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Abstract

Within the concept of Industry 4.0 the expansion of mechatronic products towards smart products is
key. Whereas the discussion about smart products in the context of production is more prominent, the
shift towards the paradigm of smart products also suggests that the current way of product development
needs to be adapted fundamentally. It becomes obvious that besides technological topics like big-data
or IT-infrastructure, the human factor is of major importance for a successful realization of industry 4.0.
Especially new concepts for training and further education for product development are needed to cope
with the emerging challenges. In order to design new educational concepts, instructional goals are key.
Nowadays these goals are described in a competence oriented way. Until now, there are now competence
models available that consider both the specificity of product development as well as the context of
Smart Products. Hence this paper aims at deriving this competence model in a conceptual way.
Therefore, a multistaged approach is conducted that synthesizes competence models for product
development and engineering for industry 4.0 as well as design methodologies in the field.
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1 INTRODUCTION

The significant role of product development for the economic success of an enterprise is undisputed
since developing new products contributes to both innovation and competitiveness. At the same time
product development underlies consistent changes due to new market and customer related requirements
as well as the technological progress. However fundamental changes occur from time to time like the
fourth industrial revolution that is much discussed in politics, industry and research. Within the concept
of Industry 4.0 the expansion of mechatronic products towards smart products is key. Whereas the
discussion about smart products in the context of production is more prominent, the shift towards the
paradigm of smart products also suggests that the current way of product development needs to be
adapted fundamentally. As shown within representative studies, there is a consensus among industry
experts on changing working processes and contents; new development methods, models and tools
(Abramovici and Herzog, 2016; Anderl et al., 2012). Furthermore, many authors claim that these
requirements will even lead to new job roles, comparable to the developments in the field of
mechatronics in the 1990°s (Mdller and Stark, 2014).

It becomes obvious that besides technological topics like big-data or IT-infrastructure, the human factor
is of major importance for a successful realization of industry 4.0. Especially new concepts for training
and further education for product development are needed to cope with the emerging challenges (Zink
and Eigner, 2013; Anderl et al., 2012). Although this issue is repeatedly motivated and highly
recommended by various authors and committees, the scientific discourse on the design of training
concepts for the development of smart products lacks content until now. The systematic planning of
training and teaching concepts is guided by instructional design theories (Edmonds et al., 1994). In
accordance with these theories, instructional goals play a central role. Following a paradigm shift (not
only) in engineering education, instructional goals are described in an output and competence oriented
way nowadays. Thereby the focus is shifting from what graduates learn in higher education towards
what the graduates are able to do within their work requirements. In order to gather and systemize the
required competences for a specific working context, competences are brought together within
competence models. Although there are numerous competence models for product development in
literature, these do not consider the specific characteristics of the development of smart products.
Hence this paper aims at proposing a specific competence model for the development of smart products.
Thereby the competence requirements must be derived in a conceptual way, which is valid due to the
high topicality and the present lack of empirically oriented research (Voigt et al., 2015). The paper is
structured into 4 sections, following the Design Research Methodology (Blessing and Chakrabarti,
2009). Within Section 2 (research clarification) we present the foundations to clarify our understanding
of smart products as well as competences and competence models. Based on this, Section 3 (descriptive
study I) presents the state of the art in design methodologies in the broader context of smart products as
well as competence models in the field of product development and industry 4.0, which is necessary to
finally deduce the preliminary competence model for the development of smart products (Prescriptive
study). The paper ends with a conclusion and an outlook.

2 RESEARCH CLARIFICATION

2.1 Smart products

In the early 1990°s, research about smart products was marked by various disciplines like artificial
intelligence, cognition psychology and ubiquitous computing and focused the ergonomic design of
machine-user-interfaces (Rijsdijk and Hultink, 2007). Within his visionary article, Mark Weiser
described smart products as "[...] richly and invisibly interwoven with sensors, actuators, displays and
computational elements, seamlessly embedded in everyday objects of our lives, connected through a
continuous network." Within the last years, the term "smart product™ was kind of reinvented due to the
current innovations in all fields of Information and Communication Technologies and the discussion
about industry 4.0. Thereby the definition was broadened and numerous terms like intelligent products
or cyber-physical systems are often used synonymously. The international academy for production
engineering (CIRP) follows a hierarchical approach by defining smart products as "[...] cyber-physical
products/systems (CPS) which additionally use internet-based services in order to perform a required
functionality. CPS are defined as ,,intelligent“mechatronic products/systems capable of communicating
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and interacting with other CPS by using different communication channels, i.e. the internet or wireless
lan." (Abramovici, 2014). It becomes obvious that this definition shows a distinction between smart
products and smart services. However, the authors suggest a more economically definition approach,
according to which, a product is a marketable object for the solution of a customer problem and can
contain both material (technical systems) and immaterial (e.g. services or software) elements.
Consequently, the services have to be considered as an integral element of smart products so they should
be regarded as Product-Service Systems' (Abramovici and Herzog, 2016). The degree of service
integration can reach from supporting the product (e.g. spare part management or maintenance services)
to service-oriented business models that support the customer (Baines et al., 2016). Instead of selling
products in a traditional way by transferring its ownership, these business models link the revenue
streams directly to the usage or the performance of a system. Thus, they enable a transfer of risks,
customers normally must cope with on their own. For instance, a provider guaranteeing (and paid for)
the availability of a manufacturing system transfers the financial risks of potential system downtimes
(Meier et al., 2010). Summarizing, the characteristics listed in table 1 illustrate that it is difficult to
strictly separate the certain types of systems mentioned above.

Table 1. Characteristics of Smart Products

Intelligent mechatronic systems (Dumitrescu, 2010)

Adaptability Systems can develop further (within predefined degree) their selves during runtime
Systems can handle unexpected situations. Uncertainties and missing information can
be compensated to a specific degree

Systems realize proactive behavior by anticipating future conditions. Hazards and
risks can be avoided, goals can be reached more quickly and with a higher quality

Robustness

Effectiveness

User-orientation Recognize specific user behavior and optimize their behavior based on historical data
Cyber-Physical Systems (Geisberger and Broy, 2015)
Physical Awareness Sensor fusion, pattern recognition, situation recognition

Autonomous planned acting Multi-criteria situation assessment, artificial intelligence approaches
Cooperation and negotiation | Multi-agent systems
Human machine interface | Intention and plan recognition, user and human modelling
Learning Machine learning and data mining
Evolution Multi-agent systems, self-organizing communication networks
Product-Service Systems (Mdller, 2013)
Product and service integration
Application of (long term) business and operating models
Lifecycle orientation and sustainability
Customer orientation and customer value
Individual character, Complex systems and use conditions
Changing requirements during operation and needs for adaption
Practice characteristics Distributed use (pooling, sharing)

Systems with extreme requirements on availability

Long term business relationships but high risks and costs

Theory characteristics

Furthermore, especially when comparing the characteristics of Product-Service Systems with the
beneficial properties of Intelligent Mechatronic Systems and Cyber-Physical Systems it becomes
obvious that there is potential for synergetic interaction (Lindemann, 2015; Geisberger and Broy,2015).

2.2 Competences and competence models
The discussion about competences is characterized by a high degree of heterogeneity which is already

reflected by the ambiguous meanings when looking it up in a dictionary. Competence means is described
by expertise, skills, capabilities as well as responsibility. Proposed synonyms are talent, ability,

! This assumption is not mandatory the other way around, because not every Product-Service System contains CPS
or intelligent mechatronic systems.
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gualification or gift. This high variety of the concept of competences can be explained by the numerous
disciplines it is scientifically acknowledged by, like human resource and work process management,
strategic management, pedagogic or instructional psychology. Regarding the pedagogical and
instruction psychological scope addressed in this paper, Klauer and Leutner state that competence
means, that a person can master (know how) a specific situation (know what) (Klauer and Leutner,
2012). This refers to the famous Bloom’s taxonomy for instructional goals, which was developed further
by Anderson und Krathwohl later. Thus competences (as instructional goals) are formulated by the
content (knowledge dimension) and a description, what to do with this content (cognitive process
dimension) (Krathwohl, 2002). Klieme and Hartig declare, that the ability to use cognitive potentials in
always new situations is a constitutive attribute of competence. Therefore, competences aim at outlasting
effects (Hartig and Klieme, 2006). A more differentiated approach is proposed by Weinert, who
distinguishes different types of competences. Thus, a person needs as well generic competences for
different kinds of tasks, context-specific competences for specific categories of situations and a
motivational orientation to finally handle the requirements in a specific field of action, for example a
profession like product development. In addition, meta-competences enable on the one hand the
determination of the need and on the other hand the acquisition of new competences itself. Finally, key
competences like mother-tongue or mathematical expertise are relevant for a broad range of situations
(Weinert, 1999). Bergenhenegouwen et al. propose four subdimensions of vocational competence:
knowledge and skills (1), social, organizational and communicative skills (2), values, standards, moral
criteria (3), self-image, motives, effort and enthusiasm (4). Within this competence model, the necessary
knowledge, skills, abilities and personal characteristics are systematized in a hierarchical way
(Bergenhenegouwen et al., 1996). Another widespread competence model is proposed by Erpenbeck
and Rosenstiel. It contains the competence dimensions of professional and methodical competence,
social-communicative competence, personal competence and activity competence with each diverse
subdimensions (Erpenbeck and Rosenstiel, 2007). Although competence models like the one proposed
by Erpenbeck and Rosenstiel, the European Qualification Framework (EQF) or the German catalogue
of competences of the national agency for deployment, enable a definition of competences for a broad
range of professions, they are not appropriate to describe specific competences in a relevant field, due
to their generality. Previously, competence models in the context of smart products and industry 4.0 are
intended to provide dimensions of competences for the domain of engineering in general. Mostly related
to production work more closely, these models do not consider the specific characteristics of the working
system of product development. In contrast, there are competence models proposed in literature that
even though address product development, but are not concretized to the characteristics of smart
products. As shown in figure 1, there is no competence model specified for the development of smart
products so far (dark grey field). In order to derive domain-specific instances, more generic competence
models can be used as a framework (Drechsler, 2016). Based on the generic dimensions, the main
abilities and requirements of the considered vocational environment must be deducted. Thereby the
elicitation of these requirements can be approached in different ways, like literature studies, interviews
with experts, questionnaire survey.

3 COMPETENCES FOR THE DEVELOPMENT OF SMART PRODUCTS

In order to define the competence model for the development of smart products, the subsequent

literature-based descriptive study aims at answering the following research questions:

e  RQ1: Which competence models are suitable to serve as a framework for the specific competence
model for the development of smart products? (Chapter 3.1).

e  RQ2: Which specific competences can be derived from the characteristics of the working system
of the development of smart products? (Chapter 3.2).

3.1 Development of a suitable competence framework

In order to contribute to the first research question (RQL1) a literature study is conducted that approaches
the competence framework in a bilateral way as shown in Figure 1. In the first step, existing competence
models in the domain of product development are analysed regarding their specificity and level of detail
(Chapter 3.1.1). The resulting domain-specific but context-independent competence framework is
juxtaposed with the new requirements and competences anticipated with engineering in the context of
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industry 4.0 in general, to finally highlight the most important sub-dimensions of competences needed
for the development of smart products (Chapter 3.1.2).

Profession in general

Engineering in the context of
industry 4.0 in a concrete
company

Engineering in the context of

Engineering in general Industry 4.0

3.1.2

Product developmentin ;1 | | Product development for -, D opment o Smat

specific Working system (concretization) general

products in a concrete
general smart products company
321 o
e.g. Project manager in Specific job role for the Specific job role for the
] development of smart
product development in development of smart roducts in a concrete
general products p
company
general Context (specificity) specific

Figure 1. Typology of competence models

3.1.1 Competences for the domain of product development

There are various competence models existing in the domain of product development, separately
focusing specific aspect implicitly due to several school of thoughts or historical dependencies. To get
a preferably holistic view, the following analysis is guided by the CDIO? syllabus version 2.0 (Crawley
et al., 2011). This taxonomy for learning outcomes was originally conceived at the Massachusetts
Institute of Technology (MIT) in the late 1990°s. The goal was to create a taxonomy that is rationalized
against the norms of contemporary engineering practice, comprehensive of all known other sources and
peer reviewed by experts in the field. Nowadays more than 100 universities around the world are using
this competence model to derive their engineering programs and curricula. As shown in various studies,
the CDIO syllabus is the most complete and consistent competence model in the field of engineering.
Especially the high degree of detail regarding the context of engineering work (conceiving, designing,
implementing, operating) is seen as beneficial to overcome the lack of convergence between engineering
education and industrial practice (Crawley et al., 2011). In 2011 the syllabus was revised within a review
process (including focus group discussion, document research, surveys, workshops and peer reviews) to
integrate missing skills and to make it more consistent with other standards. Like sown in Figure 2 (on
the left), the resulting CDIO syllabus version 2.0 classifies learning outcomes into four high-level
categories that are further specified within three more levels: Disciplinary knowledge and reasoning (1),
personal and professional attributes (2), interpersonal skills (3) and skills that are specific to the
engineering profession, like conceiving, designing, implementing, operating (4). Furthermore, there is
an optional extension explicitly addressing leadership and entrepreneurship, which are more and more
relevant in engineering work systems. In order to find a suitable competence framework, the CDIO
syllabus version 2.0 is compared to domain-specific competence models. The goal is to determine a
more domain-specific view and find out about the most important competences for product
development. Therefore, a literature research has been conducted. Journal articles, papers and books
were obtained from Springer Link, Web of Knowledge, Google Scholar and Google. The investigation
concentrated on publications that included at least one of the following key words "competence models"”,

"attributes”, "skills", "qualification" in combination (conjunction) with the key words "product
development”, "engineering design" and "product innovation" in English and in German. As shown in

Figure 2, the identified competence models for product development are analysed due to their correlation

with the CDIO syllabus v2.0. Although the CDIO syllabus implicitly identifies a generic set of skills

needed by all engineers, there are more specific sets for different career tracks (Crawley et al., 2011).

Due to the focus of this analysis, the specific skills of system designers (4.3) and device designers (4.4)

are of special interest. Therefore, only these competences are specified towards level three to receive a

2 CDIO is an acronym and stands for Conceiving, Designing, Implementing and Operating, which are the main
activities of hardware, software and process engineering.
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more differentiated view on the one hand and to reduce the complexity of the analysis on the other hand.
Within the analysis, we distinguish between two categories of correlation. A weak correlation (bright
grey) shows that a single CDIO competence is confirmed within the specific competence model. In
contrast, a strong correlation (dark grey) goes beyond that and specifies a CDIO competence in more
detail, e.g. enumerate methods used to consider customer needs within the development process.

methods and tools
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Teamwork

3.2

Communications

3.3

Communication in foreign languages
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implementing, and
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w

Conceiving, systems engineering and
management

Understanding needs and setting goals

Defining function, concept and architecture

System Engineering, Modelling and Interfaces

Development Project Management
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Figure 2. Comparison of competence models for product development

The subsequent evaluation shows two groups of skills sets that are acknowledged specifically by

competence models for product development:

e  Competences considered very frequent: Understanding needs and setting goals, Disciplinary design
(e.g. appropriate techniques, tools and processes), Communications, Attitudes, thoughts and
learning, Analytical reasoning and problem solving, Enterprise and business context, Teamwork.

e  Competences considered often: Defining function, concept and architecture, Development project
management, Design process, Design for sustainability, safety, aesthetics, operability, other
objectives, System thinking, Core Engineering fundamental knowledge, Utilization of knowledge
in design, Entrepreneurship.

3.1.2 Competences for the engineering in the context of industry 4.0

Various studies and scientific publications anticipate changing engineering working systems in the
context of industry 4.0 and describe the resulting competence requirements. Voigt et al. summarize
existing findings of specific competences in the field of Product-Service Systems, arguing that this
engineering working context is representative for industry 4.0. The authors state, that the existing
empirical findings show the central role of anticipatory thinking and combinatorial action in
combination with advanced communicative and coordinative skills (Voigt et al., 2015). Within another,
more engineering specific expert study, the Acatech propose several areas for action for competence
development. While addressing all phases of the engineering lifecycle (e.g. logistics, sales, order
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processing, production, service provision), the industry experts expect organizational changes especially
in the field of product/service development and business model development (Abramovici and Herzog,
2016). The concrete needs for action are gathered in Table 2.

Table 2. Need for action (extract from Abramovici and Herzog, 2016)

Stronger synchronization between discipline-specific engineering processes

Processes . . . -
Coordination between product development, service, production, sales, product operation processes

Simultaneous development of products and business models
Methods Methods for the product and service modelling
Optimize processes with feedback information from the product use phase
Consistent use of knowledge management tools
Tools for semantic analysis of data form product use
Flexible organizational structures
Organization |Stronger cooperation with external partners

Stronger cooperation between all lifecycle phases

Methodical competences for the engineering 4.0
Competences | Establish new job roles for engineering 4.0

Awareness for engineering 4.0

IT-tools

3.2 Analysing the work system "development of smart products”

Due to the topicality, identifying the vocational requirements in the addressed specific environment
(RQ2) cannot be based on sound empirical observations (yellow field in Figure 1) up to now (Voigt et
al., 2015). To answer the second research question, we follow a conceptual approach based on work
system theory, which is helpful to understand a socio-technical system like product development at
whatever level of detail is appropriate (Alter, 2012). On the one hand, specific job roles in the context
of the development of smart products are examined with respect to the related new responsibilities
(Chapter 3.2.1). On the other hand, the existing state of the art in design methodologies in the context
of smart products is analysed. These design methodologies can be seen as an explication of expert
knowledge with regard to the necessary processes and activities (Albers and Meboldt, 2007) in this field
and therefore can be used instead of the missing best practice, normally depicted within interview studies
in order to specify competence models.

3.2.1 New job roles in the context of the development of smart products

As deduced in Chapter 2.1, the development of smart products is accompanied with aspects of intelligent
mechatronic systems, cyber-physical systems as well as product-service systems. Miiller and Stark
propose new job roles related to the development of products and services (Muller and Stark, 2014):

e PSS Project Manager: Consider service-orientation in design reviews, contracting with customer,
customer involvement for need analysis, piloting, system approval, contracting suppliers,
management of requirement exchange, agreement of service levels.

e PSS Architect: Customization of engineering processes, methods and tools, train colleagues,
moderate PSS idea generation, requirements engineering on systems level, documentation of ideas
and concepts, technical project management for downstream development, strategies to approach
service oriented design.

3.2.2 Design Methodologies for the development of smart products

In order to identify the new processes and activities anticipated with the development of smart products,
we conducted an analysis of design methodologies, related to intelligent mechatronic systems, cyber-
physical systems and product-service systems. Furthermore, the scope was broadened towards the
business model design perspective because the scientific discourse suggests a high relevance in the
context of industry 4.0. We follow a research method proposed by Marques et al., who performed a
comparative analysis of PSS design models not only on a process but also on a more detailed activity
level. In order to compare the several process models, the activities were grouped into 12 categories
(strategy, technology and market analysis, project management, stakeholder analysis, requirement
definition, Conceptualization, Financial evaluation, Technical development (product), technical
development (service and software), technical development (integration), environmental analysis and
Launch/implementation) by similarity according to their names and contents. (Marques et al., 2016).
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We adapt this method regarding the fact that we are solely looking for different activities compared to
traditional product development methodologies. To avoid bias, the synthesis of processes and activities
was evaluated and confirmed through a panel of specialists in this research area. The literature research
conducted, focussed on meta-studies and mature research findings. The following sources were selected:
Reference books: Gausemeier et al. 2015, Mousavi and Berger, 2015., Doctoral thesis: Dumitrescu,
2010, Koster, 2015, Mdller and Stark, 2014, Publication in journal: Keating et al., 2008, Conference
paper: Bossemeyer et al., 2014. The synthesis shows that only 4 of the 12 categories include new

activities (extract):

e  Strategy: Risk Management of Business Models, Configuration Management, Analysis of matches
between provider and customer strategy, Definition of value creating lifecycle activities.

e  Stakeholder Analysis: Establish relevant stakeholders and contextual issues, analyse their impact
on systems goals and define possible strategies to manage it, Analysis of customer value creation
and business environment, analyse customers and provider's capabilities, Structure the co creation.

e Requirement definition: Task and context analysis, definition of use cases, anticipation of system
goals, consider flexibility of system goals, ascertaining business model requirements,

e  Conceptualization: Extract factors that influence system goals, Identify the potential for self-
optimization, identify cognitive functions, analyse possible architecture changes, strategies to
modify structure and behaviour, Specification of partner networks, specification of adaption
mechanisms, specification of risk allocation, Spatial allocation of processes and resources,
specification of socio-technical interfaces.

Table 3 finally illustrates the results of the paper. Herein the certain competences are brought together.

Considering the domain specific competences for product development shown on the right, the context

specific dimensions are complemented to obtain a holistic view.

Table 3. Competences for the development of smart products

Product development

Engineering industry 4.0

New Job roles

Design Methodologies

Definition of value creating lifecycle activities

Structure the co-creation

Task and context analysis

Definition of use cases,

Consider flexibility of system goals,

Extract factors that influence system goals

Defining function, concept

Identify the potential for self-optimization,

and architecture

Identify cognitive functions,

Analyse possible architecture changes,

Strategies to modify structure and behaviour,

Specification of partner networks

Specification of risk allocation,

Spatial allocation of processes and resources,

Specification of socio-technical interfaces.

Requirement exchange

Ascertaining business model requirements

Development project
management

Technical project management for
downstream development

Synchronization between discipline
specific engineering processes

Customization of engineering
processes, methods and tools,

Design process

Process optimization with feedback
information

Requirements engineering on
systems level

Design for x

Consider service-orientation in
design reviews

System thinking

Core Engineering
fundamental knowledge

Utilization of knowledge in
design

Use of knowledge management
tools,

Entrepreneurship

Simultaneous development of
products and business models

Contracting with customer

Risk Management of Business Models

contracting suppliers

Understanding needs and

Customer involvement for need
analysis

Establish relevant stakeholders and contextual
issues, analyse their impact on systems goals and
define possible strategies to manage it,

setting goals

Analysis of customer value creation and business
environment

Disciplinary design (e.g.
appropriate techniques,
tools and processes)

Methodical competences for the
engineering 4.0

Strategies to approach service
oriented design

Communications

Attitudes, thoughts and
learning

Analytical reasoning and
problem solving

Anticipatory thinking and
combinatorial action in combination
with advanced communicative and
coordinative skills

Moderate PSS idea generation

Train colleagues

Enterprise and business

Analysis of matches between provider and
customer strategy,

context

Analyse customers and provider's capabilities,

Teamwork
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Using this model, instructional designers can systematically identify instructional goals and design
suitable learning environments.

4 CONCLUSION AND OUTLOOK

This paper presents a conceptual approach to derive a competence model for the development of smart
products. Thereby it makes a valuable contribution for education oriented design research, since there
are no instructional goals or suitable competence models available in the domain of the development of
smart products. Existing contributions are either not specific for product development or the context of
industry 4.0. The next steps of research are concerned to an empiric grounding of the findings within 4
industrial case studies. Furthermore, the findings will be used to develop suitable learning environments
for the development of smart products.
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