken over control. This interlocked transition was for cars and trucks successfully

implemented and tested in the HAVEit project. This safeguard works best if the

right rim is also secured with a transition to a minimum risk state, e.g., via a

minimum risk maneuver, as is described in Hoeger et al. (2011).

A safeguarding measure, e.g., of the left rim of the unsafe valley can be, for

example, that an insufficient involvement of the human is determined by monitor-

ing attention and reacting accordingly e.g. through prompts, as described in

e.g. Rauch et al. (2010) and in Schwalm et al. (2015) and Schwalm and

Ladwig (2015).

Another safeguard on the left rim of the valley is the communication of the

ability of the automation, as shown by Beller et al. (2013) based on Heesen et al.

(2010) as a concept to communicate an uncertainty value of the automation.

A similar direction of safeguarding against falling into an unsafe valley is

provided by different authors who promote a so-called “trust management”: First,

systems could already be adapted within the design phase (e.g., a system’s trans-

parency could be highlighted, see Bahner 2008). Alternatively, it could be tried to

improve users’ system perception. Last, system capabilities and limits should be

communicated more overt (cf. Muir 1994). In this context, Payre et al. (2016)

postulate that intensive practice is required, in order to bridge the uncanny valley.

According to them, the outline of the system’s working and its boundaries is

indispensable in order to avoid safety-critical automation effects.

An additional concept that could help prevent people from falling into the unsafe

valley could be nudging, the art of promoting certain behaviors through small

changes in the environment, which nevertheless leave the individual to decide for

herself (e.g. Thaler and Sunstein 2014). Nudging could be used for influencing

humans to avoid the rims of the unsafe valley, for example through promoting more

involvement (Flemisch et al. 2016b). A new concept which links nudging even

stronger to self-determination is currently being developed at the Institute for

Industrial Engineering and Ergonomics at RWTH Aachen University.

Putting those safeguards together, a holistic picture or concept of human-

machine resilience should be derived how the human machine system acts in

normal operations, reacts to disturbances that try to push the system to system

limits and how it reacts to system failure. Figure 6 shows such transitions between

normal operations, system limits and system failure. The upper part of Fig. 6 shows

a degradation of the machine that might result in a situation with a control deficit,

where the human might be somehow prepared (upper part) or not enough prepared

(middle). The lower part of Fig. 6 shows a degradation of the human that might

result in a complete dropout of the human, where the machine might only be able to

handle the situation for a limited time (lower part). A minimum risk maneuver that

hopefully results in a state with a minimum risk or maximal possible safety might

be the last resort in order to keep the human-machine system safe. From a minimum
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risk state the human might be able take over again to normal operations if possible.

The benefit of thinking in a layered approach of normal operations, system limits

and failure could be in the flexibility to stabilize the human-machine system at the

limits and, instead of going into a complete, unrecoverable failure, recover or

gracefully degrade from system limits and failures.

Putting those safeguards together systematically could result in a highly cooper-

ative human-machine system, that could be inspired by natural examples of coop-

eration in movement, for example the H(orse)-Metaphor (Flemisch et al. 2003), it’s

generalization of shared and cooperative guidance and control, complemation

(Schutte 1999) or cooperative automation (e.g. Flemisch et al. 2014; Bengler

et al. 2014), and it’s instantiation H-Mode (e.g., Goodrich et al. 2006; Altendorf

et al. 2015) or Conduct-by-Wire (Winner and Hakuli 2006). The key seems to be to

combine partially and highly automated automation levels in a way, that in partially

automated level, the operator is being involved and prevented from losing her

situation and mode awareness, e.g., with continuous haptic feedback and attention

monitoring, while in highly automated, the human-machine system is so secured

that it keeps safe even in the extreme case that the operator cannot come back into

the loop again.
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limits or system failure
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5 Outlook: Balancing Risks and Chances of Assistance
and Automation by Securing the Unsafe Valley

Although the causative reasons for the emergence of such a valley might not be

finally deduced yet, it becomes increasingly clear that there is at least one unsafe

valley on the scale of assistance and automation, with clear applications at least in

air and ground vehicle automation, and a good chance that the concept might also

be valuable in other domains. It is undoubtedly necessary to secure the boundaries

of an uncanny valley.

There is justified hope that in most cases, the unsafe valley can be well structured

and therefore comparably well secured. We should nevertheless be aware that there

might be cases for which the structure of the unsafe valley could also be more

complex, more like a mountain landscape. In those cases the unsafe valley(s) should

be reasonably mapped at first, before the boundaries are secured and viable bridges

could be built over it.

In order to increase or maintain safety, and to harvest many chances of automa-

tion, the risks of automation have to be controlled. The systematic mapping and

development of safeguarding measures down to safe combinations will require an

interdisciplinary research and development, but will hopefully prevent naive and

probably too trustful operators, system designers and engineers from falling into the

unsafe valley, sometimes even an abyss of automation.
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Man-Robot Collaboration in the Context
of Industry 4.0: Approach-Avoidance
Tendencies as an Indicator for the Affective
Quality of Interaction?

Gerhard Rinkenauer, Adrian B€ockenkamp, and Frank Weichert

Abstract

Collaborative work of man and machine in close proximity is considered as an

enabling feature of the Industry 4.0 concept. Acceptance and performance are

crucial aspects for the success of such working environments. To enhance

acceptance it is necessary to understand the effects of robot behavior on human’s

behavior. The aim of the current study was to investigate the effects of robotic

motion on human expressive behavior during the interaction in close distance.

As a theoretical framework the concept of approach-avoidance behavior was

adopted. For this reason we analyzed human motion trajectories during the

interaction with an industrial robot in a real setup. Our findings suggest that an

active robot affects the movement behavior of interacting participants consider-

ably. Interestingly, an active robot seems to be more positively evaluated than a

non-moving robot. In contrast to our expectations the approach-avoidance

behavior of our participants suggest that human-like movement patterns of the

industrial robot were evaluated less positively than robot-like mechanical behav-

ior. In general assessing approach-avoidance behavior seems to be a promising

method for an implicit measure of the affective quality of human-robot

collaboration.
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1 Introduction

A current issue of the research field “robotics” is to solve questions about the

development of safer robots in closer human–machine interaction systems at the

manufacturing shop floor level. Because of the close collaboration between humans

and robots many problems of robotics research are not only related to technical

issues but are also framed by social aspects (Moniz 2015). Therefore, social

sciences approaches are of high relevance in order to investigate human-centered

aspects in collaborative environments. Such collaborative environments on the

shop floor level are especially in the focus of the Industry 4.0 paradigm. However,

human-robot interaction with collaborative robots (cobots) present particular

challenges for interdisciplinary research. Therefore, for the current study we com-

bined research methods from robot research, computer science and psychology to

study human-robot interaction. The aim of the study was to assess how robot

behavior affects human behavior and to what extent changes in human behavior

may serve as an implicit measure of acceptance. Therefore, we adopted the so

called approach-avoidance concept from motivation psychology as a theoretical

and methodological framework for the experimental design and the analysis of

human behavior.

2 Collaborative Working Environments

A collaborative working environment (CWE) supports human workers in their

individual cooperative work. The future vision of CWEs is that human workers

and cobots populate the shop floor. The cobots autonomously assist human workers

and are accepted as a kind of mechanical colleague. This vision is especially put

forward by the Industry 4.0 paradigm.

2.1 Industry 4.0

Industry 4.0 paradigm generally promotes the computerization of manufacturing

and the combination of several major innovations in digital technology. These

technologies include for example intelligent sensor concepts, big data analytics,

artificial intelligence, the Internet of Things and advanced sensor and actor

networks. Whereas such already existing technologies thought rather separately

in current industrial design concepts they will be joined together within Industry 4.0

to integrate the physical and virtual worlds, the concept of Cyber-Physical (Pro-

duction) Systems (Schwab 2016). The idea that an industrial robot can take the role

of a cooperative and supportive tool for the workers is part of the “Industry 4.0”

paradigm. However, due to safety reasons and missing research in human-robot

collaboration, robot-based assistive systems are still not widely spread in the

manufacturing industry. A current research challenge are for example the design
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of safe autonomous robots which are able to collaborate and are accepted by the

human collaborator.

2.2 Human-Robot Collaboration

Until recently, the use of robots was restricted to specific industrial environments

and tightly controlled tasks. Today, however, robots are employed over a wide

range of sectors and a variety of different tasks. A close collaboration between

humans and robots is an aspired goal and to achieve this objective robots have to

become more adaptive and flexible. Advances in sensors are enabling robots to

understand and respond better to their human collaborators and CWEs will enable

human workers and robots to interact next and even close to each other. Collabora-

tive working offers many advantages compared to the separate employment of man

and machine. First, by combining the capability of perception and a well-marked

somatosensory system of humans with the precision, resilience and availability of

robots, flexibility in manufacturing related tasks is maximized. Second, the employ-

ment of robots reduces the workload of humans and facilitates ergonomic designs

of CWSs. This specifically applies to decentralized working zones within the

upcoming scope of Industry 4.0 (Brettel et al. 2014). Reducing the distance between

a robot and a worker (their “interaction zone”) is desirable as it saves space, reduces

handling times and workloads for humans, i.e., the smaller the interaction zone, the

more the aforementioned advantages carry weight. As a consequence the need for

acceptance of the robot’s proximity to an individual is enhanced. Acceptance is an

essential requirement for increased productivity of cooperative working and there-

fore in the focus of the current study. Apart from that, safety issues become more

important (Vasic and Billard 2013), albeit beyond the scope of this work.

2.3 Anthropomorphic Robots

One approach to enhance acceptance is to design robots appearance and behavior

more human-like. Thus, it is suggested that anthropomorphism might be an impor-

tant design principle in order to achieve a safe, effective, and efficient cooperation

between humans and robots (Kuz et al. 2013). There is converging empirical

evidence that human users can predict human-like robot movements better and

anthropomorphic behavior also enhances the acceptance to collaborate with the

robot. For example, Huber et al. (2008) showed that participants responded faster to

a handover task with a robot when the robot moved with a human-like than a

mechanical (trapezoid) trajectory. Furthermore, Kutz and colleagues (Kuz et al.

2013; Kuz and Schlick 2015) showed that participants performed better in the

prediction of robot movement destinations when the robot performed a human-

like trajectory than a constant speed trajectory. Additionally, Huges et al. (2016)

evaluated the perception of robot movements in a virtual reality environment to

assess what makes robot movements human-like. Different levels of
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anthropomorphic robot movements were generated and rated from participants by

means of questionnaires. The authors identified characteristics in the robot

movements which led users to attribute the movements for example either as

human-like or as aggressive. Such characteristics of robot movements were essen-

tial in the participants’ impressions, viz. a human-like and non-aggressive robot

movement helped the users feel safer, less stressed, and more willing to work with

the robot.

3 Human Movement Behavior

Understanding the effects of robots on human behavior plays a central role in this

study. Therefore, we focus on the analysis of changes of human’s motion behavior

when interacting with an industrial robot.

3.1 Approach-Avoidance Concept

The theoretical background for our empirical study is based on the approach-

avoidance concept within the context of motivation psychology. Lewin (1938)

characterized the human as moving in a space replete with psychological and

physical objects possessing attractive or repulsive qualities that would tend to

draw the person toward or away from an object (Townsend and Busemeyer

1989). Objects could also have both positive and negative qualities at the same

time, resulting in ambivalence on the part of the person. The positive and negative

“charges” were called “valences.” Miller (1959) postulated some criteria about

approach-avoidance based on Lewins ideas. For example, it was assumed that the

tendency to approach a goal as well as the tendency to avoid a feared stimulus is

stronger the nearer the subject is to it. The strength of avoidance increases more

rapidly with nearness than does that of approach. In other words, the gradient of

avoidance is steeper than that of approach. Miller (1959) pictured the gradients as

linear, although explicit formulae were not given. In Fig. 1 we depict Millers

assumptions in the context of human-robot interaction.

According to that concept, trends of approach or avoidance in the motion

behavior are expected depending on the affective evaluation of objects and

situations by human beings (Eerland et al. 2012; Van Dantzig et al. 2008; Puca

et al. 2006). Basically, it is assumed that actions which are more forceful (e.g., with

a higher movement velocity) towards an object or situation or which are decreasing

the distance (e.g., by leaning forward) can be rated as an approach behavior and,

thus, indicate that approach forces predominates avoidance forces. In contrast,

actions whose force direction points away from an object or situation or which

are increasing the distance can be rated as avoidance behavior and rather indicate

negative avoidance forces outweighs the positive approaching forces. This study

aims at assessing to which extent approach and avoidance behavior can be observed

during the interaction with a robot.
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3.2 Aiming Movements and Posture

Numerous researchers have studied how affective stimuli trigger approach and

avoidance reactions by using directed arm movements towards or away from

negative or positive stimuli as the behavioral measure of interest. For example

Chen and Bargh (1999) instructed participants to perform lever movements towards

or away from them in response to positive and negative words. Rinck and Becker

(2007) employed a similar paradigm but participants (with and without spider

phobia) had to respond to spider pictures by means of a joystick. In those studies

reaction time measures were used to infer approach and avoidance effects. Puca

et al. (2006) used an extended experimental setup in which participants moved their

right forearm towards or away from positive or negative words. The forearm was

fixed on a moveable platform which allowed to measure distance as well as

response force. In the current study we employed single aiming movements

which were performed either towards or away from a robot. Aiming movements

are composed of two distinct phases (e.g. Woodworth 1899; Elliott et al. 2010).

Initially, there is a ballistic, preprogrammed phase that directs the limb towards the

target. This initial distance-covering portion of the movement is followed by a

homing phase. During this second phase, visual and proprioceptive feedback is used

to reduce any divergence between the limb and the target position. In this landing

phase also correcting movements are taking place to lead the hand to the target

Fig. 1 The approach-avoidance concept based on an attracting force (green graph) and a

repulsive force (red graph). The gradient of the repulsive force is assumed to be steeper than the

one of the attracting force. As a net force field there is a range with attracting and a range with

repulsive effect on behavior depending on the distance. In the transition area between the two force

fields an unsystematic varying or oscillating behavior is expected
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(Meyer et al. 1988). Thus, by analyzing different phases of aiming movement it

may be possible to infer about several processes of motor programming, movement

performance and sensory feedback (cf. Elliott et al. 2010) which are related with

movements towards (approach) or away (avoidance) from the robot. Because the

full analyses (including the consideration of correcting movements) would go

beyond the scope of this study, we will only report results for movement amplitudes

of the performed aiming movements. In addition, analyses of posture during the

performance of the aiming will be presented because there is evidence from recent

studies that posture provides a relevant indicator for distance regulation and thus for

approach-avoidance behavior (e.g. Eerland et al. 2012; Stins and Beek 2011).

4 Empirical Study

To assess to what extent human aiming movements are affected by robot behavior

we conducted an empirical study in which participants interacted with an industrial

robot. The results of the study were interpreted in the context of the approach-

avoidance concept.

4.1 Experimental Design

A full factorial design with the factors ROBOT CONDITION, MOVEMENT

DIRECTION and TARGET DISTANCE was employed. Each factor consists of

discrete levels and the experimental conditions took on all possible combinations of

these levels across the three factors. Such a design allows us to study the effect of

each factor on the dependent measures (movement kinematics, posture), i.e., the

behavior of the participants, as well as interaction effects between the factors. The

factor ROBOT CONDITION consists of the levels “mechanical movement”,

“biological movement” and “passive” (no movement). The latter level was used

as baseline condition to assess participants’ behavior which is unaffected by robot

movements. The factor MOVEMENT DIRECTION consists of the levels “forward

movement” and “backward movement”. These levels were employed to study

approach and avoidance behavior explicitly. For example, if participants lean

more forward towards the robot in a certain robot condition A in comparison to a

robot condition B, such a result would interpreted as an enhanced approach

behavior for robot condition A. Finally, the factor TARGET DISTANCE consists

of the levels short and long distances. These levels were used to assess if fine and

coarse movements are influenced differently by the robot conditions, but will not be

analyzed in closer detail in this study. On the basis of the anthropomorphic design

concept and the theoretical considerations based on motivation psychology, we

would expect, for example, that participants show a higher approach and a lower

avoidance behavior in the biological than in the mechanical robot condition.
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4.2 Materials and Methods

Participants Nine participants (6 females) took part in the experiment. All of them

were students of educational sciences at TU Dortmund University and did not have

any experience in the interaction with robots. Average age was 25.4 (SD¼ 3.1) and

all participants were of normal or corrected to normal sight. Each of them reported

to be right handed. The experimental session took about 45 min.

Experimental Setup An industrial robot of type KUKA KR-125/3 located in a

safety cell was programmed to perform different kinds of pointing movements on

a custom-designed 9-field pattern placed on a table in front of the robot. The

industrial robot has six degrees of freedom and a repeatability of �0.2 mm

(KUKA Roboter GmbH). Participants were placed in front of the robot with a

distance of about 3.3 m. There was a similar 9-field pattern in front of the

participants and they were instructed to reproduce the robots pointing motions in

mirror-image. For safety reasons, there was no overlap of the motion ranges of the

human and the robot. The minimum distance between the robot’s end-effector and

the participant’s hand was 1.6 m. An infrared (IR) based optical motion tracker

(Optotrak Certus by Northern Digital Inc.) was used to record the participant’s

movements in real-time (cf. Fig. 2). The motion tracker had an accuracy of 0.1 mm

and a resolution of 0.01 mm. Active IR markers were attached to the participant’s

right hand and shoulder. The motion tracker was placed so that all markers were

always inside the detectable volume of the system. Figure 3 exemplary shows

resulting trajectories for a marker attached to the hand. As already mentioned

above, in addition to the different robotic motion types, a “passive robot condition”

Fig. 2 Experiment setup composed of the robot (right), a participant, the motion tracker (left), and
the two 9-field tables in front of the robot and participant respectively
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was added in which the participants were instructed by synthetic voice commands

only. The voice commands have been generated by using Google’s Speech Synthe-

sis Engine (Google Inc.).

Robot Programming Motion programming in robotics typically provides three

basic motion commands, namely linear (LIN), point-to- point (PTP), and circular

motions (CIRC) (Brecher et al. 2013). For our experiment we used a series of PTP

commands to create the robotic motions. PTP commands are typically used to move

the robot’s end-effector to a certain destination position because they provide the

highest possible speed. More specifically, we distinguish between two types of

movements: “mechanical” and “biological” movements. The latter tries to approx-

imate the properties of human motion behavior (anthropomorphism) by using a

Gaussian trajectory. However, due to technical restrictions, the velocity profile of

biological movements only roughly approximated a Gaussian (cf. B€ockenkamp

et al. (2016) for more details about robot programming).

Procedure At the beginning of an experimental session, participants were

informed about the aim of the experiment and signed an informed consent form.

After instruction, each participant started with a short training session of about

5 min to familiarize with the setup. The first half of the training gave them an

understanding of the 9-field table and the interaction with the robot at 65% of the

maximum speed. The second half of training demonstrated the instructions by voice

commands. The actual experiment was conducted similarly. In the first half

(20 min, active robot condition), the robot presented pointing movements from

certain start- to endpoints and in the second half (10 min, passive robot condition),

the movement destinations were given by voice commands. During both parts,

Fig. 3 Exemplary human

trajectories of the right hand

during movements from start

to destination fields with long

and short movement

amplitudes
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participants had to perform the same aiming movements (physically showcased by

the robot in the first half and given by voice commands in the second half).

Data Analyses Analyses of variance (ANOVAs) (Rutherford 2001; MacKenzie

2013) and t-tests (Dunn 2001) were conducted for the movement amplitudes of the

hand movements and the shoulder position. The mean amplitude of short and long

movements was 23.6 (SD¼ 1.2 cm) and 45.7 cm (SD¼ 1.9 cm) respectively.

Averages for each participant and experimental condition were calculated for

each hand movement. For each measure, separate ANOVAs were conducted with

the factors ROBOT CONDITION (mechanical, biological, passive)�MOVE-

MENT DIRECTION (forward, backward)�TARGET DISTANCE (short, long).

If there was no significant difference between the mechanical and biological robot

conditions, the two conditions were collapsed into the condition “active”, i. e., the

factor levels of ROBOT CONDITION were reduced to active vs. passive. A similar

ANOVA was performed with the averaged measurements of the shoulder positions

of each participant. In the context of the approach-avoidance concept, interactions

between the factors ROBOT CONDITION and MOVEMENT DIRECTION espe-

cially allows to interpret results in this theoretical context and we will therefore

mainly focus in our analyzes on these two factors.

5 Results

We present our results beginning with the posture measures during movement

performance followed by the movement amplitudes.

Posture As an indicator for changes in posture shoulder position was tracked.

Figure 4 depicts the mean shoulder positions as a function of MOVEMENT

DIRECTION and ROBOT CONDITION. There was a significant main effect of

MOVEMENT DIRECTION, F(1,8)¼ 6.4, p< 0.05, viz. shoulder position was

closer to the robot in forward than for backward movements (40.3 vs. 42.0 cm).

The interaction between ROBOT CONDITION and MOVEMENT DIRECTION

just failed to attain significance, F(2,16)¼ 3.4, p¼ 0.06, however separate

ANOVAs revealed that there is a significant interaction for the passive and

biological robot conditions, F(1,8)¼ 7.7, p< 0.05, but again just failed for passive

and mechanical conditions, F(1,8)¼ 4.9, p¼ 0.06. ANOVA for biological and

mechanical robot condition did neither show a main effect of ROBOT CONDION,

p> 0.2 nor and interaction between ROBOT CONDITION and MOVEMENT

DIRECTION, p> 0.06. Collapsing data for biological and mechanical robot

conditions into the active condition revealed a significant interaction between

ROBOT CONDITION and MOVEMENT DIRECTION for the active and passive

robot condition, F(1,8)¼ 8.9, p< 0.05 but no main effects of the two factors,

8p> 0.05. In sum, the patterns of results for posture suggests that in forward

movements the shoulder is moved closer to the active than to the passive robot
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whereas backward movements did not differ. Analyzes furthermore suggest, that

shoulder position in the forward movement seems to be closer to the robot for the

mechanical than for the biological in comparison to the passive robot condition.

Movement Amplitude Movement amplitude informs us if the distance traveled by

the hand varies as a function of the experimental conditions. Figure 5 depicts the

average movement amplitude as a function of MOVEMENT DIRECTION and

ROBOT CONDITION. The ANOVAs reveal a significant main effect of ROBOT

CONDITION, F(1,8)¼ 4.2, p< 0.05, viz. averaged movement amplitude was low-

est for passive (34.3 cm), increased for biological (34.7 cm) and highest for

mechanical (35.1 cm) robot behavior. Main effect of MOVEMENT DIRECTION

did not attain significance, F(1,8)¼ 4, p> 0.07. However, ANOVA revealed a

significant interaction between ROBOT CONDITION and MOVEMENT DIREC-

TION, F(2,16)¼ 3.7, p< 0.05 (Fig. 5). Separate ANOVAs showed that the this

interaction is caused by the interaction for the passive and biological ROBOT

CONDITION, F(1,8)¼ 6.1, p <0.05. Additional paired t-Tests show that move-

ment amplitude does not differ for passive and biological condition in forward

movements (p¼ 0.61) but in the backward movements (p¼ 0.02), viz. a bigger

distance was moved away from the robot in the biological condition in comparison

to the passive control condition. Separate ANOVAs also revealed that there was no

significant interaction of the two factors for the passive and mechanical moving

robot, p> 0.3 but a significant main effect of ROBOT CONDITION, F(1,8)¼ 8.6,

p< 0.05. In sum the patterns of results for movement amplitude suggest that in

comparison to the passive control condition biological robot movements cause a

Fig. 4 Shoulder position

(posture) as a function of

MOVEMENT DIRECTION

(backward, forward) and

ROBOT CONDITION

(biological, mechanical,

passive)
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larger distance in backward movements whereas the mechanical condition causes a

general enhancement of the movement amplitude independently from the direction

of the hand movements.

6 Discussion

In the near future, robots and humans will interact rather closely. Thus, the robot’s

workspace will overlap with the human’s personal space. The aim of this study was

to asses to what extend human behavior is affected by the different movement

behaviors of an industrial robot. As a theoretical framework we adopted the

approach-avoidance concept from motivation psychology. According to the basic

theoretical assumptions of this framework, movement patterns which are more

forceful towards the robot or decrease the distance between the participant and

robot are rated as approach behavior. Movements, however, whose force direction

is pointing away from the robot or increase the distance between a participant and

the robot, are rated as avoidance behavior. Generally, the pattern of results of this

study can be interpreted as approach-avoidance behavior in response to the differ-

ent robot conditions. The systematic differences in the posture measures between

the active and passive robot conditions suggest that there seems to be a stronger

approach behavior to the active than to the passive robot. More detailed analyzes of

posture suggest that the mechanical robot conditions elicited a stronger approach

behavior than the biological robot condition. In addition the findings for movement

amplitude revealed larger amplitudes away from the robot for the biological robot

Fig. 5 Movement amplitude

as a function of

MOVEMENT DIRECTION

(backward, forward) and

ROBOT CONDITION

(biological, mechanical,

passive)
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condition in comparison to the passive condition. Such a finding may be interpreted

as a stronger avoidance behavior for the biological condition. The findings for both

measures (posture and movement amplitude) suggests that in our study biological

movement patterns of the robot had a less positive valence than mechanical

movements and this finding, however, does not agree with our expectations.

One explanation for this finding may be that the movement patterns of the

biological condition did not agree with the expectations of the participants about

the movement behavior of an industrial robot. A frequent explanation of the

negative rating of an anthropomorphic design is the so called “uncanny valley”.

This concept was first introduced by Mori (1970). He put forth a thought experi-

ment in which a robot became more human-like. It was assumed that there would

first be an increase in its acceptability, however, as it approached a nearly human

state there would be a dramatic decrease in acceptance. The reason for this drop in

acceptance may be that at a certain degree of similarity the robot becomes rather

uncanny for humans and therefore the drop in acceptance was called uncanny

valley. Especially motion may intensify an uncanny situation (Pollick 2010).

Human actions consist of many different sensory cues. If these cues are not

mutually consistent then reconciling the differences among cues in the perception

of humans might lead to a state of unease. There is empirical evidence that the

recognition of affect and emotion from human movement is represented by

dimensions of activity and valence (Pollick et al. 2001). The dimension of activity

is supported by the speed of a movement and the valence dimension (positive or

negative) appears to be related to structural relations among the body parts. The

form and motion of a robot might contain different cues to human activity and these

cues may depend on the movement characteristics of the robot. For example

Hughes et al. (2016) suggested that the inertia on the end-effector was of impor-

tance for a robot movement to be perceived as a rather human-like or an aggressive

machine-like movement. Thus, our aim to enhance the similarity to human-like

movements in the biological robot condition may have failed in some way because

of the non-adequate choice of movement parameters.

In sum, our findings suggest that an active robot affects the movement behavior

of interacting participants. Interestingly, an active robot seems to be more posi-

tively evaluated than a passive robot. Furthermore, our attempt to equip an indus-

trial robot with a human-like movement behavior obviously failed, because the

implicit rating responses of our participants suggest that the biological behavior

was rated less positively than the mechanical robot-like movement behavior. This

issue will be addressed in future studies. In general, however, more research is

needed to replicate, clarify, and extend our results. For example, it needs to be seen

if only the movements towards or away from the robot are affected or if the

movement behavior is more generally affected. Therefore, in our current research

we evaluate not only for- and backwards movements but also lateral movements.

Furthermore, as the theoretical concept of Miller (1959) suggests, the distance

between robot and human will have a considerable impact on the approach-

avoidance behavior. Therefore, the distance will be systematically varied in future

studies. Additionally, we will take into account individual differences analogous to
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the research of Puca and colleagues (2006). The consideration of the personal

dimension may be useful to better adapt human-robot interaction to the individual

needs and preferences.

In conclusion, the Industry 4.0 paradigm suggests that in the near future, robots

and humans will work hand in hand and for this collaborative interaction it is

mandatory that the robot’s workspace will overlap with the human’s personal

space. Approach and avoidance behavior may be a useful implicit measure of the

affective quality of human- robot interaction (e.g. in addition to questionnaires) by

either assessing whether human workers rate the robot’s interaction or the social

relation between them rather positive or negative. Furthermore, this method in

general may be relevant for the study of social robotics. Analogously to concepts of

social psychology (Kennedy et al. 2009) it may be possible to estimate to what

extent spatial violations of the personal space of the human collaborators affect

their behavior during the interaction with robots.
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Joint Angle Depending Representation
of Maximum Forces in Digital Human
Models: Investigating Multivariate
Joint-Torque Polynomials for Elbow
Flexion and Elbow Extension

André Kaiser, Michael Spitzhirn, and Angelika C. Bullinger

Abstract

Joint angle-dependent calculations of human action forces constitute a signifi-

cant advantage of digital human models, but further knowledge of maximum

allowable joint torques has to be acquired. This paper describes a method to

calculate polynomials (functions) for maximum torque of elbow flexion and

extension that depend on various joints of elbow and shoulder to increase the

quality of prediction.

First, the anatomical influences are described to explain which joint angles

affect the determination of elbow flexion torques and elbow extension torques.

Following, the used experimental design with 948 measurements and the proce-

dure to conduct the polynomials is shown in detail. Here, different ways to

determine polynomials are investigated. The results are polynomials for elbow

flexion and extension torques which depend on the elbow-flexion angle (EF), the

elbow-rotation angle (ER), the shoulder-flexion angle (SF), the shoulder-

abduction angle (SA) and the shoulder-rotation angle (SR). The polynomials

explain 81.5% of the variance of the measured values for flexion and 76.5% of

the variance for extension, respectively. Overall, the developed model gives an

accurate prediction for maximum flexion and extension torques in regard to the

described joint angles. It can therefore help to improve the quality of ergonomic

planning using digital human models.
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1 Introduction

Force and load analyses are important functions in digital human models (DHM)

(Chaffin 2005; M€uhlstedt and Spanner-Ulmer 2009). Five approaches are widely

used to determine human forces depending on available information (Rohmert et al.

1994; G€unzkofer 2015). Figure 1 shows five different approaches to calculate the

maximum force level.

Firstly, task-related or task-specific forces provides a means to calculate forces.

Here, forces are computed for specific tasks such as turn the crank depending on

task-related influencing factors (DIN 33411-3 1986). Secondly, forces can also be

related to body postures. For that purpose, a specific general posture (such as

standing upright) and the force directions are needed (DIN 33411-5 1999; Wakula

et al. 2009). The third approach calculates the maximum force in relation to the

posture, the force direction and the range. The result can be for example ‘Isodyne’,

stated in DIN 33411-4 (1987). The fourth approach enables the calculation of

maximum force related to the joint angles (Schaefer et al. 1997; Schaefer et al.

2000; Bubb et al. 2006). The fifth method, the muscle approach, is the most

sophistic approach to calculate maximum force, but requires deep and detailed

information about the muscle structure and muscle recruitment. Under this consid-

eration the angle-related approach seems to be an adequate method to achieve

precise data under reasonable effort. According to Engstler (2012) joint angle

related calculations of human forces offer significant advantage compared to

classical load evaluation procedure and can be integrated in DHM easily. That is

because the available information about the joint angles and the force direction in

regard to different human positions and anthropometrics are available for each

timeframe. Using this approach could allow to design workplaces more accurate for

certain people with different anthropometry.

Using the angle-related approach (cp. Sect. 2.1) knowledge about the maximum

torques within the main movement directions (e. g. flexion/extension, supination/

pronation) in regard to joint angles is required. Studies that describe the torque of

the elbow flexion and extension in regard to all joint angles of elbow and shoulder

could not be found.

task related forces:
e.g. DIN 33411-3 (1986)

body posture related forces:
e.g. DIN 33411-5 (1999), Wakula et al. (2009)

forces depending on the point of load in relation
to the body: e.g. isodyne in DIN 33411-4 (1987)

muscles modeling (www.anybody.com)RAMSIS with M-potatos (Bubb et al., 2006)

muscle modeling (Raikova, 1992; Stelzner, 2009),

joint angle related forces: 
e.g. torque- or M-potatos (Schäfer, Rudolph & Schwarz, 2000) 

Fig. 1 Different approaches to compute body forces depending on available information

according to G€unzkofer (2015) and Rohmert et al. (1994)
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Hence, in this article a method to calculate the maximum torque of elbow flexion

and extension in regard to all of these joint angles is described. Here, multivariate

polynomials are calculated by using the independent variables of the degrees of

freedom of the shoulder and elbow. The angle of the shoulder abduction and upper

arm rotation are also included to increase the accuracy of the prediction model.

The article consists of five main sections. Firstly, information about existing

‘joint depending torques’ models with their limitations as well as basic principles to

functional anatomy of muscles and the calculation of joint angles are presented.

Subsequently, the experimental design and measurement procedure as well as the

procedure to conduct the polynomial regressions are described to state the used data

and presumptions for the determination of the polynomial regressions. After this the

polynomial functions are presented and discussed in detail. The article finished with

a summary and a perspective.

2 State of Art

2.1 Ellipse and Ellipsoids for Prediction of Torques

To calculate forces without complex muscle modeling the approach of “Torque or

M-potatoes” by Schaefer et al. (2000) can also be used. Figure 2 shows the

approach using the example of shoulder and elbow torques. In this model the

subsystem elbow has two degrees of freedom with the four main directions flex-

ion/extension and supination/pronation. The possible maximum torques produced

by the muscles between these main directions are predicted by using an ellipse with

different quadrant semi-axes. These semi-axes present mathematical functions of

the maximum torque in the main directions. The shoulder consists of three degrees

of freedom with the six main directions (flexion/extension; adduction/abduction;

internal rotation/external rotation). The maximum forces depending on the main

directions are displayed by an ellipsoid. The shapes of the ellipse and ellipsoid, also

Fig. 2 M-potatoes of the shoulder and the elbow
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known as ‘M-potatoes’, change in relation to the received posture (G€unzkofer
2013). G€unzkofer (2013) validated this approach for the elbow.

Core of the approach aremultivariate polynomials that determine the joint torques

of the main directions depending on various joint angles. G€unzkofer (2013)

computed the flexion and extension force of the forearm by using a polynomial

formula which depends on the elbow flexion angle (EF), the elbow angle of rotation

(ER) and the shoulder flexion angle (SF). Here, 20 test persons were involved in an

experiment and126measurementswere conducted for each person (72measurements

per flexion, 54 measurements per extension). The abduction of the shoulder or the

rotation of the upper arm were not considered in the experiment; notwithstanding an

influence is stated in the literature (Kapanji 2001; Sch€unke et al. 2007).

2.2 Elbow Strength Curves

Elbow strength curves for flexion and extension are investigated in different

studies. Some experiments focus on the difference between eccentric, concentric

and isometric contractions (Doss and Karpovich 1965; Sato and Sakai 1968; Singh

and Karpovich 1968). Other focus on differences between isokinetic and isometric

contractions (Osternig et al. 1977). Many studies show that isometric strength

curves depend on EF (Elkins et al. 1951; Williams and Stutzman 1959; Doss and

Karpovich 1965; Sato and Sakai 1968; Singh and Karpovich 1968; Osternig et al.

1977; Petrofsky and Phillips 1980; Knapik et al. 1983). The EF depending curve is

generally accepted as ascending-descending curve with a maximum around 90� EF,
depending on how EF is described. Others display the differences of the EF

depending curves in different ER positions (Downer 1953; Provins and Salter

1955; Rasch 1955; Jorgensen and Bankov 1971; Kulig et al. 1984). Kapanji

(2001) states that elbow flexion torques are higher in a pronated than in a supinated

position. However, there are no strength curves displayed. Other authors emphasize

that EF depending flexion-curves are higher in neutral and supinated ER position

than in pronated position (Downer 1953; Rasch 1955; Jorgensen and Bankov 1971).

Kulig et al. (1984) and G€unzkofer (2013) summarize most of these studies and

show that only a few studies observe the influence of the shoulder-flexion-angle SF

(Winters and Kleweno 1993; Davidson and Rice 2010; G€unzkofer et al. 2011;

G€unzkofer 2013). G€unzkofer (2013) find out that EF, ER and SF have an influence

on flexion- and extension-torques. Their results show that the effect of SF is

influenced by EF for both flexion and extension. It is also demonstrated that

supinated and neutral ER produce more flexion-torque than a pronated ER. No

study was found that observed the elbow flexion and extension with respect to all

elbow and shoulder angles (EF, ER, SF, SA, and SR).

2.3 Functional Anatomy of Shoulder and Elbow

The shoulder girdle consists of three joints and two accessory joints. The central

joint Art. humeri (Humeroskapularjoint) is a ball and socket type of synovial joint
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formed by the articulation of the proximal head of the humerus and the glenoid

cavity of the scapula. The shoulder is capable of motion in a variety of axes and

layers (Amell 2004; Sch€unke et al. 2007).
The elbow is a hinge type of synovial joint formed by the articulation of the

distal humerus and the proximal ends of the ulna and the radius. The distal

radioulnar joints are formed from the distal aspects of the radius and ulna. The

elbow joint is capable of flexion and extension. On the other side, the radioulnar

joint is capable of the supination and pronation of the forearm (Amell 2004).

The separation of the movements and the torque to special joints is not simple,

therefore the human body can only be approximated in digital human models and

biomechanics (Stelzner 2009). For that reason, M€uhlstedt (2012) recommends the

usage of physiological functional units. Subsequently, the unit elbow consists of the

radioulnar joint and the elbow joint. The unit shoulder includes the whole shoulder

girdle. Figure 3 shows the range of motion of both units in relation to AAOS (1965),

AMA (1993), Kapanji (2001) and Sch€unke et al. (2007).
Ten different muscles are needed to flex or extend the forearm. Following,

muscles with low influence on the movement are presented in italics. Underlined

muscles pass by at least two joints. The following muscles are included in flexion:

m. biceps, m. brachialis, m. brachioradialis, mm. extensores carpi radialis longus
and brevis, m. pronatores teres, m. flexor d. superficial, m. palmaris longus and for

extension: m. triceps and m. anconeus (Sch€unke et al. 2007).
The forearm muscles (flexor and extensor that are underlined and written in

italics) extend from the humerus towards their approaches in hand and fingers

(Sch€unke et al. 2007). This means that a change in hand position also leads to

changes in pre-extension and thus changes forces of the forearm muscles. Because

of their low influence on the respective movements, the hand position as indepen-

dent variable is not considered.

Biceps and triceps, which extend from the scapula to the ulna or radius, have a

major influence on the movements of the forearm (Sch€unke et al. 2007). As a result,
all angles of the shoulder and the elbow change the pre-extension of both muscles.

Therefore, they need to be considered as independent variables.

Fig. 3 Range of motion of shoulder and elbow in relation to AAOS (1965), AMA (1993), Kapanji

(2001) and Sch€unke et al. (2007)
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2.4 Calculation of Joint Angles and Definition of Main Directions
of Movements

In our approach the shoulder and elbow are considered in the force prediction

model. Due to different calculation methods can lead to different joint positions,

which has influence on the polynomials, the mathematical approach to calculate

joint angles has to be determined.

In this study, the coordinates of points are computed by three successive

rotations to the spatial axes (x, y, and z). Each rotation around one of the spatial

axes is done by multiplication with a rotation matrix (Stelzner 2009). Two

approaches, the Bryant-angles (also gimbal angles) and Euler-angles, which differ

in the order of the rotations around each spatial axis, can be distinguished. Bryant-

angles use the order x, y0, z00 while Euler-angles use the sequence z, x0, z00. Matrix

multiplications are not commutative, so that different rotation sequences lead to

varying positions. Both Bryant- and Euler-angles are used in robotics and in DHM

(Stelzner 2009; IfM 2016). It should be noted that there are singularities at different

points in both calculation-methods. Among other things that is a reason why the

rotation sequence is discussed in literature (Senk and Cheze 2006; Hill et al. 2008;

Lempereur et al. 2014). Lempereur et al. (2014) come to the conclusion that a task-

specific sequence results in increased precision and less problems with the

singularities.

As a result it needs to be defined which sequence should be used as well as the

neutral position of the body parts. As neutral position of the arm, the downwards

directed stretched arm, with the thumb to the front and the flexion-axis of the elbow

directing along the transverse axis is defined. The left side of Fig. 4 illustrates the

neutral position. Figure 4 also shows the rotation sequence for the elbow and the

shoulder movement. The elbow with its two degrees of freedom allows a rotation

first around the xe-axis (elbow-flexion-angle EF) and then around the ze’-axis

(elbow-rotation-angle ER). If this order were vice versa, the rotation of the

ze-axis would also rotate the flexion-axis (xe-axis) of the elbow, which would

have the same effect as a rotation of the upper arm.

Fig. 4 Neutral position and rotation sequences
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The right side of Fig. 4 shows the difference between a Bryant-angle sequence

and an Euler-angle sequence for the shoulder. Both sequences end in the same

position but have different rotation angles. Figure 4 also shows which angles are

used to describe the shoulder-flexion-angle (SF), the shoulder-abduction-angle

(SA) and the shoulder-rotation-angle (SR). While every rotation of the Bryant-

angles nearly matches the real movement of a flexion, an abduction or a rotation,

the final position is easier assigned by the Euler-angles. For this reason, Euler-

angles are used to calculate the joint position.

3 Methods

3.1 Experimental Design

The authors use the ‘arbeX’ test stand developed by their research team and tested

in many studies (M€uhlstedt and Spanner-Ulmer 2011; M€uhlstedt 2012; Kaiser et al.
2016) to measure the maximum forces. ‘ArbeX’ consists of a seat and a force

generator. With the force generator, based on the ‘lat pulldown machine’ Body-

Track Hi-Professional BT530, it is possible to measure the effective torque

(M€uhlstedt 2012). When the wire rope hoist is locked, maximum forces can be

measured. A line-force dynamometer and an inclinometer as well as a goniometer

measure the force in the rope and the EF angles. The position of ER, SF, SA and SR

are mechanically arrested (Kaiser et al. 2015). Figure 5 shows the ‘arbeX’ with seat

and power generator, the compensation of the gravitational force and the mechani-

cal arrest of the SF angle. The noraxon myoReasearch software and sensors are

used.

3.2 Measurement Procedure

Three methods are mainly used to measure maximum isometric forces (Kroemer

1977). Using the ramp method (method 1) the subject needs to increase their force

until exhaustion. The momentum method (method 2) instructs the test person to

apply the maximum force instantly. Using the plateau method (method 3) the

subject needs to increase their force within 1 s and hold it for another 4 s. Within

Fig. 5 ArbeX test stand ( from left to right): test stand with seat and power generator (3D Model,

real), gravitational force compensation (3D Model, real), mechanical arresting of the SF angle

(3D Model, real)
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these 4 s an average value over a 3 s interval is defined as the maximum force

(Caldwell et al. 1974; Chaffin 1975; Kroemer 1977; Kumar 2004). However,

different intervals are common in literature. Wakula et al. (2009) used a 1.5 s

period to require maximum forces and Rohmert et al. (1994) used a 2 s interval.

This study uses the plateau method of 4.0 s. Within these 4 s an average value over a

1.5 s interval is defined as the maximum force. This procedure is used because of

the scientific importance of the studies of Wakula et al. (2009).

Gallgher et al. (2004) describe the test-retest variability (TRV) of the plateau

method with 10%. To fulfil the requirement, they recommend that subjects perform

two repetitions. If the two measurement data are not within the 10% range, an

additional trial has to be carried out until the two highest values are within 10%.

Stobbe and Plummer (1984) require an average of 2.43 iterations per test parameter.

Therefore, three repetitions per test variable are subsequently defined for this

experiment.

A rest period is defined as 2 min between each repetitions (Gallgher et al. 2004;

Wakula et al. 2009). Stobbe (1982) shows that such a rest period is adequate to

prevent localized muscle fatigue (Engstler 2012). The maximum number of

repetitions per muscle group is often not mentioned (Kroemer 1977; Rohmert

et al. 1994; Gallgher et al. 2004; Wakula et al. 2009). Therefore, a pretest with

the subject helps to define the number of repetition. After three series of

20 repetitions in one position, it is found that after the 18th repetition the subject

cannot achieve a value within the 10% TRV. 12 repetitions per day and per muscle

group is therefore conservatively defined.

Nine measurement points for the EF (5 positions for flexion, 4 positions for

extension) are defined to determine the polynomials for the flexion and extension.

In each EF position three positions of the ER, three positions of the SF and three

positions of the SA were measured. In result, this leads to 243 measurement points

and additional 81 measurement points in modified SR. This results in 324 test

points, which have to be repeated three times. In sum 972 measurements have to be

conducted to determine the multivariate polynomials for the maximum torques of

elbow extension (432 measurements) and the elbow flexion (540 measurements).

The number of measurement points increases the resolution and possible degree

of the polynomial. It also ensures a more accurate prediction of existing forces.

Figure 6 shows the measurement points.

Kaiser et al. (2015) describes subject characteristics such as age, gender, moti-

vation, fitness or favorite body side and further important factors, which can

influence the test results. Because of this high measuring effort only one test person

is measured in detail. The test subject is a 30 year old male, active in sports, but not

a weight sportsman or an endurance athlete. The right side of the subject is

measured. As a control instance his stress is subjectively measured with the

Borg-scale CR-10 (Borg 1982, 1998). He was not externally motivated.

356 A. Kaiser et al.



3.3 Procedure for Polynomial Regression

M€uller (2006) describes a procedure to conduct a polynomial regression which is

used subsequently. The first step contains in a data correction. After this, the

polynomial regression has to be done, followed by a residual analysis.

There are different ways to determine the maximum forces from the three

repetitions of each measurement point. Gallgher et al. (2004) according to Caldwell

et al. (1974) and Chaffin (1975) suggest that the two highest iterations, which are

within 10% TRV, should be used (method 1). Rohmert et al. (1994) use the average

of all three repetitions (method 2). Further scopes are the use of the average of the

two highest values within 10% TRV (method 3) or the use of all repetitions which

are arranged within 10% TRV (method 4). Figure 7 illustrates the four approaches

with the chosen measuring repetitions. P1 to P4 are separate measuring points; each

with three iterations.

For the polynomial regression different strategies can be used to compute the

regression. Possible ways are the forward selection, where additional variables are

added; or the backward elimination, where single variables are removed. The

results are assessed with the mentioned quality criteria (SD, R2, adj. R2, pred. R2)

and verified by a graphical analysis (M€uller 2006).
The backward elimination of variables is used. Here, the polynomial with the

highest possible degree is defined. Engstler (2012) for example uses for the

calculation of the flexion and extension formula a square function for EF and

SF. G€unzkofer (2013) deploys a square exponent for EF and ER and a linear

component for SF. In general, strength curves are divided into ascending,

descending and ascending-descending curves (Kulig et al. 1984). Hence

polynomials of first or second degree are integrated. Cubed or higher degree can

also be used if the curves have only one local maximum within the range of motion.

Fig. 6 Overview of the measurement points
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Because of the measured points for ER, SF, SA and SR only square functions are

allowed. For EF a cubic function term can be deployed because only one local

maximum within the range of motion is stated by the graphical analysis.

4 Results

4.1 Measurement Results

948 measurements (516 for elbow flexion and 432 for elbow extension) are done.

24 measurement points could not be measured due to sense of pain. A TRV between

4.70% (flexion repetition two and three) and 7.56% (extension repetition one and

three) is obtained. Figure 8 shows the aggregated results of the measurements.

Each boxplot contains all values with the shown angle. For example the first

boxplot on the left-hand side of the elbow flexion includes all values with EF

matching 0�. Because no measuring point with EF equal to 0� is measured for the

elbow extension, there is no boxplot on the left-hand side for the extension. As it is

seen in the graphical overview, the EF has a major influence on the torque values.

An angle of 135� in SF seems to result in lower torque values, especially in elbow

flexion, compared to other SF angles. These aggregated boxplots do not show the

influence between the different angles. Therefore, a polynomial regression is

conducted.

The method for the data correction is selected using a first polynomial regression

(cp. Fig. 9 using F1 and E1). Here, the following fourmethods are compared due to the

quality criteria: the standard deviation (SD), the coefficient of determination (R2), the

adjusted R2 (adj. R2) as well as the predicted R2 (pred. R2).

Method 1 (Caldwell et al. 1974), achieves the highest result for R2 for extension

torque (flexion: SD 5.954, R2 0.817, adj. R2 0.791, pred. R2 0; extension: SD 7.424,

R2 0.776, adj. R2 0.737, pred. R2 0.686). Method 2 (Rohmert et al. 1994) leads to

lower standard deviation (SD) compared to the first method, but has higher SD than

method 3 (flexion: SD 5.712, R2 0.812, adj. R2 0.804, pred. R2 0.796; extension: SD

7.313, R2 0.747, adj. R2 0.734, pred. R2 0.68). With method 3, using the average of

the highest two repetitions within a 10% TRV, the best R2 for the flexion torque can

be gained (flexion: SD 5.664, R2 0.822, adj. R2 0.806, pred. R2 0.797; extension: SD

Fig. 7 Four approaches to determine the maximum force from three repetitions
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7.09, R2 0.768, adj. R2 0.75, pred. R2 0.734). Using method 4, where the average of

all values is within a 10% TRV, the lowest SD, the highest adj. R2 and the highest

pred. R2 for flexion and extension can be created (flexion: SD 5.59, R2 0.816, adj. R2

0.808, pred. R2 0.805; extension: SD 6.885, R2 0.765, adj. R2 0.752, pred. R2 0.739).

Subsequently, method 4 is used for the data correction in the model.

In using this approach, 15 maximum values and 15 minimum values from

432 measurements are excluded from the iteration for the extension movement.

No measuring point is completely deleted. For the flexion movement, 5 maximum

and 16 minimum values from 516 measurements are eliminated. No measuring

variables are deleted.

Fig. 8 Boxplots of the measured values

Fig. 9 Backward elimination of the polynomial variables
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4.2 Derived Polynomial Regression

Figure 9 shows the different polynomials with the used quality criteria and the

backward eliminated variables. The polynomials are shown in a shorted way. The

‘A’ stands for the variables EF, ‘B’ for the variable ER, ‘C’ for the variable SF, ‘D’

for the variable SA and ‘E’ for the variable SR. In conclusion the expression ‘AA’

stands for EF times 2. All shown polynomials achieve for the F-Test an overall

p value lower than 0.05.

The numbers ‘F1’ to ‘F9’ show the backwards elimination process for the elbow

flexion polynomials and ‘E1’ to ‘E6’ for extension polynomials. The variables with

the highest p value respectively lowest F-value are eliminated and therefore are not

part of the polynomial in the next row. If no variables are eliminated, no variable

will have a p value higher than 0.05. Because the polynomials are used for

maximum torque prediction, the pred. R2 has to be maximized and the SD has to

be minimized.

In result, Fig. 9 shows the selected polynomials in an orange labeling. For the

prediction of the torque value the formula ‘F9’ has the second lowest SD and the

second highest pred. R2. In addition each variable has a significant effect (p< 0.05)

in ‘F9’. E4 for extension has the highest pred. R2 with the lowest SD, but one

variable (AD) has a p-value greater than 0.05. An elimination of AD would result in

a lower pred. R2 and a higher SD. That is why F9 and E4 are chosen to predict the

maximum torque of flexion and extension. In contrast to F9 and E4, polynomials

without SA and SR describe only 69.5% of the variance of the measured values for

flexion (SD= 7.094 [Nm], R2 = 0.695, adj. R2 = 0.691, pred. R2 = 0.684) and 61.2%

of the variance of the measured values for extension (SD= 8.689 [Nm], R2 = 0.612,

adj. R2 = 0.604, pred. R2 = 0.595). As a result the torque of the elbow flexion (TEF)

is calculated in [Nm] with the variables EF, ER, SF, SA and SR in [�] by using the

following formula:

TEF EF;ER; SF; SA; SRð Þ ¼ 0:21� EFþ 0:443� SF� 0:086� SA

þ 1:635� 10�4 � EF� ERþ 1:103� 10�3

� EF� SAþ 2:13� 10�3 � EF� SR

þ 1:866� 10�3 � SF� SA� 8:932� 10�4

� SA� SRþ 7:812� 10�3 � EF2 � 1:652

� 10�4 � ER2 � 3:18� 10�3 � SF2 � 1:403

� 10�3 � SA2 � 7:141� 10�5 � EF3 ðF9Þ
The torque of the elbow extension (TEE) in [Nm] is calculated by the next formula:
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TEE EF;ER; SF; SA; SRð Þ ¼ 2:262� EF� 0:073� ERþ 0:426� SF

þ 0:361� SA� 0:377� SRþ 3:67� 10�4

� EF� ERþ 4:282� 10�4 � EF� SA

þ 2:642� 10�3 � EF� SRþ 4:702� 10�4

� ER� SF� 3:059� 10�4 � ER� SR

� 5:045� 10�4 � ER� SR� 1:302� 10�3

� SA� SR� 0:018� EF2 � 4:439� 10�4

� ER2 � 2:412� 10�3 � SF2 � 4:412

� 10�3 � SA2 � 3:959� 10�3 � SR2 þ 3:195

� 10�5 � EF3 ðE4Þ
Figure 10 shows the 3D-plots for F9 and E4. The black points represent the

measured values and the orange surface points visualize the polynomials. Within

the grey highlighted area the polynomials represent the interpolated values; while

outside the polynomials are extrapolating. Here, the extrapolation leads to

problems. An example can be seen for elbow extension in Fig. 10. When EF is

lower than 30� a value below 0 Nm can be predicted for TEE.

Figure 11 shows results of the residual analysis. The boxplots on the right side

give an overview for the residuals for elbow flexion and extension. The plots next to

the left show the residuals in regard to the EF angle. Especially for elbow flexion the

range of the residuals is higher for EF nearly 0� and 120�. Figure 7 illustrates that

the range of the measurement values around 0� and 120� is not much higher than for

Fig. 10 Graphical representation of F9 and E4
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other EFs. But it has to be considered, that the values for EF 0� and 120� are lower.
Therefore, the residuals where normalized to the polynomials.

The orange boxplots give an overview. Over 50% of all values are within the

10% TRV according to their polynomial values. However, there are values with

more than 75% differences. The plots next to the right show more details. For

flexion the normalized range is high for EF around 0� and around 120�. For
Extension the normalized range is higher for EF 30�.

5 Discussion

The residual analysis demonstrates that the polynomials computation achieves

adequate results for the torques prediction. Over 50% of all measuring values are

within a 10% TRV. According to Gallgher et al. (2004), this would be a normal

variability. The other values spread until more than 75% difference. This accuracy

of the polynomials is influenced by the used joint angles. The residual analysis

shows a higher deviations for joint angle combinations with low torques.

The influence of angle calculation has to be considered. Other methods such as

‘Bryant angles’ lead to results which do not represent the same positions as the

measurement data. However, all discussed methods, even the approach of Euler-

angles, generate singularities. These can lead to different torques according to the

polynomials which can result in discontinuities. For the defined rotation sequence,

singularities exist for positions with SF of 0� respectively for SF of 180�. These
positions are not within the measured range of motion and have therefore to be

extrapolated.

Fig. 11 Residuals and normalized residuals as boxplots and values depending on EF
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As already described the extrapolation leads to probably inaccurate results.

There are different ways to solve such problems. One way consist in the use of

splines which may be increase the accuracy within the range of motion, but do not

allow extrapolation. Another possibility is the adaption of artificial zero points to fix

the problem with zero-crossing within the range of motion. The last solution are

new measurements to extend the range. Until such a solution is defined it is

recommended to use the polynomials within the measured joint angles.

The used way for the data correction is selected due to the first polynomial

regression. A backward elimination is not conducted for each of the four methods.

Therefore, it can be possible that other methods could lead to better results which

has to be tested as a next step.

All used polynomial regressions show an overall p value lower than 0.05. Using

the backward elimination leads to better results in the used quality criteria. In result,

the conducted formula differ from other polynomial functions described by

Engstler (2012) or G€unzkofer (2013). In contrast to Engstler (2012), but similar

to G€unzkofer (2013), ER2 has a significant effect for elbow flexion [F(1,492)¼
6.248, p¼ 0.013]. Compared to G€unzkofer (2013) and Engstler (2012) the polyno-

mial for elbow flexion shows no significant interaction between EF and SF, but a

significance for EF and SA is stated [F(1,492)¼ 35.02, p¼ 0.000]. The polynomial

for the elbow extension shows as against Engstler (2012) and G€unzkofer (2013) that
ER has also a significant effect [F(1,401)¼ 14,814, p¼ 0.000]. The influence of SA

and SR on the force prediction accuracy are proved by comparing the polynomial

regressions with and without both variables SA and SR. The polynomials with SA

and SR describe the variance of the measured values for flexion and for extension

more precise and have a higher prediction accuracy of the polynomials (cp. Sect.

3.3). At this stage, it has to be mentioned that the difference between the various

polynomials could also be a result of the used test subjects. In this experiment only

one person is observed in comparison with 10 in Engstler (2012) and 20 in

G€unzkofer (2013). The characteristics of the test subjects can influence the result

significantly such as stated in Kaiser et al. (2015).

Overall, the computed polynomials show that the integration of the shoulder

angles SA and SR increase the observed accuracy of the torque prediction. It can be

stated that all observed angles influence the maximum torque significant and

therefore have to be integrated in the polynomial regression to achieve a high

accuracy.

6 Summary and Perspective

The authors have described a method to calculate functions (polynomials) for

maximum torque of elbow flexion and extension that depend on the joints of

elbow and shoulder to increase the quality of prediction. In consideration that all

shoulder angles might have influence on the outcome of the measurements, the

polynomials of G€unzkofer (2013) and Engstler (2012), are extended. Thus, the

Research Target of increasing the accuracy of torque prediction has been reached.
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For that purpose, a literature review was conducted to determine the joint angle-

dependent characteristic of the maximum torque based on functional anatomy of

the shoulder and the elbow as well as maximum force strength curves. In addition, a

review of different measuring methods for isometric maximum forces had to be

done to define the experimental design. The measured ranges of motion were

determined by EF 0� until 120�, ER from �90� to 90�, SF from 45� to 135�, SA
from 0� to 90� and SR from �90� to 0�.

For computation of the polynomials 948 measurements for one test subject were

conducted at the arbeX test stand. Here, different ways to determine the maximum

torques values as well as to compute polynomials are discussed.

In result, final polynomials show that all angles of the elbow and the shoulder

have significance influence on the predicted values of the flexion and extension

torques of elbow. The functions describe 81.5% of the variance of the measured

values for the maximum torque of the elbow flexion respectively 76.5% for the

maximum torque of the elbow extension. The aim to improve the accuracy of

torques models could be achieved due to the integration of should angles, because

without SA and SR the functions describe only 69.5% respectively 61.2% of the

variance of the measured values.

To validate the M-Potatoes for the upper arm, the defined polynomials are only

the first step. As next step polynomials for all main movement directions of the

shoulder as well as the supination and pronation of the elbow have to be computed.

The calculation of different percentiles is a main task to extent the described

approach to a broader area of application.
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