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1. Introduction

1.1. Motivation

Manufacturing remains a key wealth generating activity for any
nation. In Europe alone, manufacturing accounts for more than 21%
of the Gross Domestic Product (GDP) [157]. In order to reflect this
importance, the promotion of manufacturing excellence will be a
strategic target in the years to come.

Manufacturing itself faces rapid advances in production related
technologies, tools and techniques. Thus, manufacturing enters a
new era, where blue-collar workers and engineers will need novel
life-long learning schemes to keep up with these advances.
Manufacturing education is regarded as a major driver to build the
required new generations of ‘knowledge employees’ in
manufacturing [168] (Fig. 1).

However, manufacturing teaching and training have neither

disciplinary educational and training background. In fact, tr
tional teaching methods show limited effectiveness in develop
employees’ and students’ competencies for current and fut
manufacturing environments [58]. In addition, the lack of 

skills has been widely recognized by employers [289].
To effectively address the emerging challenges in manufac

ing education and skill demands, the educational paradigm
manufacturing needs to be revised. Modern concepts of train
industrial learning and knowledge transfer schemes are requ
that can contribute to improving the performance of manufac
ing [12,65,168]. These new concepts need to take into account t
(a) manufacturing as a subject cannot be treated efficiently 

classroom alone [65,158,246], and (b) industry can only evo
through the adoption and implementation of new research res
in industrial operation [246].
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A B S T R A C T

Learning factories present a promising environment for education, training and research, especial
manufacturing related areas which are a main driver for wealth creation in any nation. While nume
learning factories have been built in industry and academia in the last decades, a comprehensive scien
overview of the topic is still missing. This paper intends to close this gap by establishing the state of th
of learning factories. The motivations, historic background, and the didactic foundations of lear
factories are outlined. Definitions of the term learning factory and the corresponding morpholog
model are provided. An overview of existing learning factory approaches in industry and academ
provided, showing the broad range of different applications and varying contents. The state of the a
learning factories curricula design and their use to enhance learning and research as well as poten
and limitations are presented. Conclusions and an outlook on further research priorities are offere
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kept pace with the advances in manufacturing technology, nor
with the demands from the labor market. The current practice is
deficient in providing manufacturing employees with a continuous
delivery of engineering competencies and a strong multi-
Fig. 1. Changing competence profiles in manufacturing.* Corresponding author.
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ore specifically, new learning approaches are needed to:

ow training in realistic manufacturing environments,
odernize the learning process and bring it closer to the
dustrial practice,
erage industrial practice through the adoption of new
anufacturing knowledge and technology, and
crease innovation in manufacturing by improving capabilities
 young engineers, e.g. problem solving, creativity and systems
inking capabilities. Talent based innovation is identified as the
mber one driver for manufacturing competitiveness [81].

ollaboration between academia and industry is crucial.
ucing knowledge through research, diffusing knowledge
ugh education as well as using and applying knowledge
ugh innovation (the “knowledge triangle”) is the appropriate
oach [72]. Universities and industrial training facilities are
ronted with the challenge to identify future job profiles and
elated competence requirements, and they have to adapt and
ance their education concepts and methods. Especially,
vative learning environments must be able to react to the
tioned challenges in an interdisciplinary manner. In the last
s, learning factories as close-to-industry environments for
ation and research have proven to be an effective concept
essing these challenges (Fig. 2).

Historic background

n 1994, the National Science Foundation (NSF) in the US
rded a consortium led by Penn State University a grant to
lop a “learning factory”. This is when the term “learning
ry” was first coined and patented. It referred to interdisci-
ary hands-on senior engineering design projects with strong
s and interactions with the industry. A college-wide infra-
cture and a 2000 sqm facility equipped with machines,
erials and tools was established and utilized to support
dreds of industry-sponsored design projects since 1995. The
ram was recognized nationally and received the National
emy of Engineering’s Gordon Prize for Innovation in
neering Education in 2006. This early model of learning
ries emphasizes the hands-on experience gained by applying

wledge learned at the culmination of engineering education to
e real problems in industry and design products to satisfy
tified needs [166,189]. Another less famous, more industry-
sed approach was established in the late 1980s in Germany

referred to the integration of real industrial practice with
manufacturing education and training. At California Polytechni-
que, the teaching factory makes use of state-of-the-art industrial
grade production equipment, computer hardware and software
[23]. It includes (a) a functioning “real” factory hardware
environment, and (b) a production planning and control center
to provide the decision making and communication functions,
which act as an integrated system by utilizing state-of-the-art
communication networks. The activities of the joint academia–
industry initiative “Greenfield Coalition” concentrate on an
application of the teaching factory concept in the Center for
Advanced Technologies [89]. This “Factory as a Campus” environ-
ment combines a precision machining enterprise, producing car
parts for GM, Ford, Daimler-Chrysler and their suppliers, state-of-
the-art educational technology (Distance Learning, Interactive TV,
Online Courses) and time-tested tutoring, mentoring, and lectures.

In the last decade learning factories have been implemented
more and more predominantly in Europe [10,214,314]. Learning
factories were set up in many variations aiming to improve the
learning experience in several areas of application [10]. The
Institute of Production Management, Technology and Machine
Tools (PTW, TU Darmstadt) implemented in 2007 one of the first
facilities of this new wave [8]. Complete value streams of real
products, from raw materials over machining and assembly to
shipment, are mapped. During the last years, several other learning
factories were established with other content-related foci and
physical manifestations. An overview of the broad learning factory
variety is given in Section 3.

Together with the “1st Conference on Learning Factories” in
Darmstadt in 2011 [6] the Initiative on European Learning Factories
was established. The learning factory concept progressed leading
to a joint Europe-wide collaboration. Additionally, in 2014, a
Collaborative Working Group on “Learning factories for future-
oriented research and education in manufacturing” (also short:
CIRP CWG on learning factories) was started within CIRP in order
to:

� organize learning factory related research globally,
� form a joint understanding of terms in the field,
� gather knowledge on the global state-of-the-art of learning
factories,

� strengthen the link between industry and academia in this topic,
and

� provide a comprehensive overview of the basics, the state-of-
the-art as well as the future challenges and research questions in
the field leading to this keynote paper [7].

The great potential of learning and teaching factories contrib-
uted to the steady growth of the community. Fig. 3 shows the
number of yearly indexed documents on Google Scholar for the last
thirty years for the terms “learning factory”/“Lernfabrik”, and
the term “teaching factory” including respective plural forms.

. The learning factory as a model of a real factory—incorporating the three
 of the “knowledge triangle” [11].
Fig. 3. Historical development of learning factory approaches and the number of
indexed documents on Google Scholar regarding learning and teaching factories
[298].
 the “Lernfabrik” (German for “learning factory”) for a
ification program related to Computer Integrated Manufactur-
(CIM) [245]. In the early 2000s, the teaching factory concept
also gained major interest, especially in the US, resulting in a
ber of educational and business pilot activities [23,89]. The
ept of the “teaching factory” has its origins in the medical
nces discipline, and, specifically, in the paradigm of the
ching hospital”, namely, the medical school operating in
llel with a hospital, providing students with real-life experi-

 and training. Drawing the parallel between the medical
ession and manufacturing, the “teaching factory” concept
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Documents using the terms: (a) with a strongly negative
connotation criticizing over-formalized schooling, (b) with regard
to the learning organization, and (c) to a machine learning
approach were excluded from the results.

1.3. Relevance

In the economic context, several studies revealed the positive
relationships between educational quality and individual incomes,
as well as between educational quality and economic growth
[34,126,135], highlighting the fact that the human capital is key to
growth. Each year of schooling has been reported to increase the
long term economic growth by 0.58 percentage points [135]. Fur-
thermore, skills shortages are reported to have a negative effect on
innovation performance [289]. Forecast studies show a consider-
able shift in labor demand: By implying that future jobs will
become even more knowledge- and skill-intensive [61], a larger
number of skilled workers will be required, and even future skill
shortages and gaps for certain job functions are expected [309].

From an educational point of view, learning factories will
contribute substantially to the continuous supply of well-prepared
young manufacturing engineers and to the continuous update and
upgrade of the intellectual capital of the industry’s workforce in
accordance with the challenges discussed previously. Other
advantages of learning factories described in literature are positive
effects on:

� students’ attitude and on culture [30]
� interdisciplinary and soft skills [131,158,183,202,223,312]
� the quality of research, innovation, and technology transfer
[59,104,131,246]

� the public image of the manufacturing industry [10,65].

2. Basic definitions and types of learning and teaching factories

Increasing speed of innovation requires a tremendous enhance-
ment of learning and teaching productivity. Learning factories
contribute to improving the latter by using a learning-centered
approach instead of a traditional, unidirectional teaching-centered
one. This new perception requires discussing principles in the
fields of learning and working, learning goals, learning cycles and
motivational approaches. Current conducive learning approaches
in production technology are presented.

2.1. Definition of learning

“Learning involves acquiring and modifying knowledge, skills,
strategies, beliefs, attitudes, and behaviors. People learn cognitive,
linguistic, motor, and social skills, and these can take many forms”
[264]. Learning is a process that builds on and making connections to
existing knowledge and experiences. Due to learning, changes
implemented in organisms can be seen as relatively permanent
[259]. According to Kirkpatrick, learning is “[ . . . ] knowledge
acquired, skills improved or attitudes changed due to training”
[176]. Learning is classifiedinto plannedformal and mostly incidental
informal learning. In informal learning processes, both implicit and
experience-based learning occur [80]. In the middle of formal and
informal learning, the term non-formal learning is used to describe a

[276]. In this approach, three major learning processes can
identified: classic conditioning (stimuli are associated w
reactions) [227,276], operant conditioning (learning thro
reward and punishment) [276,293], modeling (learning 

observing the actions of others) [32].

2.1.1.2. Cognitivist learning theory. Shortly after the ideas of 

empirical psychological approach to explain learning by behav
emerged, an opposite group was formed that intended to exp
the exact cognitive processes of thinking inside the learner 

lead to a specific behavior [221]. This area has been blanked out
“black box” by behaviorism. The new learning theory is ca
cognitivism. An overview of the development of the cogni
approach is given by Refs. [73,138,287].

2.1.1.3. Constructivist learning theory. Both, behaviorism and c
nitivism (also referred to as objectivism) base the learn
processes on a learner-external reality which the mind of 

learner is processing. In contrast, in the theory of constructiv
the reality is determined by the individual learner’s experien
[164]. Depending on the context, an objectivist as well a
constructivist view on learning can be beneficial [164] for learn
factories.

2.1.2. Competencies
The competence concept leads to frequent confusion 

misinterpretation [207,271]. Short [271] articulated the follow
normative conceptualizations of competence approaches:

� performance or behavioral approach, that treats competence
specific, job-related, measurable behaviors ignoring underly
attributes,

� generic approach, in which competence includes underly
attributes (knowledge, capability of critical thinking, etc.) an
considered a general attribute neglecting specific applica
contexts, and

� holistic approach, that integrates the above approaches a
therefore, conceptualizes competencies with knowledge, sk
attitudes, performances, etc. in specific professional applica
contexts.

In holistic approaches the terms “competency” and “com
tence”, used in a distinguished manner, see e.g. [258,288], 

significantly influenced by linguistics [64] and psychological [3
approaches. Competencies are context-specific dispositions, w
use of knowledge and skills [108], to take self-organized, crea
actions in open and complex situations [107]. Fig. 4 illustrates
relations between knowledge in a narrow sense, qualification, 

competency [150].
The European Parliament defined knowledge as the “outco

of the assimilation of information through learning. Knowledg
the body of facts, principles, theories and practices that is relate
a field of work or study” [108]. This also includes autonom
reflection on empirical experience or known preliminaries.

Skills are the “ability to apply knowledge and use know-how
complete tasks and solve problems.” Within the Europ
Qualifications Framework, “skills are described as cogni
(involving the use of logical, intuitive and creative thinking
practical (involving manual dexterity and the use of meth
Fig. 4. The relation of knowledge in a narrow sense, skills, qualification, and
competency [150].
great variety of loosely structured learning situations [105].

2.1.1. Learning theories
Depending on the view on the learning process, different

learning theories can be applied as conceptual frameworks. In the
following, the behaviouristic, the cognitivist, and the constructivist
learning theories are presented.

2.1.1.1. Behaviouristic learning theory. The learning psychological
approach of behaviorism assumes that the behavior of people is
affected by consequences and not by internal cognitive processes
materials, tools and instruments)” [108].
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loom et al. [44] also consider the term skills to be closely
ected to the term ability and define abilities and skills as “that
individual can find appropriate information and techniques in
previous experience to bring to bear on new problems and
tions. This requires some analysis or understanding of the

 situation; it requires a background of knowledge or methods
ch can be readily utilized; and it also requires some facility in
erning the appropriate relations between previous experience
the new situation.” They classify skills within the context of a
ning process, across the following levels: [44,65]

servation and replication of actions
sk reproduction from instruction or memory
liable execution independent of help
aptation/integration of expertise to meet requirements
tomated, unconscious management of activity

he link between knowledge, skill, and competence is
trated by the knowledge management related North’s
wledge Stairs (Fig. 5). Competencies can be further divided
 competency classes. Erpenbeck and Rosenstiel [107] distin-
hes four classes of competency:

cio-communicative competencies are the used when working
 groups and describe the capacity to communicative and
operative self-organized action; facets of this class are e.g.
mmunication, cooperation, conflict management, and leader-
ip abilities.
chnical and methodological competencies contain mental and
ysical abilities to self-organized (professional and technical)
oblem solving using expertise and suiting methods; facets of
is class are e.g. expertise application and acquisition as well as
alytic, methodical, and problem solving abilities.
rsonal competencies can be summarized under the ability to
t self-reflexively; examples are reflectivity, adaptability, and
e unfolding of motivation.
tivity and action competencies describe the holistic capacity to
e selection and application of self-organized actions; examples
e abilities to work independently, implement plans, and
rseverance.

. Learning goals, objectives and outcomes
earning goals or learning objectives are typically used to define
ntention of an educational activity [21]. Goals on the one hand
lly define the big intention behind a programme or course,
ctives on the other hand specify those goals in more detail
03]. Learning processes need educational goals [303]. The
ational scientist Bloom differentiates in his taxonomy of
ning goals between

understand and/or be able to demonstrate at the end of a period of
learning” [122]. “Defining the learning outcomes enables both the
teacher and student to see what a student is expected to have
achieved, and what progress he/she made with regard to his/her
qualification goal” [270].

2.2. Forms of work related learning

Dehnbostel [80] distinguishes between three types of work
related learning, (a) the work-connected, (b) the work-bound, and
(c) the work-based learning. In work-connected learning, the
learning and working places and processes are separated but in
close proximity, so that learning does not necessarily occur while
performing a working task. In work-bound learning, the learning
and working places and processes become identical, in that the
work places are expanded by learning opportunities and infra-
structure. This is commonly referred to as learning within the
process of working or learning by doing. Finally, work-based
learning occurs, when the working and learning places are
completely separated and no working or value creation task is
professionally executed, e.g. in learning factories. Work-bound
solutions have the highest potential for combining work and
learning productivity. Table 2 shows different existing and
innovative work related learning approaches.

Fig. 5. North’s knowledge stair [224].

Table 1
Learning goals in the cognitive [24,44], the affective [182], and the psychomotor
domain [78].

Domains and learning goals Description

Cognitive Remember Retrieve relevant knowledge from long-term memory
Understand Construct meaning from instructional messages,

including oral, written, and graphic communication
Apply Carry out or use a procedure in a given situation
Analyze Break material into its constituent parts and determine

how the parts relate to one another and to an overall
structure or purpose

Evaluate Make judgments based on criteria and standards
Create Put elements together to form a coherent or functional

whole; reorganize elements into a new pattern or
structure

Affective Receiving Being aware of or attending to something in the
environment

Responding Showing some new behaviour as a result of experience
Valuing Showing some definite involvement or commitment
Organization Integrating a new value into one's general set of values,

giving it some ranking among one's general priorities
Characterization Acting consistently with the new value

Psycho-
motor

Observing Active mental attending of a physical event
Imitating Attempted copying of a physical behaviour
Practicing Trying a specific physical activity over and over
Adapting Fine-tuning. Making minor adjustments in the physical

activity in order to perfect it

Table 2
Work related competency development approaches [18].

Work-based learning Work-connected
learning

Work-bound learning

Established
approaches

� Training workshops
� Training centers
� Practice firms
� Learning factory
� Self-learning
programs

� Quality circle
� Workshop circle
� Learning station

� Training station
� Guiding text method
� Instruction
� Informal learning by
doing in a real work
process

Innovative
approaches
(exemplary)

� Location-independent
(remote) learning
factories using ICT
equipment and

� Process-oriented,
virtual learning
stations for demand
based methodical

� Ad-hoc skills
development during
the work process
� Learning tools
blended learning
� Virtual learning
factories with
dynamic adaptation
to target group needs
� . . .

support
� . . .

(e.g.exoskeleton)
� . . .
gnitive (recall or recognition of knowledge) [44,24],
ective (interest, attitudes, values, the development of appre-
tions and adequate adjustment) [182],
d psychomotor (neuro-muscular coordination) [78] domains.

hey are further detailed in Table 1. Learning outcomes further
ify the learning objectives by defining measurable, observable
viors [33]. Learning outcomes can have subject-, teacher-, and
ner-related facets [93]. Gosling and Moon define the learning
ome as “a statement of what a learner is expected to know,
2.2.1. Experiential learning
Kolb defines learning as follows: “learning is the process

whereby knowledge is created through the transformation of
experience” [181]. The experiential learning concept based on this
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understanding can be carried out without a teacher and relies on
the meaning-making process of the learner’s experience. It refers
to a learning process in which knowledge is gained through the
inherent transformation through the stages of: (a) a concrete
experience, (b) observation and reflection, e.g. what is working
or failing, (c) abstract conceptualization, e.g. the understanding of
the cause-effect relationship, the interpreting, analyzing of events
or even first ideas of improvement, and finally (d) active
experimentation, when the learner puts considerations into
practice and can even translate the new understanding into
predictions [181]. Experiential learning methods like project-
based learning, simulations and case studies have been beneficial
in developing cognitive skills for engineering students, especially
when combined with other active learning methods in a single
course [74]. Fig. 6 shows Kolb’s learning cycle.

2.2.2. Active and action-oriented learning
Active learning neglects the passive transmission of informa-

tion and instead focuses on the engagement of learners analyzing,
applying, manipulating and evaluating ideas. Thereby, the
understanding of concepts is promoted, as opposed to the mere
reproduction of information [74]. It “involves students in doing
things and thinking about the things they are doing” as defined by
Bonwell and Eison [50] and is stimulated by methods such as
visual-based instructions, writing, cooperative learning, debates,
role playing, games and peer teaching.

A sub-type of active learning with focus on the learner’s active
integration via own actions is referred to as action-oriented
learning. It aims at improving conceptual knowledge, which
enables the understanding of cause–effect relationships as a
prerequisite for problem solving. The action-oriented learning
process is designed in a way that learners have to deal with
complex problems independently while teachers assume the role
of moderators. The appropriate learning environment is charac-
terized by a high degree of fidelity to the actual working context,
e.g. simulations, role play, virtual reality and learning factories
[58,193]. This form of learning is to be understood in the context of
the activity theory, which postulates conscious learning emerging
from activities and not—as commonly believed—forerunning it
[165].

2.2.3. Games to increase motivation
Educational Games are structured forms of play, designed with

the purposes of facilitating learning, the acquisition of knowledge,
skills, values, beliefs or habits. They can assist the user in
understanding certain subjects or concepts, or support him in

2.3. Morphology and typology of learning factories

Models and approaches in the fieldof learningfactoriespublis
in the analysis of Plorin [233] are divided into the categories:

� use case description [31,41,46,96,109,116,119,153,169,185,186,
223,246,268,281],

� learning module generation [31,102,313],
� competency-based teaching [2,41,45,46,57,153,223,232,260,3
� outcome measurement [57,58,119,130,296,297], and
� structural conception of learning factories [246,280,295,299,3

This section deals with the models which are classified un
the structural conception of learning factories. In recent ye
numerous models have been published to categorize and desc
learning factories [155,246,280,295,314]. They mostly focus
technical aspects and have a rather weak coverage of the didact
dimension. The models essentially use the heuristic approac
morphological analysis to facilitate a feature-based delineatio
learning factories. The morphological analysis [331,332]
especially useful for describing complex systems like learn
factories as it is able to integrate also a large number of relev
features and characteristics and their potential attributes with
compromising its usability [211].

Therefore, a holistic as well as generic description of learn
factories in general is achieved, while a particular, exis
institution can be specified in detail at the same time. 

description model allows a simplified illustration of correlati
between all conceptual options and the actual design of 

specific, analyzed learning factory [299].
A relatively compact morphology for learning factories is sho

by Ref. [295]. It illustrates a variety of typical learning fact
parameters resulting from a survey that was conducted at 

universities that are members of the Initiative on Europ
Learning Factories (IELF).

A description model based on a morphological box, wh
includes three content dimensions: operation model, target gro
metrics and equipment is offered [280]. The model supp
describing framework conditions of a learning factory and 

contains supplemental information that does not prima
concern the actual capability building process. An additio
model from [279] focuses on the description of didactical asp
of learning factories. It also makes use of the morpholog
technique, systemizing the objectives of teaching processes 

the respective learning contents, the design of the learn
scenario and the entire surrounding organizational framewor

The classification tool for learning factories developed
Wagner et al. [314] retrieves dedicated information on 

changeability of learning factories through a decision table. 

able to differentiate between parameters of first and second or
While first-order parameters test if a certain change-enable
valid for a certain learning factory, the second-order param
describes technical realization of this particular change-enab

In general, the different systematization approaches con
various learning factory features or characteristics with differ
attributes. Often the identified characteristics are structured
groups or dimensions depending on their similarity. Table 3 g

Fig. 6. Kolb’s experiential learning cycle [181].

Table 3
Existing morphologies, typologies, and classifications of learning factories.

Focus of morphology/typology/
classification

Groups of
characteristics

Characterist
(Dimensions)

[314] Classification scheme for the changeability
of different learning factories

5 N/A

[295],
[155]

Morphologic description of learning factory
key characteristics

1 11

[280] Detailed description model on learning
factories

3 25

[279] Morphology focusing on didactical aspects
inside LF

6 40

[299] Comprehensive description model for
learning factories based on the dimensions
of the CIRP definition on LF

7 59
learning or improving skills by involving the own actions of the
learner [124].

Learning approaches considering game elements with a serious
purpose behind [84] can be classified in Gamification and Serious
Games. Serious games are defined as games with an “explicit and
carefully thought-out educational purpose” [14]. They “are not
intended to be played primarily for amusement. This does not
mean that serious games are not, or should not be, entertaining”
[90]. “Gamification is the use of game design elements in non-
game contexts” [84]. Serious games and gamification are used in
order to increase the motivation of learners.
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verview of characteristics and groups of characteristics of the
rent approaches. Also the focus of each description model is
ed.
oth, new research results in the context of higher education as

 as emerging technologies, have a continuous impact on
hing methods and training needs, and learning factories are
ncing further accordingly. Therefore, description models for
ning factories need to be evolved or even expanded continually.

 is why the CIRP CWG on Learning Factories together with the
ect Network of Innovative Learning Factories (NIL), mutually
loped and validated a multi-dimensional description model
]. It fulfils three major purposes: [299]

oviding orientation and guidelines in designing and establish-
g a new learning factory,
rving as a tool for delineation of existing ones, and
rking toward a standardization of the learning factory concept.

he description model developed within the CIRP CWG on
ning factories represents an academic consensus on the
ained features and characteristics and is founded on the
nition and the dimensions of learning factories as identified in
. [10] and [3]. It consists of 59 single characteristics and their
ective attributes. The characteristics are clustered into seven
gories: Operating model, purpose and targets, process, setting,
uct, didactics, and metrics. The categories are further
ribed in Fig. 7. In addition, the usefulness of the morphology

was confirmed in several qualitative interviews with industrial and
academic learning factory experts outside the CIRP-community.

Furthermore, the morphology is also used as a basis for the
development of a quality system for learning factories, here inter
alia the requirements of various stakeholders are derived from the
morphological structure, see also Ref. [103].

Furthermore, a web-based application that allows operators of
existing learning factories to present their concept with the help of
the described morphology is established [205]. The platform
serves as an information database for those who try to identify
facilities with specific desired features and thereby enables new
contacts and partnerships for all stakeholders of the learning
factory community (access under: Ref. [194]).

2.4. Definitions and related conclusions

Since the emergence of the first learning factories, a number of
various implicit and explicit definitions were formulated. The early
definitions are largely based on descriptions of single existing
learning factories, in the 2010s a comprehensive scientific
discussion took place.

The first known definition of a learning factory by Ref. [166]
describes a facility for product and process realization that can be
used for academic education. Additional key factors include active
participation of trainees and an agile environment. Abele et al. [13]
base their definition on principally the same assumptions, but
emphasize the need for closeness to reality of all aspects of such a
facility in an authentic simulation. The teaching factory concept of
Chryssolouris et al. [65,68,210] connects the real factory with the
classroom using advanced information and communication
technologies (ICTs) for bi-directional knowledge exchange. The
result of an investigation of more than 25 learning factories,
Wagner et al. [314] fortify the postulation of authenticity and
changeability of the factory environment and claim the suitability
of learning factories for different target groups as well as the
purpose of test and transfer of theoretical knowledge to the industry.
With the intent to identify a methodical approach for developing
action-oriented, competency-based learning factories, the defini-
tion of Tisch et al. [295] focuses on a systematic configuration of the
learning environment. The members of the Initiative on European
learning factories [156] agreed on a comprehensive definition with
regard to realistic processes and the didactical concept. Sihn (2014)
referenced in Ref. [210] differentiates between physical and virtual
settings of learning factories and includes both types in his
definition. Further definitions cover partial aspects (see [183], or
Tracht (2014) referenced in Ref. [210]). Fig. 8 gives an overview on
Fig. 7. Extract of the LF morphology shown in Ref. [299]. Fig. 8. Overview on the scope of existing definitions for learning factories.
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the scope of the various definitions related to the dimensions
developed in chapter 2.3.

Based on this, a comprehensive and generally accepted
definition was agreed within the CIRP CWG [10] and published
in the CIRP Encyclopedia [3]:

“A learning factory in a narrow sense is a learning environment
specified by

� processes that are authentic, include multiple stations, and
comprise technical as well as organizational aspects,

� a setting that is changeable and resembles a real value chain,
� a physical product being manufactured, and
� a didactical concept that comprises formal, informal and non-
formal learning, enabled by own actions of the trainees in an on-
site learning approach.

Depending on the purpose of the learning factory, learning
takes place through teaching, training and/or research. Conse-
quently, learning outcomes may be competency development and/
or innovation. An operating model ensuring the sustained
operation of the learning factory is desirable (Fig. 9).

In a broader sense, learning environments meeting the
definition above but with

� a setting that resembles a virtual instead of a physical value
chain, or

� a service product instead of a physical product, or
� a didactical concept based on remote learning instead of on-site
learning

can also be considered as learning factories.” (see Fig. 10)
In general terms, the primary purpose of learning factories is

“Learning” in a “Factory” environment [314]. While there is broad
consensus that this includes academic education of students or
further education of industrial employees [10], other groups can
also be targeted. Furthermore, learning through the identification
of research gaps, the implementation of research results [267] or
the transfer into a quasi-realistic environment [188,260] need to be
covered as purposes.

The processes within a learning factory should be close to
reality [8,158,295]. As a single machine or a single workplace do
not represent an authentic factory, the processes covered need to
comprise multiple stations [10,294]. A pure technical process (i.e. a
technical demonstrator) is not equivalent to a learning factory.
Organizational aspects need to be included.

A major benefit of learning factories is the possibility of
experiential learning [131,143,189,235]. In order to facilitate this
type of learning, the setting of a learning factory should be
changeable and can be accommodated to the needs of the trainees
[295]. A physical setting [8,166] is accounted a learning factory of
the narrow definition, while a virtual setting (i.e. computer-
simulated, virtual factories) [235,250,274,275] falls under the

broader definition [3]. Similarly, learning factories that make us
a physical product are learning factories in the narrow se
whereas those with service products, see e.g. [132], are attribu
to the broad sense.

Regarding didactics, there needs to be a concept includ
formal and informal learning. A mere facility provided for s
designed learning [180] (i.e. Learning Center [231] or Learn
Space [167]) is not a learning factory. The didactical conc
specifies what is learned by whom and how [10]—or m
generally and comprehensively “Who should learn what, fr
whom, when, with whom, where, how, with what and for wh
purpose” [161] (literal translation according to Ref. [329]). Train
have the freedom to create own implementations thro
individual physical and intellectual activities [58,131]. A learn
factory with physical presence of trainees in the fact
environment versus the use of a remote connection via 

[204,247] distinguishes narrow from broad definition.

3. Overview of existing learning factories

Learning factories have become widespread in recent ye
particularly in Europe, and have taken many forms of facili
varying in size, scope, function, and sophistication aiming
enhance the learning experience of students and industrial train
in one or more areas of manufacturing engineering knowledge

Learning factories are more and more used as test areas
research. Various surveys [10,187,214,295,314] are known to h
documented and introduced fractions of these learning factor
In the following paragraphs several existing learning factories
presented and classified by their thematic core focus.

3.1. Learning factories for production process improvement

Learning factories for production process improvement deal w
lean methods and principles, like value stream analysis and des
just-in-time, line balancing, problem solving or job optimization

PTW at TU Darmstadt started one of the early implementati
of process learning factories (CiP, Center for industrial Product
ty) in 2007 [8]. It consists of nine machine tools and two assem
lines used for training in industrial engineering and in particul

Fig. 10. Learning factories in the narrow and in the broader sense [10].
der
ent,
The
rch
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andFig. 9. Key characteristics of learning factories.
lean manufacturing methodologies (Fig. 11). A pneumatic cylin
is manufactured in a close-to-reality production environm
representing a holistic, multi-stage value stream [211]. 

learning factory also serves as a testbed for revealing resea
gaps and for the implementation of research results [267].

The Learning and Innovation Factory (LIF) for Integra
Production Education at Vienna University of Technology is
interactive, hands-on education and research center of sev
institutes to make methods and tools for production optimiza
comprehensible to students and industry employees [158]. Me
ods of lean management in logistics, in order fulfillment 
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inistration are integrated. As an application-oriented product
t car in 1:24 scale is used.
he activities of the LPS Learning Factory at Ruhr University of
um are characterized by the interfaces between human beings,
nology and organizations. The LPS operates a pilot factory in
h the theoretic concepts developed are implemented and
nology demonstration and transfer to industry are promoted [41].
he learning factory LSP for streamlined products and
uction management, operated by the Institute for Machine
s and Industrial Management (iwb, TU Munich), focuses on

 Production principles [198].
n close cooperation with various companies at a nearby
strial park, the Lean Lab at NTNU in Gjøvik deploys a learning
ry mainly for teaching flow production, line balancing and
kplace design [302].
lthough users of university-based learning factories are
rally not limited to university or college students, and
pany employees are often trained in courses offered using
ning factories located in educational institutes, several
strial companies have established learning factories by
selves, particularly providing the technologies and knowl-

 most relevant to their business.
n example is the Chrysler World Class Manufacturing
emy in Michigan, USA [304] which features both full scale
ical learning factory facilities for experiential learning related
eir required manufacturing competencies as well as support-
n-line learning courses that can be accessed remotely by their
loyees.
n 2012, the BMW learning factory VPS (Value-Oriented
uction System) Center was opened in Munich, Germany, with
ractive learning stations that help to visualize the VPS/LEAN
ciples [146]. The VPS Learning Factory concept is currently
d out globally to each BMW production site.
ompany Kärcher pursues a similar strategy for teaching
ess improvement methods to its employees: The Kärcher
ning Factory was prototyped in 2013 in Germany and has been
rted to all global Kärcher sites, individually adapted to typical
uct(s) manufactured at the given site [291].
he MOVE academy of the automotive, industrial and aerospace
ponents supplier Schäffler disseminates its lean philosophy
g a learning factory with real drilling, deburring, quality
rance, assembly, and logistics processes [36,141].
ogether with academic and industrial partners, the consulting
pany McKinsey & Co. developed a global network of learning

The learning factory for advanced Industrial Engineering (aIE)
at the Institute of Industrial Manufacturing and Management (IFF)
(University of Stuttgart, Germany) is focused on the link between
digital production planning and implementation of the physical
models in the laboratory [154]. This transformable production
platform comprises standardized and mobile plug and play
modules for assembly, coating, inspection, transportation and
storage, and is capable of re-configuration into different layouts. It
was designed and implemented by Festo Didactic and uses a
product with many variants to demonstrate aspects of production
planning and control and order processing [35,87].

A similar integrated learning factory, the first of its kind in North
America, was set up at the Intelligent Manufacturing Systems (IMS)
Center (Windsor, Canada) in 2011 [96]. It includes a modular and
changeable assembly system (iFactory) which consists of robotic
and manual assembly stations, computer vision inspection station,
Automated Storage and Retrieval System (ASRS) and several
material handling modules. It is integrated with a design
innovation studio (iDesign), process and production planning
tools (iPlan), 3D printing facility and dimensional metrology CMM
(Coordinate Measuring Machine) facility. Its structure is similar to
that at University of Stuttgart, but with different foci including: (a)
developing enablers of change in manufacturing, (b) manufactur-
ing systems learning which integrates products design with
systems configuration design and co-evolution of products and
systems development, and (c) products design, customization,
personalization and prototyping (see Fig. 12).

The IFA learning factory at the University of Hannover offers a
wide span of trainings on lean thinking, factory layout planning,
ergonomics, workplace design and production control
[119,268,312]. Additionally, there is a virtual representation of
the learning factory environment in operation for educational
purposes. The IFA as well as other learning factory facilities are also
used as support and enabler in the context of change management
concepts with main focus on the human factor within the work
environment [86,88,241,312].

The “Mini-Factory” at the University of Bolzano was set up in
2012 in order to enhance practice-orientation in engineering
education. A pneumatic cylinder and a camp stove oven serve as
realistic products [203].

At KTH XPRES Lab a digital factory is developed for the purpose
of supporting cross-disciplinary organizational learning and
decision making when designing manufacturing systems [275],
see Fig. 13. The XPRES Lab uses virtual representations of the

Fig. 12. The modular and reconfigurable learning factory at the IMS center,
University of Windsor, Canada [306].

Fig. 11. The learning factory CiP at TU Darmstadt [238].
Fig. 13. The virtual learning factory XPRES at KTH.
ries on several topics [132].
n 2014, Bayer and TU Berlin built up a learning factory for
ess optimization integrating also social topics, e.g. worldwide
icipation in value creation or health and safety in factory
ronments [142].

Learning factories for reconfigurability, production and factory
ut planning

arious learning factories are dealing with reconfigurability
ted to production and factory layout planning.
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physical learning factory. For a more detailed view on digital and
virtual learning factories see also Section 5.2.5.

3.3. Learning factories for energy and resource efficiency

Learning factories for energy and resource efficiency deal,
among other things, with the relation between energy and
resources consumption and the production output in order to
develop and test related optimization strategies and measures,
such as modern metering technologies or KPI monitoring software.

In 2016, PTW at TU Darmstadt opened a greenfield-factory (ETA-
factory), which integrates several interdisciplinary approaches to
reduce the energy consumption as well as the CO2-emissions of
industrial production processes (Fig. 14). Machinery and the
building shell interact with each other. The ETA-factory is used
mainly for research and demonstration, but also for education [4].

iwb at TU Munich has established a learning factory for energy
productivity, involving several machining, hardening and handling
processes of a real industrial product [242].

Ruhr-Universität Bochum also operates a learning factory for
Resource Efficiency [184].

The main focus of the “E3-Factory” at Fraunhofer IWU in
Chemnitz is energy research in car body powertrain production
using realistic processes and data. The environment serves as
teaching and prototyping lab as well as for upscaling and
technology transfer [240,283].

3.4. Applied teaching factory concept

The teaching factory concept is based on the knowledge triangle
notion aiming to seamlessly integrate its three cornerstones:
education, research and innovation [67,204]. In the context of the
KNOW FACT project led by the University of Patras, the teaching
factory concept is implemented as a non-geographically anchored
learning “space”, which is facilitated by advanced digital technol-
ogies and high-grade industrial didactic equipment [68]. It
facilitates the communication and interaction of teams of
engineers and students or researchers, working on real-life
problems and engaging actual facilities at the industrial and
academic sites. On that basis, it operates as a bi-directional
knowledge communication channel bringing the real factory to the
classroom and the academic lab to the factory [246,247] (Fig. 15).

3.5. Learning factories for Industrie 4.0

In recent years more and more learning factories also add
the topics digitization of production, Internet of Things or 

German Industrie 4.0, e.g. see Refs. [106,260,290,317]. Learn
factories in this area are focusing today more on research 

technology transfer than on education and training. Those learn
factories are therefore discussed in detail in Section 6.2 “Use ca
of Research and Innovation factories”.

Industry today experiences massive problems transferring 

implementing the demonstrated Industrie 4.0-ideas [215]. Thu
is consensus in literature that for the future industry requires w
educated personnel that is capable of understanding comp
interdisciplinary connections, adapting, and designing all fa
of cyber-physical production systems, see e.g. Ref. [15,16,
290,317]. Here, learning factories are exceptionally well suite
enable the potential to interdisciplinary thinking and acting
today’s and future manufacturing engineers (regarding inter 

manufacturing, information technology and communica
sciences), see e.g. Ref. [123,237,268,290,317].

3.6. Learning factories related to other topics

3.6.1. Learning factories for sustainability
The learning factory at TU Braunschweig (Die Lernfab

comprises a research lab, an experience lab and an education la
focuses on sustainability in manufacturing, addressing sev
topics [45,145]. Also the joint learning factory of Bayer and
Berlin addresses next to typical lean topics challenges
sustainable manufacturing regarding the economic, the envir
mental, and also the social dimension [142]. In order to develop
right mindset and behavior in this broad field of sustaina
manufacturing, learning factories have to address topics that
located in the so far comparatively less illuminated area of 

social dimension. For the role of manufacturing regarding 

dimension see also Ref. [285]. Additionally, in this matter learn
factories can be enriched by the use of learning condu
artefacts, which convey their functionalities to the user autom
cally. The so-called learnstruments [115] aim at increasing learn
efficiency and expand the awareness for the environmen
economic, and social perspective of sustainability. The concep
learnstruments has been implemented in several use ca
[149,208,217,218,220].

3.6.2. Learning factories for product emergence processes
The learning factory in Vienna focuses on a learning module

students with the goal to experience activities in the prod
emergence process by understanding the life-cycle of a prod
and related processes [158,273].

3.6.3. Learning factories for logistics optimization
With the goal of realistic teaching and research in the logis

area, ESB Reutlingen created a learning factory focusing on vari
logistics concepts [153].

3.6.4. Learning factories for management and organization
The learning factory for management and organization at Ru

Universität Bochum teaches topics of change management 

worker’s participation in an industrial setting [183].

Fig. 14. The learning factory ETA at TU Darmstadt [239].
ed a
ces,
ing

ing
tion
sorsFig. 15. Teaching factory sessions for factory-to-classroom and lab-to-factory

knowledge communication.
3.6.5. Learning factories for business administration
In its Capability Center in Munich, McKinsey & Co. establish

learning factory for business administration. Realistic bank offi
call centers and a mortgage factory including the correspond
administrative processes were created [132].

3.6.6. Learning factories for automation technology
Starting in the 1980s, the company Festo Didactic uses learn

factory concepts in the field of students’ education for automa
basics, PLC-technology, industrial networking or the use of sen
[232].
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he above overview cannot be considered complete. There is a
d variety of learning factory application fields which is
tantly expanding. In order to keep track of the developments, a
base for listing and classifying all existing learning factories

 developed within the CIRP community, see Section 2.3.

earning factories curricula: from target-specific goals to a
ematic operational methodology

Introduction to didactical and methodical basics

idactics (in English the plural form is used to distinguish the
 from the pejorative “didactic”, which has a connotation to
simplified teaching [265]) is the science of teaching and
ning in general [92,329] regarding all forms of learning at all
ls [329]. The term “didactics” has its origin in the Greek
uage (didáskein) and literally means “teaching”. Didactics is
sed on organized forms of teaching–learning processes
]. From a didactic perspective, two crucial fields of action in
hing–learning processes are identified [178,249]:

tentions, goals and contents
ethods and media

idactics in the narrow sense includes the first field of action. The
nd one is referred to as “methodology”. When talking about
ctics in the wide sense, the “methodology” is a sub-discipline of
ctics [249]. Fig. 16 visualizes the terminology of didactics.
raditionally, didactic systems are often understood with the
le framework of the didactic triangle with the interrelated
ers teacher, student, and content, see e.g. Ref. [54,152]. Beyond
, in the field of didactics it is hard to define the international

 of the art since different regional circles of authors can be
tified that hardly refer to each other [174]. As a result, many
oaches and theories were developed completely separately. In
ature two important mainstreams can be identified: [329]

neral didactics, with main influences coming from German-
eaking countries having its roots going back to the ancient
rld. For further elaboration on the history of General Didactics
e e.g. Ref. [26,329].
structional design, which is the American way of instruction
anning and organization going back to the 1920s. For further
boration on the history of Instructional Design, see e.g. Ref.
43,272].

. Approaches and models of general didactics
or the didactics in the narrow sense, Klafki [178] delivered
tantial input to the content-related preparation of teaching

 his “bildungstheoretische Didaktik” (which could be trans-
 according to Ref. [53] to “didactics theory on the education of
cultivated mind”) and later critical-constructive didactics.

� How can the content be structured methodically regarding a
sequence of learning processes?

A second important, more learning-centered, approach
from the General Didactics is given by the so-called “Berliner
Modell” [140], and based on this the “Hamburger Modell”
[262]. Both approaches address didactics in a wide sense. Central
decision fields of the “Berliner Modell” are intention, content,
method, media, as well as their interrelations having the personal
and socio-cultural preconditions and consequences in mind.
For a detailed description of the “Hamburger Modell” see
Ref. [262].

In the 1960s and 1970s the discussion of those models was
influenced by curriculum studies that criticized the state of the art
in General Didactics and in particular the reckless selection of
learning contents [329]. Robinsohn [252,253] criticized primarily
the subject-specific content selection and put in his Curriculum
Theory a multidisciplinary curriculum in the center, which is
oriented to the realities of the learners. Here, a connection between
the General Didactics and international curriculum studies is
established. Today, General Didactics and Curriculum Studies (for
an overview see for example [230]) exist both in separate worlds,
while also efforts to combine General Didactics and Curriculum
Theory can be identified [151].

4.1.2. Approaches and models of instructional design
Strong influences in the rise of Instructional Design (ID) in the

1960s were the behaviorist psychological learning theory [276],
Blooms taxonomy of cognitive learning goals [44], and the
cybernetic systems theory approach [325]. Instructional Design
puts more emphasis on the methodology part with systematic
linear design processes, and addresses the determination of
learning content. As early protagonists in ID Glaser [118]
(introduction of the term), Mager [199] (operationalization in
measurable objectives), and most influential Gagné [113] (ID as a
scientific discipline) can be named.

One well-known approach, which is based on Gagné [113], is
given with the Dick and Carey model for “The Systematic Design of
Instruction” [85]. The model is (one of) the most influential models
of the ID domain [329]. In today’s models of ID the following
general structure of subtask can be identified: “1. Conduct a needs
analysis; 2. Determine if need can be solved by training; 3. Write
learning objectives; 4. Conduct task analyses; 5. Identify the types
of learning outcomes; 6. Assess trainees’ entry skills and
characteristics; 7. Develop test items; 8. Select instructional
strategies for training; 9. Select media formats for the training;
10. Pilot test instruction before completion; and 11. Do follow up
evaluation of training” [329]. “ADDIE” (Analysis, Design, Develop-
ment, Implementation, Evaluation) is often used as an overarching
ID conceptual framework [216,226].

With the general shift from behaviorist theories to cognitive
theories, a shift in the field of ID is also recognized to create
possibilities for reflective thinking using “free learning environ-
ments” [110]. Also the shift to the constructive learning theory in
general led to new ID models, e.g. Ref. [134,163,326]. This last shift
initiated an ongoing controversy between objectivism (behaviour-
ist and cognitive learning theory) and constructivism in ID, see e.g.
Ref. [85,164]. Today, both objectivist and constructivist ID
approaches are in application [329]. One popular approach in

Fig. 16. Terminology of didactics and methodology.
rding to Klafki [178], relevant learning content can be
tified and legitimized following five basic interrelated ques-
s, extended by two additional questions in a newer edition
e related to the methodology [179].

hat is the exemplary relevance of the content?
hat is the current relevance to the learner?
hat is the future relevance for the learner?
w is the content structured thematically?
w can the success of learning processes be verified?
w is content opened up to the learner (accessibility)?
higher education didactics that brings together the constructivist
theory and the outcome-based alignment of learning is the
“Constructive Alignment” concept by Ref. [42,197]. In this concept
the teaching–learning activities as well as the assessment
measures at the end or during teaching courses are aligned to
intended learning outcomes [42,43].

4.2. Process of analyzing and configuring a learning factory

Learning factories are complex systems that contain various
interrelated concepts and elements. In order to provide a holistic
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structure for the learning factory concept in general, three
conceptual levels of learning factories are defined: [294]

� The Macro level “Learning Factory” includes the learning
environment, the learning factory program, and the general
didactic approach

� The Meso level “learning module” includes the teaching-learning
situations and the preparation of the environment for the
specific content

� The Micro level “learning situation” includes specific problems
and tasks used inside a learning module.

Fig. 17 depicts the three conceptual levels of learning factories.
Following this and depending on the addressed design level,
learning factory design approaches address different design
objects, namely: learning environments, learning modules or
learning situations. Depending on the design level and the specific
design objectives addressed, learning factories are seen as Ref.
[294]:

a) an idealized replica of real manufacturing environments
(factory perspective): Several publications describe the learning
factory as a model of a real factory environment, e.g. Ref.
[91,169,234,294],

b) a complex learning environment (learning perspective): Several
approaches design learning factories as a complex learning
environment [9,241,250,294,295]

c) a combination of a) and b)

According to perspective c) learning factories are seen as a
learning environment for and a model of socio-technical systems.
In order to design and configure the entire learning factory
including learning modules, it needs to be designed with its
didactical, social and technological implications in mind [294].

For the learning factory development, several linear, sequential,
and generic approaches were proposed. Reiner [241] describes the
use of learning factory concepts as a part in a lean transformation
and therefore uses a generic three step approach: “Requirements”,
“Development and construction”, “operation and use”. Doch et al.
[91] use similar sequential phases for the development: Require-
ments analysis, conceptualization, design and implementation
(Table 4).

Since competency development is generally seen as a learning

Furthermore, a description of the learning factory design over
three conceptual design levels including several case studies
provided in Ref. [294]. The approach is also used in further c
studies, see e.g. Ref. [9,102,190]. Also another approach based o
reference model consisting of structure, design, integration 

quality assurance models for the realization of learning facto
for factory planning and operation is recognized [233].

Some approaches focusing on (parts of) the second dida
transformation, for example product development for learn
factories is addressed. It is discussed that, in contrast to nor
factories, learning factory products are defined in a way that
overall learning factory objectives are achieved [211,315,316]
general, two ways of finding a suitable Learning Factory prod
are recognized [211,294,315]:

� Industrial products available on the market are chosen (
possibly simplified didactically) with the intention to comp
the learning factory configuration (targets, technical system, e

� Learning factory products are designed individually to com
ment the learning factory configuration.

Fig. 19 compares the traditional product design process (a) w
possible learning factory product design processes (b, c).

Additionally, several approaches dealing with specific des
questions are recognized. Kaluza et al. [169] describe an appro
to design scaled-down learning factory environments. Here, 

Fig. 17. Conceptual design levels of learning factories [294].

Table 4
Overview on LF design approaches.

Approach Design object Focus Description

Reiner [241] LF Training Generic three step appro
Riffelmacher

[250]
Digital and physical
learning
environment

Training Development of a learnin
environment for high vari
assembly systems. No des
approach derived

Tisch et al.
[294,295]

LF, learning modules,
learning situations

Training,
education

Holistic learning factory
design approach on three
conceptual levels

Wagner et al.
[315,316]

LF product Research,
education

Product design for learnin
factories

Doch
et al. [91]

LF Training Generic four step approa

Kaluza
et al.[169]

Scaled-down
learning
environment

Equipment Approach to develop scal
down learning equipmen
for resource efficiency

Plorin
et al. [234]

Adjustment of
learning env.,
learning modules

Training Iterative approach for the
adjustment of learning
environments

Fig. 18. From context-specific requirements to the configuration of the lear
factory [294,295].
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factory key objective [2,13,159,203,241,279,294,295], targeted
competencies crucially influence the design process. In the context
of competency-oriented learning factory design, Tisch et al. [295]
define a holistic approach in two major transformations. The first
transformation consists of the analysis of targeted sectors, goals,
target groups, and the definition of intended competencies and
learning contents, i.e. question of didactics in the narrow sense.
Based on the results of the first transformation step, the second
transformation defines learning media, didactical methods used as
well as value creating processes inside the factory [9,295], i.e. the
methodology. Fig. 18 gives an overview of the two transformations.
focus lies on the exact modeling of the technical system in orde
make sure that the scaled-down setting has the same charac
istics (regarding energy efficiency in this case) as the life-
equipment. Also, it is mentioned that existing approaches focu
the design of learning factories for education and training
procedure for designing research and demonstration factorie
missing [116]. Tvenge et al. [302] see potential in the use
learning factories by opening it to a broader approach like 

modern workplace learning framework [137], which all
learning in a continuous, on demand, autonomous, social, 

on-the-go manner.
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n this context, it is important that decisions on the produced
uct and the mapped processes are interwoven. A decision in
rea of the product always affects the production processes and

 versa. This interdependence can also be visualized with the
raction between factory and product life cycle, see also Ref.
] and Fig. 20.

nhanced learning in learning and teaching factories

use of learning factories is whether differences in the students’ and
practitioners’ learning outcomes can be documented. In order to
start answering this question, intended learning outcomes of
learning factories are defined. The sound measurement of learning
success requires learning objectives based on which results can be
evaluated [245]. The more precisely these objectives are formu-
lated, the more accurate is the assessment of the actual success
[196]. Generally, for individual learning outcomes a distinction is
made between [310]

� Knowledge: Underpinning theory and concepts as well as tacit
knowledge arising through experience of performing specific
tasks are included.

� Skills: Usually describe a level of performance regarding
accuracy and speed in performing specific tasks

� Competence: The terms competence or competency are used
inconsistently in literature [327]. The concept is derived from
psychological [322] and linguistic [64] approaches and describes
the ability to self-organize including motivational aspects [107].

Different levels of learning outcomes are further described in
different cognitive [24,44], affective [182], and psychomotor [78]
learning outcome taxonomies, see also Section 2.1.3.

5.1.2. Factors influencing learning success
Learning success is influenced by two key factors: The first and

most important factor is the learner including the attitude toward
teacher, situation, and content [40]. Second, the learning situation
needs to be linked to the requirements of the learning targets
[236]. This includes factors like the learning environment, the
attitude and behavior of the teacher, the didactic concept [40], or
the structure of the learning situation [100].

5.1.3. Learning success measurement
Learning measurement can be defined as the determination and

the extent of certain traits, characteristics, and behaviors
associated with a learner [206]. Evaluation of personal develop-
ment measures controls the quality as well as the success of the
different phases of the training process and as a result allows the
improvement of quality [278]. The widespread CIPP-Model
appropriately defines four fields for evaluation of programs and
institutions, in the fields: Context, Input, Process, and Product
[284]. This section focuses on the product (or also output) phase of
the training process. For this phase, Kirkpatrick [177] presents a
model that is most observed in practice [277]. In this model, four
levels of learning success are defined: reaction, learning, behavior,
and results. In the context of this paper the focus is on evaluation of
the learning level. In Fig. 21 the learning success evaluation is
classified based on the CIPP and the Kirkpatrick model. Addition-
ally, goals, questions, methods, and indicators of the evaluation are
defined for each level.

Any form of science-based learning success measurement must
meet the three quality criteria validity, objectivity, and reliability
[40]. From a practical point of view, other criteria like economy,
equality of opportunity [100], manageability, transparency [148],
differentiability, or a sensitivity to change [55,70] are also relevant.

5.1.3.1. Measurement techniques and forms of evaluation. Generally,
none of the forms of learning success measurement is fundamen-

9. Comparison of traditional product design process and product design
ss for learning factories [315,316]).

0. The product and factory life cycle as a framework for learning factories
.

Evaluation of learning success

n this section, the state of the art of learning success evaluation
learning factories is described and available measuring
oaches and techniques are discussed. A last section describes

 learning success is measured in learning factories today.

. Learning outcomes and learning success
earning environments and systems are arranged in a way that
r completing the learning process, individual learning out-
es should be noticeable [222,266]. A major issue regarding the
tally superior or inferior to others, but rather better or less suiting
in specific arrangements [229]. In literature, amongst others, the
following systematizations (apart from the Context–Input–
Process–Product Model) of techniques of learning success mea-
surement can be identified: [70]

� Subjective vs. objective evaluation: Subjective evaluation
facilitates a fast and simple way of evaluation, although due to
the strong dependency on the evaluator (and therefore a limited
validity), more and more evaluations are carried out on the basis
of objective measurement criteria [70]. A relatively low
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correlation (.389) between subjective and objective ratings is
recognized [49].

� Open vs. closed evaluation: In open evaluations potential
answers or reactions of learners are not limited (e.g. open
questions). Response options in closed evaluation are inten-
tionally predefined (e.g. multiple choice questions).

� Self vs. external evaluation: In self (or internal) evaluation
learners reflect on the actual learning success, see e.g.
[196]. Potential problems of self-evaluation is discussed by
Harris and Schaubroeck [136]. In external evaluations, other
persons as the learner evaluate learning success.

� Summative vs. formative evaluation: In summative evaluation
only final results are compared with postulated goals (account-
ability). Formative evaluation accompanies learning processes
with evaluations allowing also changes in current learning
activities (improvements) [76].

� Direct vs. indirect evaluation: In indirect evaluation multiple
measurements are conducted (e.g. pre-/post-tests), and the
differential value is seen as an indirect indicator of change. In
contrast, the direct evaluation aims directly at the change, e.g.
with a direct, subjective question to learning progress [70].

� Quantitative vs. qualitative evaluation: Quantitative evaluation
focuses on what is learned, here e.g. questionnaires can be used.
Qualitative description methods aim at a differentiated explora-
tion and understanding of learning and transfer processes.

5.1.4. Practical learning success evaluation
In literature, the forms of assessment are divided into

behavioral, generic, and holistic approaches [121,207].
While competencies are not directly observable [107,127,139],

they are revealed through single performances in specific problem
situations (behavioural approach). Those specific performances are
observable [64,127]. Practical learning success evaluations enable
the rating of those performances in the process of problem
identification or solving [148]. Various such performance-oriented
assessments are used in general, and also in learning factories
[58,129,148,296,297]. In those evaluations, scenarios with complex

In combination, the knowledge- and performance-orien
evaluation of learning success allow a goal-oriented evalua
from two perspectives and, therefore, enables better and m
robust evaluation results (holistic approach) [121,292].

5.1.5. Learning success evaluation in learning factories
In recent years, some evaluations of knowledge-orien

performance-oriented or hybrid knowledge- and performan
oriented learning success evaluations were perform
[58,296,297]. However, many more evaluations are needed
foster scientifically sound results.

In the next years, more large-scale longitudinal and cr
sectional studies should be conducted to investigate the learn
success in learning factories. This way, the large conceptualizat
construction, and operation effort may be justified. This all
wider dissemination and associated enlarged opportunities of
learning factory concept in general.

Apart from the evaluation of learning success, for multidim
sional assessment of the learning factory system a maturity mo
based on the description model containing the learning fact
design levels and dimensions [103,294,299] is currently
development, see Refs. [101,103].

5.2. Digital, virtual, and hybrid learning factories

5.2.1. Digital and virtual learning factories
Due to the trend of the digitization of production facilities 

processes, virtual and digital learning factories earned increa
attention in the context of production education [62,128,1
175,321]. Thus, the spectrum of learning areas in learning facto
is continuously expanding.

Besides a physical learning environment, a learning factory
consist of a digital and virtual environment for providing ad
value for the education of the production of the future. Digital 

virtual learning factories are used for the training in sim
research fields of conventional physical learning factor
Students’ tasks are more focused on planning and simula

Fig. 21. Evaluation possibilities in the training process according to Ref. [297] based on Refs. [22,39,117,177].
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problem situations unknown to the learner are created, and the
learner’s actions (performances) to solve those problems are
evaluated [297]. For the performance evaluation, multiple
observation channels ought to be used [100]. Observation and
evaluation should be separated [229]. Potential problems of
performance evaluations are discussed in [100].

Additionally, in contrast to the behavioral approach, knowledge
elements which are a crucial basis for competencies [107,139,292]
and other underlying traits, such as critical thinking, can be partly
queried. This is known as the general approach [292]. Problems of
the general approach are discussed in Ref. [121].
activities [321], such as factory layout planning, front-load
concurrent engineering, virtual commissioning or human er
nomics evaluation.

A digital learning factory maps all processes, products 

resources of a real learning factory in a digital model. It is
environment integrated by computer and information technol
(IT) as well as data models representing the link between vari
IT-tools.

Virtual learning factories enhance digital learning factorie
providing visual software tools and infrastructure, such as hum
interfaces, to enable the visualization of digital models.
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strial virtual factories, a virtual learning factory incorporates
alization of data, for example through virtual reality or
ented reality technology for the digital simulation of
ations at factory level, mainly used for virtually planning
layout and processes of a learning factory, simulating tasks or
uating alternative designs prior to the start of production
. Virtual solutions enable the verification of all conflict
tions before the real implementation of factories and the
gn of optimized solutions [153].
irtual environments are used with the motivation to incre-
t the quality of teaching [200] and are considered an
ortant strategic mean to enable education in the manufactur-
domain [201]. In literature, various training approaches using
al production environments can be identified [1,60,63,82,
12,120,201,225,318]. Also the use of virtual environments in
bination with physical learning factory approaches is common
,235,250,251].

. Software tools for digital and virtual learning factories
ifferent software tools are available on the market. The
ications are important enablers to create digital factories.
ever, for providing a digital or virtual learning factory, special
hasis has to be given to the didactic concept, which is usually
integral part of the software itself.
ools, such as TaraVRbuilder [286] or VisTable [310] are
rams that allow visualizing, analyzing, and optimizing 3D
al production environments without advanced knowledge in
ramming or CAD. Both tools provide libraries with an
nsive number of objects from buildings, machinery and
tics, logistics systems, etc. VisTable supports static scenario
ning, material flow analysis, optimization of assembly lines
space utilization (Fig. 22). In comparison, TaraVRbuilder
lates processes and enables the creation of dynamic virtual
uction and logistics systems as well as planning for “Industrie

 applications.

Three dimensional (3D) experience [77] by Dassault Systèmes is
a combination of previously separated tools, such as Catia, Delmia,
Simula and Enovia. It aims at the integration of product-, resource-,
layout- and process planning, which allows not only to develop
virtual products but also to build a virtual manufacturing
environment. Additionally, the simulation of different scenarios
can be conducted directly in a virtual factory. Due to the fact that
operating with this tool requires advanced skills in CAD program-
ming, introduction to the application is required.

5.2.3. Fusion and integration of hybrid learning factories
Various characteristics of digital learning factories make them

act as a strong supplement for the physical learning experience
since they provide more flexibility and freedom in experimenting.
Therefore, it is essential that the digital learning factory represents
the real learning factory in all of its relevant processes, activities
and resources. The system can be simplified and modeled for the
purpose of digital simulation. Both physical and digital environ-
ments can support the adaptability and the improvement of the
respective environments [94,219]. If the level of fusion and
integration of the physical, digital and virtual components has
reached a high maturity, the concept of a so-called hybrid learning
factory is realized (Fig. 23). A hybrid learning factory faces the
challenge to bridge different data sources in a robust and reliable
way, to remove media breaks within real and virtual worlds, in
order to create one (seamlessly) merged world.

Another perspective about the collaboration and integration of
physical, digital and virtual learning factories indicates that digital
environments have contributed to the education approach of
learning factories by providing an alternative for building those
factories with real equipment. Thus, educational concepts exist
which exclusively perform in a digital or virtual learning
environment without physical production infrastructure
[132]. Digital factories have a bigger scope without strict
limitations since their experimental field can be extended to a
more holistic view [195]. The simulation of an increased number of
scenarios and turbulences can be provided [250]. The expansion of
value chain related processes, such as the supply chain, can be
executed by computer aided models. Operating with digital
systems offer high analysis speed and the simulation of long-
term, frequented repeated periods without the need of teaching
staff and costs for resetting the plant [323]. Physical learning
factories require pre-defined and limited learning scenarios due to
high investment and operating costs of preparing a production
facility with real machines and equipment limit the setup and
operation. In comparison, building up a digital learning factory
requires investment into IT infrastructure and efforts for its
implementation, i.e. programming and integration.Fig. 22. Exemplary virtual factory; visTable1touch Software [311].
Fig. 23. Physical, digital, and virtual learning factory concepts.
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5.2.4. Use cases of digital and virtual learning factory
At KTH XPRES Lab, a digital factory is developed for the purpose

of supporting cross-disciplinary organizational learning and
decision making when designing manufacturing systems. A new
concept vehicle and the digital factory of its manufacturing system
are part of the lab. It will exemplify how digital models of product,
manufacturing processes and factory are visualized and integrated
to clarify interdependencies and support a holistic decision
making. Digital manufacturing is performed in terms of machining
simulation in the machining section, and flow simulation in the
layout section. In the real XPRES lab, the upright is machined in a 5-
axis machining center. Learning is supported by not only modeling
and visualization, but also by hands-on experience through the
simulation of a what-if scenario of the effects of changes in each
domain and in the whole system [275].

The ESB Logistics Learning Factory (LLF) at Reutlingen
University is a training and innovation instrument to gain
professional action competence in the field of the design and
optimization of cyber-physical production and logistics systems
including the ergonomic evaluation of these systems [153]. The LLF
has a virtual representation identical with the physical learning
factory that was created in Dassault Systèmes’ “3DEXPERIENCE”
software, consistently integrating product, resource and process
design as well as simulation in one platform. The virtual model
serves as a complement to the physical environment and allows
students to test and validate system designs and system changes
virtually before their implementation in reality (Fig. 24).

In the virtual learning factory of McKinsey & Co. participants
from all over the world meet in an authentic 3D virtual factory
[132]. Together they observe the virtual execution of production
processes to detect and discuss optimization possibilities. Through
the so-called “go–see–do” training activity, the concept of
experimental learning is realized. Participants experience the
transformation of suboptimal states to best practice through self-
directed improvement identification and implementation. The
training curriculum, that addresses core lean topics, management
infrastructure, as well as mindset and behavior, guarantees a
consistent, customized implementation.

Festo offers modular production (MPS) and advanced learning
systems to create tailored solutions for universities, vocational
schools and manufacturers. Since these systems are supported by
the virtual platform CIROS VR [69], users benefit from opportu-

nities to plan, simulate and optimize factory components and t
interactions virtually.

6. Enhanced research in learning and teaching factories

Applied sciences like production engineering strive for 

creation of practically utilizable knowledge. Research to
typically emerge from questions coming up in industrial prac
[305]. Fig. 25 shows the interaction of empirical experiences 

theoretical research.
However, any direct interaction of research and industrial d

operations brings hardly controllable risk of interference w
basic factory stability. Furthermore, the complexity and the c
for transferring research results directly to industrial produc
can be considerably high, especially for SMEs that predomina
do not have their own research infrastructure and acade
experts from various research fields. Learning factories can prov
a significant potential for research and for demonstration 

innovation transfer.

6.1. Potentials of an extended learning factory approach

A concept for involving learning factories as research enab
in the research process is presented by Seifermann et al. [267] 

shown in Fig. 26. In this approach it is described how resea
problems can be identified and solutions tested and veri
neutrally with the help of the physical model learning factor
reduced costs and complexity compared to reality.

This research approach can be illustrated with the help of
example of cellular manufacturing activities at the proc
learning factory CiP [267]. From the problem identification 

over the evaluation of general economic application fields 

efficiency evaluation [38,209,212], gains in flexibility [213], 

examination of quality issues caused by multiple clampi
[47,48], to enabling concepts for cellular manufacturing like 

cost automation approaches [266] can be developed, tested 

validated in learning factories. Independently from the gen
research process, learning factory environments are often use
validation environments, see e.g. Ref. [27,28,56,57,172,173,301

Furthermore, today, companies face the challenge of hav
access to latest technologies and related know-how. Learn
factories offer a great potential for demonstration and innova
transfer. Learning factories provide application-oriented inno

Fig. 25. Research process of applied sciences [261] on basis of Ref. [305].
and
olo-

Fig. 24. Real assembly environment and its virtual model of the ESB Logistics
Learning Factory (LLF).
tion and technology platform that enable development 

research until market maturity of products, production techn
Fig. 26. Learning factory as research enabler according to Ref. [267].
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, and production processes as well as the subsequent transfer of
e innovations is facilitated.

Use cases of research and innovation factories

 number of research, innovation and demonstration factories
presented in the following.
he Industry 4.0 Pilot Factory (I40PF) in Austria serves both as a
arch platform and a teaching and training environment with
rd to a human-centered cyber-physical production system for
h-mix and low-volume” (lot-size 1). It is based on the
rning and Innovation Factory for Integrative Production
cation” (LIF) from the Vienna University of Technology. The
F provides access to Industrie 4.0 competencies and equip-
t, such as intelligent assembly technologies, digital assistance
ems with augmented reality technologies on wearable devices
collaborative robotic systems [106].
he learning factory of the Intelligent Manufacturing Systems
) Center at the University of Windsor (Figs.12 and 27) supports
innovative research conducted at the institute and has proven
e an effective test bed for developing and demonstrating new
nologies, tools, methods and advanced research concepts in
ems engineering. Research results are assessed in the learning
ry and demonstrated to academia and industry. Exemplary
arch topics contain: (a) strategies for product variety
agement [97]; (b) types and metrics of manufacturing systems
plexity [98]; (c) co-evolution and co-development of products
their manufacturing systems inspired by biological evolution
; (d) new applications of Max-Plus Algebra in modelling and
lation of manufacturing systems [269]; (e) design synthesis of
ufacturing and assembly systems and optimum system
ularity [20] to identify optimal product and process platforms;
manufacturing systems layout complexity modelling and
rics [95] modular product–multi platform configuration
] to customize product platforms where either assembly
or disassembly to improve responsiveness to changing orders;
(g) assembly systems synthesis and master assembly sequence
ration using knowledge discovery [170].
he Department of Factory Planning and Factory Management
he Chemnitz University of Technology operates the Experi-
tal and Digital Factory (EDF). The facilities provide networked
ratories for innovation, CAD, ergonomics, usability and
etry, as well as a project house. The EDF is used as a research
teaching environment for changeability with regard to
uct, process and resources. A testing environment for
pment manufacturers is included [314].
lso located in Chemnitz, the Fraunhofer IWU uses the “E3-
ory” for research in car body powertrain production with a
s on energy. Prototypes are introduced and tested before being
sferred to the industry [283].
n 1600 sqm, the Demofabrik Aachen features small-scale
uction of marketable products with a high vertical range of

manufacture. This includes sheet metal forming, joining of
automotive body structures and a manual assembly section. The
process chain as well as individual production steps represent
authentic industrial requirements in terms of complexity level and
quality specifications [260]. It is integrated in the Enterprise-
Integration-Center that features additionally an ERP-innovation-
lab, a service-science-innovation-lab and a smart-objects-innova-
tion-lab for digitization, simulation and visualization of complex
production systems.

The research and teaching factory of the Cal Poly State
University includes a functioning real factory, and a production
planning and control center to enable the decision making and
communication functions, which act as an integrated whole, by
utilizing state-of-the-art communication networks. The learning
and manufacturing environment combines a precision machining
enterprise, producing car parts for GM, Ford, Daimler-Chrysler and
their suppliers, state-of-the-art educational technology, such as
distance learning, online courses, and time-tested tutoring,
mentoring and lectures. Industrial projects that take place in the
teaching factory provide students with the integration of learning
experiences into a contextual setting, where emphasis is given to
the competency and effective application [65].

The Advanced Manufacturing Institute (AMI) at Kansas State
University (KSU) operates a full serviceengineering and manufactur-
ing facility, located at an industrial park [29]. The concept involves
students to provide services in designing and developing new
solutions for industrial clients and complement their academic
education with the hands-on real engineering practice. Thus, an
extended teaching factory paradigm has been realized with the aim
to effectively integrate education, research and innovation activities
within a single initiative involving industry and academia [67,300].

A SmartFactory at the Technical University of Kaiserslautern
aims to model the intelligent industrial plant of the future [330]. It
is modifiable and expandable (flexible), it links any number of
components from different suppliers (networked), enables the
independent execution of contextual tasks by components (self-
organizing), and emphasizes the user friendliness of the systems
(user-oriented).

The Process Learning Factory CiP at TU Darmstadt is used for
research in two different ways: (a) research on the topic “learning
factories” [4,5,58,102,294,295,297,299] (b) research on various
topics in the area of Lean Production, i.e. Refs. [17,56,57,130,147,
209,212,213,254–257,266].

7. Conclusion and future research priorities for (inter)national
programs

7.1. Potentials and limits of learning factories

Based on the learning factory morphology (Section 2.3 and Ref.
[299]) the main and secondary purposes of learning factories can
be identified. Especially for the main purposes (education, training,
and research) as well as for the secondary purpose (test/pilot
environment) learning factories offer a high potential. Potentials of
learning factories are derived and discussed in Section 7.1.1. Addi-
tionally, in Section 7.1.2 limiting factors of learning factories are
identified and possible concepts to overcome those limits are
derived.
7. Integrated products and systems design, planning and control demonstrated
e learning factory environment at the IMS center, University of Windsor [94].
7.1.1. Potentials of learning factories
In this section the potentials of learning factories are identified

regarding education and training. Potentials of learning factories
for research and innovation transfer are discussed in Section 6.1.

In didactics, psychological, and learning design literature,
aspects of the methodical modelling of successful learning
processes are discussed intensely, see e.g. constructivist learning
environments [163], situated learning [192], active learning [162],
or problem-based learning [51]. In order to create effective
learning, it is advantageous if learning environments and learning
modules can address these orientation concepts. Fig. 28 gives an
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overview of the most important aspects to enable effective
competency development as well as the extent learning factories
are able to address them.

With regard to formal learning oriented toward work processes,
two learning process approaches are distinguished in general:

� Information assimilation: Where content (e.g. methods, experi-
ences of others) is first theoretically derived/explained and then
afterwards applied and tested [71].

� Experiential learning: Where the application is seen as basis for
theoretical understanding of content [181].

Advantages and disadvantages of learning process types have
been discussed intensively in the literature [71,171,328]. Fig. 29
shows how in production-related education and training both
types of learning processes, i.e. information assimilation and
experiential learning, may profit from integrating the learning
factory concept.

Additionally, the process of learning is often described as a
feedback process [25,111,248,282], in which actions of the learner
alters the surrounding system (real world). As the real world
changes, it gives the learner information about the system,
consequently, with this new information the learner gets a revised
understanding of the surrounding system and the decisions he or
she makes to bring the real world closer to the underlying goals
[282]. Action and cognition cannot be separated from each other
[222], since the understanding leads actions, and actions update
the understanding [52,75,320] as visualized in Fig. 30. In organi-
zational learning literature the direct link between “information

feedback” and “decision” is named “single-loop learning”, 

indirect link from “information feedback” over a change in 

“mental models of the world” is named “double-loop learn
[25].

Having this feedback loop in mind, in the manufactu
domain learning factories can serve as a kind of “virtual world”,
Ref. [282], which provides high quality feedback by experienc
industry-relevant transformation processes and problem sit
tions in advance. In this manner, learning factory concepts exp
the learning feedback cycle. Fig. 31 visualizes the expan
feedback process and shows the benefit of learning factor
having a virtual world installed where the focus can be on learn
and not on the performance of the factory.

Therefore, learning factories can be used to facilitate organ
tional change processes [88]. In a survey with managers in Aus
Switzerland, and Germany the resistance of employees is identi
as the most important reason why change projects 

Fig. 31. Extend the learning loops with the help of learning factories as vi
worlds, according to Ref. [282].

Fig. 32. Learning factories in change management [88].

Fig. 28. Aspects of methodical modelling of successful learning processes and the
possibilities in learning factories [298] based on Refs. [19,50,51,79,114,125,
162,163,192,263].
and
s a

ting
d a
the

day,
 the
gFig. 30. Learning as a feedback process according to Ref. [282].

Fig. 29. The role of learning factories in learning processes [298].
 [144]. Sources for employees’ resistance barriers of will 

barriers of skill/knowledge can be traced [88,244]. Fig. 32 show
learning factory concept to overcome those barriers by abstrac
the problem in the learning factory, qualify, plan, and fin
solution in the learning factory, and as a last step transfer 

solution to the real factory environment [86,88].

7.1.2. Limits of learning factories
For the learning factory concept as it is implemented to

several limitations can be identified. In the following sections
limits of learning factories are systematized in limits regardin
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e resources needed for learning factories
e mapping ability of issues in learning factories
e scalability of learning factory approaches
e mobility of learning factory approaches
e effectiveness of learning factories

.1. Limited resources. The conceptualization, building, and
ation of learning factories are resource intensive tasks. Various
urces from suitable personnel to appropriate equipment,
esponding space, facilities, high quality content and knowl-

 are needed. Any missing resource in building and use of the
ning factory can be a show stopper. Accordingly, for the
ainable operation of learning factories not only a model is
ed that continuously ensures financial, but (just as important)

 human and content/thematic sustainability [299]. Fig. 33
tifies exemplarily the most relevant resources needed over the
ycle of a learning factory.

.2. Limited mapping ability. As a model of the real factory,
ning factories map the setting and the processes of industrial
ronments. In this context a single learning factory is not able to
ide a suitable, general environment for all challenges in
emia and industry. Single learning factories have to focus on
ific topics (content- and object-related mapping ability
es) [11], in this context an approach for the interconnection of
ning factory sites is proposed [319].
urthermore, in theory, learning factories may focus on
lems and challenges on all factory levels, from work place
o a whole factory network, see e.g. Ref. [324]. Especially, on the
factory level “factory network” space- and cost-related
ping ability issues occur obviously. Although, single learning
ry approaches are identified that especially address problems
lobal factory networks [191].
dditionally, the learning factory concept reaches limits when
back cycles based on the actions of participants would take too

 to be completed naturally and there is no possibility of using a
 forward”-like simulation in order to shorten the feedback
e. Of course, those limits depend on the duration of the
ning module. Examples for action fields with long feedback
es are supplier development, product development, mainte-

of the facility is a limiting factor. Often only one class at a time can
take place in learning factories. One approach in this matter is the
e-learning integration in learning factories [190].

7.1.2.4. Limited mobility. Physical learning factories are built at
fixed locations; they are not mobile and only regionally available.
Approaches addressing this limit can be identified, e.g. Ref. [203].

7.1.2.5. Limited effectiveness. Learning factories are built in many
cases with the aim of competence development. Often it is not
checked if learning approaches are effective. In order to achieve
effective learning factories, goals must be considered in the design
as well as in the evaluation phase.

In order to overcome the identified limits of learning factories
the following suggestions are considered helpful [298]:

� Systematic approaches to design LFs of any kind.
� Virtual learning factories that are less resource consuming and
allow a scalability and mobility of the LF approach.

� Concepts using ICT equipment to enable a location independent
operation of the learning factory.

� Methods to measure competence-oriented learning success.
� Network of learning factories to overcome the problem of a
limited scope of single facilities.

7.2. Outlook: challenges and opportunities

In recent years, learning factories have been established in
manufacturing education and research as promising learning and
innovation platforms. This paper provided a scientific overview of
the global state of the art of learning factories in academia and
industry. Considering the novelty of the topic, the paper revealed a
fair and sound maturity level. Still, in the coming years, significant
challenges remain to be faced by the learning factory concept:
Industrial practice, i.e. manufacturing technology, industrial
settings, engineering problems etc., is changing rapidly, the pace
in which production systems evolve has significantly increased
over the last decades, and many new technologies and approaches
have been introduced in operations. The learning factory concept
has to keep pace with these changes in order to be up to date or
even proactively innovative in the years to come.

Moreover, manufacturing technologies vary widely. The paper
showed that dedicated learning factory facilities are in general
limited to certain application domains. Approaches to networked
learning factories combining synergies on different contents and
foci, or the use of ICT-equipment to increase the scale of a learning
factory setting should be explored. Advanced digital technologies
and high-grade industrial didactic equipment might emerge as
supporting opportunities and valuable tools. This could even
potentially facilitate the establishment of non-geographically
anchored learning factories.

Although digital learning factories can be considered as an
effective learning tool, they lack physical interaction and teamwork
qualities that are present in physical learning factories [128]. While
in digital learning factories it is possible to filter external
influencing factors that may be not relevant for learning scenarios,
such as machine noise or air temperature, physical learning
factories provide these authentic experiences and in addition they

3. Required resources over the learning factory lifecycle [298], lifecycle similar
neral product lifecycle according to Ref. [307].
ce plans etc. In those cases, learning factory trainings can be
ted but feedback cycles on the action of learners either need to
imulated or would not be completed (time-related mapping
ity issues). Examples for immediate feedback cycles are
dard lean topics like line balancing, 5S or SMED.

.3. Limited scalability. Compared to other education concepts,
scalability of the learning factory concept is strongly limited.
xample in a lecture, one lecturer may teach without problems
o 500 learners or more. Most learning factory concepts need
to two trainers for up to 15 trainees. Furthermore, the capacity
simulate uncertainties, such as machine failure, tool fracture or
human errors.

In future production scenarios, IT skills are needed to be able to
cope with the modeling of complex processes and the cross-
domain integration of different systems [160]. Academic education
is forced to enable a proper understanding of engineering as well as
computer sciences at the same time. Therefore, in digital learning
factories, students additionally gain knowledge in IT through
working with digital models, using simulation software, manipu-
lating and analyzing data or design interfaces between cyber and
real world.
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7.3. Future research

The opportunities mentioned above result in future research
priorities. Future research work includes the definition of new
business models facilitating education and training through a
learning and teaching factory network. The availability of learning
content and resources is a major limitation in the training delivery
process. The structuring and launch of a learning factory network
may enable an efficient allocation of demand and supply.

Physical, digital and virtual learning factory concepts are
complementary. Since each learning factory type offers individual
advantages, a fusion and integration in a hybrid learning factory
environment is potentially very beneficial. Future research is
required on how physical, digital and virtual learning factories can
collaborate and on how higher and advanced education can be
improved through these hybrid learning factories.

There is also a need to develop learning factories for limited
budget education, utilizing representative but simpler equipment
and software to help widen their use in learning and training. The
gaming methodology can be adopted to develop lower cost yet
effective leaning factories.

Today, learning factories already cover a wide range of
application scenarios. Many of these were created with “the mind
of a good engineer”. In the future, it will be important, that
effective and efficient learning factory configurations can be
identified and developed systematically. To do so, it is fundamental
to be able to measure learning success in a simple but valid way in
order to be able to effectively evaluate learning factory concepts.
Further, large-scale and statistically sound research in the learning
success assessment field is needed.

Regarding the learning processes, innovations are desirable:
learning factories have to enable individual learning paths for
participants. Virtual or media supported and remote trainings can
enhance the scalability of learning factory approaches.

Learning factories should be linked more closely with innova-
tions (new prototypes, product/production technologies, and
production processes). In order to further develop the possibilities
of learning factories the numerous partners should continue to
share their ideas in networks for good learning factory practices
regarding education, training, and research. The first class
expertise in research could be engaged effectively in global
teaching with a joint international CIRP learning factory curricu-
lum for manufacturing education.

References

[1] Abdul-Hadi G, Abulrub AN, Attridge A, Williams MA (2011) Virtual Reality in
Engineering Education: The Future of Creative Learning. IEEE Global Engineer-
ing Education Conference (EDUCON)—Learning Environments and Ecosystems in
Engineering Education 751–757.

[2] Abel M, Czajkowski S, Faatz L, Metternich J, Tenberg R (2013) Kompetenzor-
ientiertes Curriculum für Lernfabriken. Werkstattstechnik online: wt 103
(3):240–245.

[3] Abele E (2016) Learning Factory. CIRP Encyclopedia of Production Engineering, .
[4] Abele E, Bauerdick C, Strobel N, Panten N (2016) ETA Learning Factory: A

holistic Concept for Teaching Energy Efficiency in Production. 6th CIRP-
sponsored Conference on Leanring Factories, Procedia CIRP 54: 83-88.

[5] Abele E, Bechtloff S, Cachay J, Tenberg R (2012) Lernfabriken einer neuen
Generation: Entwicklung einer Systematik zur effizienten Gestaltung von
Lernfabriken. Zeitschrift für wirtschaftlichen Fabrikbetrieb (ZWF) 107(3):147–
151.

[10] Abele E, Metternich J, Tisch M, Chryssolouris G, Sihn W, ElMaragh
Hummel V, Ranz F (2015) Learning Factories for Research, Education,
Training. 5th CIRP-sponsored Conference on Learning Factories, Procedia 

32:1-6.
[11] Abele E, Metternich J, Tisch M, Chryssolouris G, Sihn W, ElMaragh

Hummel V, Ranz F (2015) Learning Factories for Research, Education,
Training. Presentation of the Key Note at the 5th Conference on Lear
Factories, 8 July.

[12] Abele E, Reinhart G (2011) Zukunft der Produktion: Herausforderungen,
schungsfelder, Chancen, Hanser, Munich.

[13] Abele E, Tenberg R, Wennemer J, Cachay J (2010) Kompetenzentwicklun
Lernfabriken für die Produktion. Zeitschrift für wirtschaftlichen Fabrikbe
(ZWF) 105(10):909–913.

[14] Abt CC (1987) Serious Games, University Press of America.
[15] Industrie 4.0: International Benchmark, Options for the Future and Recom

dations for Manufacturing Research, (2016), acatechHNI, Paderborn Univer
WZL, RWTH Aachen University, Paderborn, Aachen.

[16] Kompetenzen für Industrie 4.0. Qualifizierungsbedarfe und Lösungsans
(2016), acatechacatech POSITION. Herbert Utz Verlag, Munich.

[17] Adolph S, Kübler P, Metternich J, Abele E (2016) Overall Commissio
Effectiveness: Systematic Identification of Value-added Shares in Mat
Supply. Procedia CIRP 41:562–567.

[18] Adolph S, Tisch M, Metternich J (2014) Challenges and Approaches to C
petency Development for Future Production. Journal of International Scie
Publications—Educational Alternatives 12:1001–1010.

[19] Aebli H (1994) Denken: das Ordnen des Tuns, 2nd ed. Klett-Cotta, Stuttg
[20] AlGeddawy T, ElMaraghy H (2013) Optimum Granularity of Modular Pro

Design Architecture. CIRP Annals—Manufacturing Technology 62(1):151–
[21] Allan J (1996) Learning Outcomes in Higher Education. Studies in H

Education 21(1):93–108.
[22] Alliger GM, Tamnenbaum SI, Bennett WJR, Traver H, Shotland A (199

Meta-Analysis of the Relations among Training Criteria. Personnel Psycho
50(2):341–358.

[23] Alptekin SE, Pouraghabagher R, McQuaid P, Waldorf D (2001) Teac
Factory, American Society for Engineering Education: 1–8.

[24] A Taxonomy for Learning, Teaching, and Assessing: A Revision of Bloom’s Ta
omy of Educational Objectives, (2001), Anderson LW, Krathwohl DR, Aira
PW, (Eds.) Longman, New York.

[25] Argyris C, Schön DA (1996) Organizational Learning, Addison-Wesley Pub
Reading, Mass.

[26] Arnold K-H (2012) Didactics, Didactic Models and Learning. in Seel NM, 

Encyclopedia of the Sciences of Learning, Springer, New York986–990.
[27] Asmus S (2015) Applying Behavioral Economics to Energy Efficiency in Pro

tion. Dissertation, TU München, Munich.
[28] Asmus S, Karl F, Mohnen A, Reinhart G (2015) The Impact of Goal-Settin

Worker Performance—Empirical Evidence from a Real-Effort Produ
Experiment. 12th Global Conference on Sustainable Manufacturing, Pro
CIRP 26: 127-132.

[29] Azadivar F, Kramer B (2007) Rewards and Challenges of Utilizing Unive
Research/Economic Development Centers for Enhancing Engineering Ed
tion. American Society for Engineering Education 1212471–12124716.

[30] Badurdeen F, Marksberry P, Hall A, Gregory B (2010) Teaching 

Manufacturing With Simulations and Games: A Survey and Future Direct
Simulation & Gaming 41(4):465–486.

[31] Balve P, Albert M (2015) Project-based Learning in Production Engineeri
the Heilbronn Learning Factory. 5th CIRP-sponsored Conference on Lear
Factories, Procedia CIRP 32: 104-108.

[32] Psychological modeling: Conflicting theories, (1974), Bandura A, (Ed.) Lie
Atherton, New York.

[33] Barkley EF, Major CH (2016) Learning Assessment Techniques: A Handboo
College Faculty, Jossey-Bass, A Wiley Brand, San Francisco, CA.

[34] Barro RJ (1996) Determinants of Economic Growth: A Cross-Country Emp
Study, National Bureau of Economic Research, Cambridge, Mass.

[35] Bauernhansl T, Dinkelmann M, Siegert J (2012) Lernfabrik Advanced In
trial Engineering Teil 1: Lernkonzepte und Struktur. Werkstattstechnik on
wt 102(3):80–83.

[36] Beauvais W (2013) Qualification as an Effective Tool to Support the Im
mentation of Lean. in Reinhart G, Schnellbach P, Hilgert C, Frank SL, (Eds
Conference on Learning Factories, 108–117.

[37] Bechtloff S (2011) Cellular Manufacturing—An appropriate Approach
Flexible Powertrain Manufacturing? in Abele E, Schäfer D, (Eds.) 11th Po
train Manufacturing Conference, Future challenges for Powertrain Manufa
ing: Sustainability, Flexibility and Ecomobility, 150–158.

[38] Bechtloff S (2014) Identifikation wirtschaftlicher Einsatzgebiete der Sequ
fertigung in der Bohr- und Fräsbearbeitung von Kleinserien Dissertation, D
stadt, Shaker, Aachen.

[39] Becker FG, Wittke I, Friske V (2017) "Happy Sheets": Empirische Befragung
Bildungsträgern. http://nbn-resolving.de/urn/resolver.pl?urn=urn:
 und

2.0—
ored

igher

t the

y of
New
[6] 1st Conference on Learning Factories, Darmstadt.Abele E, Cachay J, Heb A,
Scheibner S, (Eds.) Institute of Production Management, Technology and Ma-
chine Tools (PTW), PTW, TU Darmstadt, Darmstadt.

[7] Abele E, Chryssolouris G, Sihn W, Seifermann S (2014) CIRP Collaborative
Working Group—Learning Factories for Future Oriented Research and Education
in Manufacturing, CIRP, Paris.

[8] Abele E, Eichhorn N, Kuhn S (2007) Increase of Productivity based on
Capability Building in a Learning Factory. Computer Integrated Manufacturing
and High Speed Machining: 11th International Conference on Production Engi-
neering, Zagreb, 37–41.

[9] Abele E, Metternich J, Tenberg R, Tisch M, Abel M, Hertle C, Ei�ler S, Enke J,
Faatz L (2015) Innovative Lernmodule und �fabriken: Validierung und Weiter-
entwicklung einer neuartigen Wissensplattform für die Produktionsexzellenz von
morgen, TUprints, Darmstadt.
de:0070-bipr-48208 (accessed on 23.02.2017).
[40] Becker M (2005) Systematische Personalentwicklung: Planung, Steuerung

Kontrolle im Funktionszyklus, Schäffer-Poeschel, Stuttgart.
[41] Bender B, Kreimeier D, Herzog M, Wienbruch T (2015) Learning Factory 

Integrated View of Product Development and Production. 5th CIRP-spons
Conference on Learning Factories, Procedia CIRP 32: 98-103.

[42] Biggs J (1996) Enhancing Teaching through Constructive Alignment. H
Education 32(3):347–364.

[43] Biggs JB, Tang C (2011) Teaching for Quality Learning at University: Wha
Student does, 4th ed. McGraw-Hill, Maidenhead.

[44] Bloom BS, Engelhart MD, Furst EJ, Hill WH, Krathwohl DR (1956) Taxonom
Educational Objectives: The Classification of Educational Goals, McKay, 

York.

http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0005
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0005
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0005
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0005
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0010
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0010
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0010
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0015
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0025
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0025
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0025
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0025
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0030
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0030
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0030
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0035
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0035
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0035
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0040
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0040
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0040
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0040
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0045
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0045
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0045
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0045
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0055
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0055
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0055
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0055
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0060
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0060
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0065
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0065
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0065
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0070
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0075
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0075
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0075
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0080
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0080
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0085
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0085
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0085
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0090
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0090
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0090
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0095
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0100
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0100
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0105
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0105
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0110
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0110
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0110
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0115
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0115
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0120
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0120
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0120
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0125
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0125
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0130
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0130
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0135
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0135
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0145
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0145
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0145
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0150
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0150
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0150
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0160
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0160
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0165
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0165
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0170
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0170
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0175
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0175
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0175
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0180
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0180
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0180
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0185
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0185
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0185
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0185
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0190
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0190
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0190
http://nbn-resolving.de/urn/resolver.pl?urn=urn:nbn:de:0070-bipr-48208
http://nbn-resolving.de/urn/resolver.pl?urn=urn:nbn:de:0070-bipr-48208
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0200
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0200
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0210
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0210
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0215
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0215
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0220
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0220
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0220


[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

E. Abele et al. / CIRP Annals - Manufacturing Technology 66 (2017) 803–826822
 Blume S, Madanchi N, Böhme S, Posselt G, Thiede S, Herrmann C (2015) Die
Lernfabrik—Research-based Learning for Sustainable Production Engineer-
ing. 5th CIRP-sponsored Conference on Learning Factories, Procedia CIRP 32:
126-131.

 Böhner J, Weeber M, Kuebler F, Steinhilper R (2015) Developing a Learning
Factory to Increase Resource Efficiency in Composite Manufacturing Process-
es. 5th CIRP-sponsored Conference on Learning Factories, Procedia CIRP 32: 64-
69.

 Böllhoff J, Metternich J, Frick N, Kruczek M (2016) Evaluation of the Human
Error Probability in Cellular Manufacturing. 5th CIRP Global Web Conference
(CIRPe 2016). Procedia CIRP 55: 218-223.

 Böllhoff J, Seifermann S, Metternich J, He� T (2015) Qualität in der Sequenz-
fertigung: Bewertung und Diskussion der Prozessfähigkeit einer schlanken
Zerspanungszelle. Werkstattstechnik online: wt 105(1/2):78–83.

 Bommer WH, Johnson LJ, Rich GA, Podsakoff PM, Mackenzie SB (1995) On the
Interchangeability of Objective and Subjective Measures of Employee Perfor-
mance: A Meta-Analysis. Personnel Psychology 48(1):587–605.

 Bonwell CC, Eison JA (1991) Active Learning: Creating Excitement in the
Classroom, School of Education and Human Development, George Washing-
ton University, Washington, D.C.

 The Challenge of Problem-Based Learning, (1999), Boud D, Feletti G, (Eds.) 2nd
ed. Kogan Page, London.

 Brown JS, Duguid P (1991) Organizational Learning and Communities-of-
Practice: Toward a Unified View of Working, Learning and Innovation. Orga-
nization Science 2(1):40–57.

 Bruford WH (1975) The German Tradition of Self-Cultivation: "Bildung" from
Humboldt to Thomas Mann, 1st ed. Cambridge Univ. Press, Cambridge.

 Topics and Trends in Current Science Education: 9th ESERA Conference Selected
Contributions, (2014), Bruguière C, Tiberghien A, Clément P, (Eds.) Springer,
Dordrecht.

 Burlingame GM, Seaman S, Johnson JE, Whipple J, Richardson E, Rees F,
Earnshaw D, Spencer R, Payne M, O’Neil B (2006) Sensitivity to Change of
the Brief Psychiatric Rating Scale- Extended (BPRS- E): An Item and Subscale
Analysis. Psychological Services 3(2):77–87.

 Cachay J (2013) Methode zur kompetenzorientierten Gestaltung und nachhalti-
gen Verankerung von proaktiven Verbesserungsprozessen in der Produktion,
Shaker, Herzogenrath.

 Cachay J, Abele E (2012) Developing Competencies for Continuous Improve-
ment Processes on the Shop Floor through Learning Factories—Conceptual
Design and Empirical Validation. 45th CIRP Conference on Manufacturing
Systems. Procedia CIRP 3(3): 638-643.

 Cachay J, Wennemer J, Abele E, Tenberg R (2012) Study on Action-Oriented
Learning with a Learning Factory Approach. Procedia—Social and Behavioral
Sciences 55:1144–1153.

 Çambel AB, Mock JE (1995) Expediting Technology Transfer with Multimedia.
Technological Forecasting & Social Change: An International Journal 48(1):
1–5.

 Cassandras C, Deng M, Hu J-Q, Panayiotou C, Vakili P, Zhao C (2004) Devel-
opment of a Discrete Event Dynamic Systems Curriculum Using a Web-Based
"Real-Time" Simulated Factory. Proceeding of the 2004 American Control
Conference, Boston, Massachusetts June 30–July 2, 2004, 1307.

 CEDEFOP (2010) Skills Supply and Demand in Europe: Medium-Term Forecast up
to 2020, Publications Office of the European Union, Luxembourg.

 Celar S, Turic M, Dragicevic S, Veza I (2016) Digital Learning Factory at FESB—
University of Split, XXII naucna i biznis konferencija YU INFO: 1–6.

 Chi X, Spedding TA (2006) A Web-Based Intelligent Virtual Learning Envi-
ronment for Industrial Continuous Improvement. IEEE International Confer-
ence on Industrial Informatics 2006, Singapore, August 2006, 1102–1107.

 Chomsky N (1962) Explanatory Models in Linguistics. in Nagel E, Suppes P,
Tarski A, (Eds.) Logic, Methodology and Philosophy of Science, Stanford Univer-
sity Press, Stanford528–550.

 Chryssolouris G, Mavrikios D, Mourtzis D (2013) Manufacturing Systems—
Skills & Competencies for the Future. 46th CIRP Conference on Manufacturing
Systems. Procedia CIRP 7: 17-24.

 Chryssolouris G, Mavrikios D, Papakostas N, Mourtzis D, Michalos M, Geor-
goulias K (2008) Digital Manufacturing: History, Perspectives, and Outlook.
Insitution of Mechanical Engineers Part B. Journal of Engineering Manufacture
222(5):451–462.

 Chryssolouris G, Mavrikios D, Papakostas N, Mourtzis D (2006) Education in
Manufacturing Technology & Science: A View on Future Challenges & Goals.
Inaugural Key Note. Proceedings of the International Conference on Manufactur-
ing Science and Technology (ICOMAST 2006), Melaka, Malaysia, 1–4.

 Chryssolouris G, Mavrikios D, Rentzos L (2016) The Teaching Factory: A
Manufacturing Education Paradigm. Key Note Paper. 49th CIRP Conference
on Manufacturing Systems. Procedia CIRP 57: 44-48.

 Ciros, Ciros: Virtual Engineering, Virtual Learning, Virtual Reality, Service.
http://www.ciros-engineering.com/en/home/ (accessed on 21.09.2016).

 Clasen H (2010) Die Messung von Lernerfolg: Eine grundsätzliche Aufgabe der

[75] Crossan MM, Lane HW, White RE (1999) An Organizational Learning Frame-
work: From Intuition to Institution. The Academy of Management Review 24
(3):522–537.

[76] Dagley DL, Orso JK (1991) Integrating Summative, Formative Modes of
Evaluation. NASSP Bulletin 75(536):72–82.

[77] Dassault Systèms (2017) 3D Experience Platform. https://www.3ds.com
(accessed on 23.02.2017).

[78] Dave RH (1970) Psychomotor Levels. in Armstrong RJ, (Ed.) Developing and
Writing Behavioral Objectives, Educational Innovators Press, Tucson,
Arizona21–22.

[79] Deci EL, Vallerand RJ, Pelletier LG, Ryan RM (1991) Motivation and Education: The
Self-Determination Perspective. Educational Psychologist 26(3 & 4):325–346.

[80] Dehnbostel P (2007) Lernen im Prozess der Arbeit, Waxmann, Münster, New
York, Munich, Berlin.

[81] Deloitte (2016) Global Manufacturing Competitiveness Index. http://www2.
deloitte.com/content/dam/Deloitte/global/Documents/Manufacturing/
gx-global-mfg-competitiveness-index-2016.pdf (accessed on 09.06.2016).

[82] Dessouky MM (1998) A Virtual Factory Teaching System in Support of
Manufacturing Education. Journal of Engineering Education 87(4):459–467.

[83] Dessouky MM, Verma S (2001) A Methodology for Developing a Web-Based
Factory Simulator for Manufacturing Education. IIE Transactions 33(3):167–
180.

[84] Deterding S, Dixon D, Khaled R, Nacke L (2011) From Game Design Elements to
Gamefulness: Defining "Gamification". MindTrek’ 11, September 28–30, 2011,
Tampere, Finland9–15.

[85] Dick W, Carey L (1996) The Systematic Design of Instruction, 4th ed. Longman,
New York.

[86] Dinkelmann M (2016) Methode zur Unterstützung der Mitarbeiterpartizipation
im Change Management der variantenreichen Serienproduktion durch Lernfab-
riken. Dissertation, Fraunhofer IPA, Stuttgart.

[87] Dinkelmann M, Riffelmacher P, Westkämper E (2011) Training Concept and
Structure of the Learning Factory Advanced Industrial Engineering. Enabling
Manufacturing Competitiveness and Economic Sustainability, 623–629.

[88] Dinkelmann M, Siegert J, Bauernhansl T (2014) Change Management through
Learning Factories. in Zäh MF, (Ed.) Enabling Manufacturing Competitiveness
and Economic Sustainability, Springer, pp. 395–399.

[89] Dizon DP (2000) Making Social Sciences Relevant To Engineering Students:
The Greenfield Coalition Experience. Proceedings International Conference on
Engineering Education 1–4.

[90] Djaouti D, Alvarez J, Jessel JP, Rampnoux O (2011) Origins of Serious Games. in
Ma M, Oikonomou A, Jain L, (Eds.) Serious Games and Edutainment Applica-
tions, Springer, London25–43.

[91] Doch S, Merkler S, Straube F, Roy D (2015) Aufbau und Umsetzung einer
Lernfabrik. Produktionsnahe Lean-Weiterbildung in der Prozess- und Phar-
maindustrie. [lit. trans.: Construction and implementation of a learning
factory. Lean advanced training in the process and pharmaceutical industry.].
Industrie Management ;(03)26–30.

[92] Dolch J (1967) Grundbegriffe der pädagogischen Fachsprache: Mit viersprachi-
gem Register, 6th ed. Ehrenwirth, Munich.

[93] Eisner EW (1979) The Educational Imagination: On the Design and Evaluation of
School Programs, Macmillan, New York.

[94] ElMaraghy H, AlGeddawy T, Azab A, ElMaraghy W (2011) Change in
Manufacturing—Research and Industrial Challenges. in ElMaraghy HA
(Ed.). Enabling manufacturing competitiveness and economic sustainability:
Proceedings of the 4th International Conference on Changeable, Agile, Reconfi-
gurable and Virtual production (CARV2011). Springer. Berlin, London, 2-9.

[95] ElMaraghy H, AlGeddawy T, Samy SN, Espinonza V (2013) A Model for
Assessing the Layout Structural Complexity of Manufacturing Systems. Jour-
nal of Manufacturing Systems 33(1):51–64.

[96] ElMaraghy H, ElMaraghy W (2015) Learning Integrated Product and
Manufacturing Systems. 5th CIRP-sponsored Conference on Learning Factories,
Procedia CIRP 32: 19-24.

[97] ElMaraghy H, Schuh G, ElMaraghy W, Piller F, Schönsleben P, Tseng M, Bernard
A (2013) Product Variety Management. CIRP Annals—Manufacturing Technol-
ogy 62(2):629–652.

[98] ElMaraghy W, ElMaraghy H, Tomiyama T, Monostori L (2012) Complexity in
Engineering Design and Manufacturing. CIRP Annals—Manufacturing Technol-
ogy 61(2):793–814.

[99] ElMaraghy HA, AlGeddawy T (2012) Co-evolution of Products and
Manufacturing Capabilities and Application in Auto-Parts Assembly. Flexible
Services and Manufacturing Journal (FSMJ) 24(2):141–170.

[100] Elster F, Dippl Z, Zimmer G (2003) Wer bestimmt den Lernerfolg? Leistungs-
beurteilung in projektorientierten Lernarrangements.Bertelsmann, Bielefeld.

[101] Enke J, Glass R, Metternich J (2017) Introducing a maturity model for Learning
Factories. 7th CIRP-sponsored Conference on Learning Factories. Procedia
Manufacturing In press.

[102] Enke J, Kraft K, Metternich J (2015) Competency-Oriented Design of Learning
Modules. 5th CIRP-sponsored Conference on Learning Factories, Procedia CIRP
Evaluation von Lehr- bzw Trainingsinterventionen. Dissertation, TU Dresden,
Dresden.

 Coleman JS (1982) Experiential Learning and Information Assimilation:
Toward an Appropriate Mix. in Conrad D, Hedin D, (Eds.) Youth participation
and Experimental Education, The Haworth Press, New York13–20.

 Commission of the European Communities (2005) Mobilising the Brainpower
of Europe: Enabling Universities to Make their Full Contribution to the Lisbon
Strategy: Communication from the Commission, Office for Official Publications
of the European Communities, Luxembourg.

 Cooper PA (1993) Paradigm Shifts in Designed Instruction: From Behaviorism
to Cognitivism to Constructivism. Educational Technology 33(5):12–19.

 Crawley E, Malmqvist J, Ostlund S, Brodeur D (2007) Rethinking Engineering
Education: The CDIO Approach, 1st ed. Springer, New York.
32: 7-12.
[103] Enke J, Tisch M, Metternich J (2016) Learning Factory Requirements Analysis—

Requirements of Learning Factory Stakeholders on Learning Factories. 5th
CIRP Global Web Conference (CIRPe 2016). Procedia CIRP 55: 224-229.

[104] Entingh DJ, Andrews CJ, Kenkeremath DC, Mock JE, Janis FT (1987) GuideBook
for Technology Transfer Managers: Moving Public R & D to the Marketplace.
United States. Dept. of Energy; Distributed by the Office of Scientific and Technical
Information, U.S. Dept. of Energy, Washington, D.C., Oak Ridge, Tenn.

[105] Eraut M (2000) Non-Formal Learning and Tacit Lnowledge in Professional
Work. British Journal of Educational Psychology 70:113–136.

[106] Erol S, Jäger A, Hold P, Ott K, Sihn W (2016) Tangible Industry 4.0: A Scenario-
Based Approach to Learning for the Future of Production. 6th CIRP-sponsored
Conference on Leanring Factories, Procedia CIRP 54: 13-18.

http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0240
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0240
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0240
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0245
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0245
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0245
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0250
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0250
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0250
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0255
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0255
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0260
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0260
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0260
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0265
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0265
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0270
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0270
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0270
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0275
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0275
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0275
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0275
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0280
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0280
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0280
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0290
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0290
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0290
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0295
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0295
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0295
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0300
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0300
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0300
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0300
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0305
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0305
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0310
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0310
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0315
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0315
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0315
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0320
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0320
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0320
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0330
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0330
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0330
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0330
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0335
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0335
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0335
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0335
http://www.ciros-engineering.com/en/home/
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0350
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0350
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0350
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0355
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0355
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0355
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0360
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0360
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0360
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0360
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0365
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0365
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0370
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0370
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0375
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0375
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0375
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0380
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0380
https://www.3ds.com
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0390
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0390
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0390
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0395
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0395
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0400
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0400
http://www2.deloitte.com/content/dam/Deloitte/global/Documents/Manufacturing/gx-global-mfg-competitiveness-index-2016.pdf
http://www2.deloitte.com/content/dam/Deloitte/global/Documents/Manufacturing/gx-global-mfg-competitiveness-index-2016.pdf
http://www2.deloitte.com/content/dam/Deloitte/global/Documents/Manufacturing/gx-global-mfg-competitiveness-index-2016.pdf
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0410
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0410
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0415
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0415
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0415
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0420
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0420
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0420
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0425
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0425
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0430
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0430
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0430
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0435
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0435
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0435
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0440
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0440
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0440
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0445
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0445
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0445
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0450
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0450
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0450
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0455
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0455
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0455
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0455
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0455
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0460
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0460
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0465
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0465
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0475
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0475
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0475
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0485
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0485
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0485
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0490
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0490
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0490
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0495
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0495
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0495
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0500
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0500
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0520
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0520
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0520
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0520
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0525
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0525


h ed.

 RBA
Lean
s. In-

able
arch

ntial
ork

ental
roup

age-
 und

ility
) 3rd

ning
.
tion
es in
ction

age-
lysis.
630.
alue
reci-

ions-
ische

sität

011),

ent
istics
roce-

strial
d the
Poli-

ories,

f the

eali-
.org/

ning
Last-
e on

sion:
sive
uca-

ories
ction
35.
ptor,

n the

 Rei-
truc-
New

New
nt 39

k for

E. Abele et al. / CIRP Annals - Manufacturing Technology 66 (2017) 803–826 823
[107] Erpenbeck J, von Rosenstiel L (2007) Handbuch Kompetenzmessung: Erkennen,
verstehen und bewerten von Kompetenzen in der betrieblichen, pädagogischen
und psychologischen Praxis, 2nd ed. Schäffer-Poeschel, Stuttgart.

[108] European Commission (2006) Implementing the Community Lisbon Pro-
gramme: Proposal for a RECOMMENDATION OF THE EUROPEAN PARLIAMENT
AND OF THE COUNCIL on the establishment of the European Qualifications
Framework for Lifelong Learning, European Commission, Brussels.

[109] Faller C, Feldmüller D (2015) Industry 4.0 Learning Factory for regional SMEs.
5th CIRP-sponsored Conference on Learning Factories, Procedia CIRP 32: 88-91.

[110] Farnham-Diggory S (1972) Cognitive Processes in Education: A Psychological
Preparation for Teaching and Curriculum Development, Harper & Row,
New York.

[111] Forrester JW (1961) Industrial Dynamics, MIT Press, Cambridge.
[112] Gadre A, Cudney E, Corns S (2011) Model Development of a Virtual Learning

Environment to Enhance Lean Education. Procedia Computer Science 6:100–
105.

[113] Gagné RM (1965) The Conditions of Learning, Holt Rinehart & Winston,
New York.

[114] Garrison DR (1997) Self-Directed Learning: Toward a Comprehensive Model.
Adult Education Quarterly 48(1):18–33.

[115] Gausemeier P, Seidel J, Riedelsheimer T, Seliger G (2015) Pathways for
Sustainable Technology Development—The Case of Bicycle Mobility in Berlin.
12th Global Conference on Sustainable Manufacturing. Procedia CIRP 26: 202-
207.

[116] Gebbe C, Hilmer S, Götz G, Lutter-Günther M, Chen Q, Unterberger E,
Glasschröder J, Schmidt V, Riss F, Kamps T, Tammer C, Seidel C, Braunreuther
S, Reinhart G (2015) Concept of the Green Factory Bavaria in Augsburg. 5th
CIRP-sponsored Conference on Learning Factories, Procedia CIRP 32: 53-57.

[117] Gessler M (2005) Gestaltungsorientierte Evaluation und der Return on Invest-
ment von Weiterbildungsprogrammen1–25. bwp@(9).

[118] Glaser R (1963) Instructional Technology and the Measurement of Learing
Outcomes: Some Questions. American Psychologist 18(8):519–521.

[119] Goerke M, Schmidt M, Busch J, Nyhuis P (2015) Holistic Approach of Lean
Thinking in Learning Factories. 5th CIRP-sponsored Conference on Learning
Factories, Procedia CIRP 32: 138-143.

[120] Goeser PT, Johnson WM, Hamza-Lup FG, Schaefer D (2011) VIEW-A Virtual
Interactive Webbased Learning Environment for Engineering. Advances in
Engineering Education 2(3):1–24.

[121] Gonczi A (1994) Competency Based Assessment in the Professions in
Australia. Assessment in Education 1(1):27–44.

[122] Gosling D, Moon JA (2001) How to Use Learning Outcomes and Assessment
Criteria, SEEC, London.

[123] Grä�ler I, Pöhler A, Pottebaum J (2016) Creation of a Learning Factory for
Cyber Physical Production Systems. 6th CIRP-sponsored Conference on Leanr-
ing Factories, Procedia CIRP 54 ; 107-112.

[124] Gredler ME (2004) Games and Simulations and their Relationships to Learn-
ing. in Jonassen D, (Ed.) Handbook of Research on Educational Communications
and Technology. 2nd ed. Lawrence Erlbaum Associates Publishers, Mahwah,
New Jersey571–581.

[125] Greeno J, Collins A, Resnick L (1996) Cognition and Learning. in Berliner DC,
Calfee RC, (Eds.) Handbook of Educational Psychology, Macmillan, Prentice Hall
New York, London15–46.

[126] Gylfason Thorvaldur (2001) Natural Resources, Education, and Economic
Development. European Economic Review: EER 45:847–859.

[127] Hager P (1995) Competency Standards—a help or a Hidrance? An Australian
Perspective. The Vocational Aspect of Education 47(2):141–151.

[128] Haghighi A, Shariatzadeh N, Sivard G, Lundholm T, Eriksson Y. Digital learning
factories: Conceptualization, Review and Discussion. The 6th Swedish Produc-
tion Symposium (SPS14). http://conferences.chalmers.se/index.php/SPS/
SPS14/paper/viewFile/1729/401 (accessed on 24.02.2017).

[129] Hambach J, Diezemann C, Tisch M, Metternich J. (2016) Assessment of
Students’ Lean Competencies with the Help of Behavior Video Analysis—
Are Good Students Better Problem Solvers? 5th CIRP Global Web Conference
(CIRPe 2016). Procedia CIRP 55:230–235.

[130] Hambach J, Tenberg R, Metternich J (2015) Guideline-based Video Analysis of
Competencies for a Target-oriented Continuous Improvement Process. 5th
CIRP-sponsored Conference on Learning Factories, Procedia CIRP 32: 25-30.

[131] Hamid Mohd Halimudin Mohd Isa, Masrom M, Salim KR (2014) Review of
Learning Models for Production Based Education Training in Technical Edu-
cation. International Conference on Teaching and Learning in Computing and
Engineering IEEE 206–211.

[132] Hammer M (2014) Making Operational Transformations Successful with Expe-
riential Learning, Nantes, France.

[133] Hanafy M, ElMaraghy H (2014) A Modular Product—Multi Platform Configu-
ration Model. International Journal of Computer Integrated Manufacturing
999–1014.

[134] Hannafin MJ, Hannafin KM, Land SM, Oliver K (1997) Grounded Practice and
the Design of Constructivist Learning Environments. Educational Technology

[140] Heimann P, Otto G, Schulz W (1979) Unterricht: Analyse und Planung, 10t
Schroedel, Hannover.

[141] Helleno AL, Simon AT, Papa MCO, Ceglio WE, Rossa Neto AS, Mourad
(2013) Integration University-Industry: Laboratory Model for Learning 

Manufacturing Concepts in the Academic and Industrial Environment
ternational Journal of Engineering Education 29(6):1387–1399.

[142] Helm R, Reise C, Rö�le D (2014) Learning Factories for Sustain
Manufacturing—A Generic Design Approach. Advanced Materials Rese
1018:517–524.

[143] Hempen S, Wischniewski S, Maschek. Thomas. Deuse J (2010) Experie
Learning in Academic Education: A Teaching Concept for Efficient W
System Design. 14th Workshop of the Special Interest Group on Experim
Interactive Learning in Industrial Management of the IFIP Working G
5.7:71–78.

[144] Hernstein/Hernstein International Management Institute (2003) Man
ment Report: Befragung von Führungskräften in Österreich,, Schweiz
Deutschland, ÖGM, Hernstein, Wien.

[145] Herrmann C (2013) Die Lernfabrik—Research and Education for Sustainab
in Manufacturing. in Reinhart G, Schnellbach P, Hilgert C, Frank SL, (Eds.
Conference on Learning Factories, 48–61.

[146] Herrmann S, Stäudel T (2014) Learn and Experience VPS in the BMW Lear
Factory. 4th Conference on Learning Factories, Stockholm, Sweden, 1–18

[147] Hertle C, Siedelhofer C, Metternich J, Abele E (2015) The Next Genera
Shop Floor Management—How to Continuously Develop Competenci
Manufacturing Environments. The 23rd International Conference on Produ
Research, 03.08.2015, Manila, Philippines.

[148] Hertle C, Tisch M, Kläs H, Metternich J (2016) Recording Shop Floor Man
ment Competencies—A Guideline for a Systematic Competency Gap Ana
49th CIRP Conference on Manufacturing Systems. Procedia CIRP 57: 625-

[149] Heyer S, Nishino N, Muschard B, Seliger G (2014) Enabling of local v
creation via openness for emergent synthesis. International Journal of P
sion Engineering and Manufacturing 15(7):1489–1493.

[150] Heyse V, Erpenbeck J (2009) Kompetenztraining: 64 modulare Informat
und Trainingsprogramme für die betriebliche pädagogische und psycholog
Praxis, 2nd ed. Schäffer-Poeschel, Stuttgart.

[151] Hopmann S, Riquarts K (1995) Didaktik and/or Curriculum, IPN, Univer
Kiel, Kiel.

[152] Beyond Fragmentation: Didactics, Learning and Teaching in Europe, (2
Hudson B, Meyer MA, (Eds.) Budrich, Leverkusen.

[153] Hummel V, Hyra K, Ranz F, Schuhmacher J (2015) Competence Developm
for the Holistic Design of Collaborative Work Systems in the Log
Learning Factory. 5th CIRP-sponsored Conference on Learning Factories, P
dia CIRP 32: 76-81.

[154] Hummel V, Westkämper E (2007) Learning Factory for Advanced Indu
Engineering—Integrated Approach of the Digital Learning Environment an
Physical Model Factory, Production Engineering, Oficyna Wydawnicza 

techniki Wroctawskiej (needs translation), Krakow, Poland215–227.
[155] IELF (2012) General Assembly of the Initiative on European Learning Fact

IELF, Vienna. 09.05.2012.
[156] Initiative on European Learning Factories (2013) General Assembly o

Initiative on European Learning Factories, IELF, Munich.
[157] International Monetary Fund (IMF), World Economic Outlook—Hopes, R

ties, Risks, World Economic and Financial Survey. http://www.imf
external/pubs/ft/weo/2013/01/pdf/text.pdf (accessed on 07.06.2016).

[158] Jäger A, Mayrhofer W, Kuhlang P, Matyas K, Sihn W (2012) The "Lear
Factory": An Immersive Learning Environment for Comprehensive and 

ing Education in Industrial Engineering. 16th World Multi-Conferenc
Systemics Cybernetics and Informatics 16(2):237–242.

[159] Jäger A, Mayrhofer W, Kuhlang P, Matyas K, Sihn W (2013) Total Immer
Hands and Heads-On Training in a Learning Factory for Comprehen
Industrial Engineering Education. International Journal of Engineering Ed
tion 29(1):23–32.

[160] Jäger A, Ranz F, Sihn W, Hummel V (2014) Implications for Learning Fact
from Industry 4.0—Challenges for the Human Factor in Future Produ
Scenarios. 4th Conference on Learning Factories, Stockholm, Sweden, 1–

[161] Jank W, Meyer H (2002) Didaktische Modelle, 5th ed. Cornelsen-Scri
Berlin.

[162] Johnson DW, Johnson RT, Smith KA (1991) Active Learning: Cooperation i
College Classroom, Interaction Book Co, Edina, MN.

[163] Jonassen D (1999) Designing Constructivist Learning Environments. in
geluth C, (Ed.) Instructional Theories and Models: A New Paradigm of Ins
tional Theory, Lawrence Erlbaum Associates Publishers, Mahwah, 

Jersey215–239.
[164] Jonassen DH (1991) Objectivism versus Constructivism: Do We Need a 

Philosophical Paradigm. Educational Technology Research and Developme
(3):5–14.

[165] Jonassen DH, Rohrer-Murphy L (1999) Activity Theory as a Framewor
Designing Constructivist Learning Environments. ETR&D 47(1):61–79.
ning
orld

story
er K,
ional

ards
erlin.
nn C
od-
ning
Research and Development 45(3):101–117.
[135] Hanushek EA, Woessmann L (2007) The Role of Education Quality in Economic

Growth, World Bank Human Development Network Education Team,
Washington, DC.

[136] Harris MM, Schaubroeck J (1988) A Metaanalysis of Self-Supervisor, Self-Peer,
and Peer-Supervisor ratings. Personnel Psychology 41(1):43–62.

[137] Hart J (2015) Modern Workplace Learning: A resource book for L&D, Centre for
Learning & Performance Technologies, Corsham, Wiltshire, England.

[138] Hartley JR (1985) Some Psychological Aspects of Computer-Assisted Learning
and Technology. Programmed Learning and Educational Technology 22(2):
140–149.

[139] Hébrard P (2013) Ambiguities and Paradoxes in a Competence-Based Approach
to Vocational Education and Training in France, Univ, Linköping.
[166] Jorgensen JE, Lamancusa JS, Zayas-Castro JL, Ratner J (1995) The Lear
Factory: Curriculum Integration Of Design And Manufacturing. 4th W
Conference on Engineering Education 1–7.

[167] Jouault C, Seta K (2014) Content-Dependent Question Generation for Hi
Learning in Semantic Open Learning Space. in Trausan-Matu S, Boy
Crosby M, Panourgia K (Eds.). Intelligent Tutoring Systems: 12th Internat
Conference, ITS 2014, Honolulu, HI, USA. Springer 300-305.

[168] Jovane F, Westkämper E, Williams DJ (2009) The ManuFuture Road: Tow
Competitive and Sustainable High-Adding-Value Manufacturing, Springer, B

[169] Kaluza A, Juraschek M, Neef B, Pittschelllis R, Posselt G, Thiede S, Herrma
(2015) Designing Learning Environments for Energy Efficiency through M
el Scale Production Processes. 5th CIRP-sponsored Conference on Lear
Factories, Procedia CIRP 32: 41-46

http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0535
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0535
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0535
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0540
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0540
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0540
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0540
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0550
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0550
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0550
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0555
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0560
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0560
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0560
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0565
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0565
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0570
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0570
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0585
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0585
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0590
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0590
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0600
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0600
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0600
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0605
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0605
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0610
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0610
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0620
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0620
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0620
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0620
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0625
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0625
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0625
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0630
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0630
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0635
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0635
http://conferences.chalmers.se/index.php/SPS/SPS14/paper/viewFile/1729/401
http://conferences.chalmers.se/index.php/SPS/SPS14/paper/viewFile/1729/401
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0655
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0655
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0655
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0655
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0660
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0660
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0665
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0665
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0665
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0670
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0670
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0670
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0675
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0675
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0675
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0680
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0680
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0685
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0685
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0690
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0690
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0690
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0695
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0695
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0700
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0700
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0705
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0705
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0705
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0705
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0710
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0710
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0710
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0715
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0715
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0715
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0715
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0715
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0720
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0720
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0720
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0725
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0725
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0725
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0730
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0730
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0735
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0735
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0735
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0735
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0745
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0745
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0745
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0750
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0750
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0750
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0755
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0755
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0760
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0760
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0770
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0770
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0770
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0770
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0775
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0775
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0780
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0780
http://www.imf.org/external/pubs/ft/weo/2013/01/pdf/text.pdf
http://www.imf.org/external/pubs/ft/weo/2013/01/pdf/text.pdf
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0790
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0790
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0790
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0790
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0795
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0795
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0795
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0795
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0800
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0800
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0800
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0805
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0805
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0810
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0810
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0815
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0815
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0815
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0815
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0820
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0820
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0820
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0825
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0825
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0830
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0830
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0830
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0840
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0840


[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]
[200]

[201]

[202]

E. Abele et al. / CIRP Annals - Manufacturing Technology 66 (2017) 803–826824
 Kashkoush M, ElMaraghy H (2015) Knowledge-Based Model for Constructing
Master Assembly Sequence. International Journal of Manufacturing Systems
34:43–52.

 Keeton MT, Sheckley BG, Griggs JK, Council for Adult and Experiential
Learning (2002) Effectiveness and Efficiency in Higher Education for Adults: A
Guide for Fostering Learning, Kendall/Hunt Pub, Dubuque, Iowa.

 Kemény Z, Beregi RJ, ErdÅs G, Nacsa J (2016) The MTA SZTAKI Smart Factory:
Platform for Research and Project-oriented Skill Development in Higher
Education. 6th CIRP-sponsored Conference on Leanring Factories, Procedia CIRP
54: 53-58.

 Kemény Z, Nacsa J, ErdÅs G, Glawar R, Sihn W, Monostori L, Ilie-Zudor E (2016)
Complementary Research and Education Opportunities—A Comparison of
Learning Factory Facilities and Methodologies at TU Wien and MTA SZTAKI.
6th CIRP-sponsored Conference on Leanring Factories, Procedia CIRP 54 47-52.

 Kerres M (2001) Multimediale und telemediale Lernumgebungen: Konzeption
und Entwicklung, 2nd ed. Oldenbourg, Munich.

 Kesavadas T (2013) V-Learn-Fact: A New Approach for Teaching Manufactur-
ing and Design to Mechanical Engineering Students. ASME 2013 International
Mechanical Engineering Congress and Exposition 5:1–6.

 Kirkpatrick D (1996) Great Ideas Revisited: Revisiting Kirkpatrick’s Four Level
Model. Training & Development ;(1)54–59.

 Kirkpatrick DL (1998) Evaluating Training Programs: The Four Levels, 2nd ed.
Berrett-Koehler Publishers, San Francisco, California.

 Klafki W (1958) Didaktische Analyse als Kern der Unterrichtsvorbereitung.
Die Deutsche Schule (DDS) 50(10):450–470.

 Klafki W (1995) Didactic Analysis as the Core of Preparation of Instruction
(Didaktische Analyse als Kern der Unterrichtsvorbereitung). Journal of Cur-
riculum Studies 27(1):13–30.

 Knowles MS (1975) Self-Directed Learning: A Guide for Learners and Teachers,
4th ed. Cambridge The Adult Education Comp, New York.

 Kolb DA (1984) Experiential Learning: Experience as the Source of Learning and
Development, Prentice Hall, Englewood Cliffs, N.J.

 Krathwohl D, Bloom BS, Masia B (1964) Taxonomy of Educational Objectives,
Longman, London.

 Kreimeier D, Morlock F, Prinz C, Krückhans B, Bakir DC, Meier H (2014)
Holistic Learning Factories—A Concept to Train Lean Management, Resource
Efficiency as well as Management and Organization Improvement Skills. 47th
CIRP Conference on Manufacturing Systems. Procedia CIRP 17: 184-188.

 Kreimeier D, Prinz C, Morlock F (2013) Lernfabriken in Deutschland: Prak-
tisches Lernen in einer Fertigungsumgebung zur Schulung von Ganzheitli-
chen Produktionssystemen. Zeitschrift für wirtschaftlichen Fabrikbetrieb (ZWF)
108(10):724–727.

 Kreitlein S, Höft A, Schwender S, Franke J (2015) Green Factories Bavaria: A
Network of Distributed Learning Factories for Energy Efficient Production. 5th
CIRP-sponsored Conference on Learning Factories, Procedia CIRP 32: 58-63

 Krückhans B, Wienbruch T, Freith S, Oberc H, Kreimeier D, Kuhlenkötter B
(2015) Learning Factories and their Enhancements—A Comprehensive Train-
ing Concept to Increase Resource Efficiency. 5th CIRP-sponsored Conference on
Learning Factories, Procedia CIRP 32: 47-52.

 Kuper H, Glaab A-M, Albrecht K, Böttcher L (2012) Arbeitsplatznahe Betrie-
bliche Lernformen: Lernfabrik Neue Technologien Berlin, Kompendium, Berlin.

 Lamancusa JS, Jorgensen JE, Zayas-Castro JL (1997) The Learning Factory—A
New Approach to Integrating Design and Manufacturing into the Engineering
Curriculum. Journal of Engineering Education 86(2):103–112.

 Lamancusa JS, Zayas JL, Soyster AL, Morell L, Jorgensen J (2008) The Learning
Factory: Industry-Partnered Active Learning—2006 Bernard M. Gordon Prize
Lecture. Journal of Engineering Education 97(1):5–11.

 Lanza G, Minges S, Stoll J, Moser E, Haefner B (2016) Integrated and Mod-
ularDidactic and Methodological Concept for a Learning Factory. 6th CIRP-
sponsored Conference on Leanring Factories, Procedia CIRP 54: 136-140.

 Lanza G, Moser E, Stoll J, Haefner B (2015) Learning Factory on Global
Production. 5th CIRP-sponsored Conference on Learning Factories, Procedia CIRP
32: 120-125.

 Lave J, Wenger E (1991) Situated Learning: Legitimate Peripheral Participation,
Cambridge Univ. Press, Cambridge.

 Lindemann H.-J. The Principle of Action-Oriented Learning. http://www.
halinco.de/html/docde/HOL-prinzip02002.pdf (accessed on 12.08.2016).

 LMS. Learning Factory Morphology Application. http://syrios.mech.upatras.
gr/LF/ (accessed on 23.02.2017).

 Lu SY, Shpitalni M, Gadh R (1999) Virtual and Augmented Reality Technolo-
gies for Product Realization. CIRP Annals—Manufacturing Technology 48
(2):471–495.

 Mabe PA, West SG (1982) Validity of Self-Evaluation of Ability: A Review and
Meta-Analysis. Journal of Applied Psychology 67(3):280.

 Maffei A, Daghini L, Archenti A, Lohse N (2016) CONALI Ontology. A Frame-
work for Design and Evaluation of Constructively Aligned Courses in Higher
Education: Putting in Focus the Educational Goal Verbs. 26th CIRP Design
Conference, Procedia CIRP 50: 765-772.

[203] Matt DT, Rauch E, Dallasega P (2014) Mini-Factory—A Learning Factory
Concept for Students and Small and Medium Sized Enterprises. 47th CIRP
Conference on Manufacturing Systems. Procedia CIRP 17: 178-183.

[204] Mavrikios D, Papakostas N, Mourtzis D, Chryssolouris G (2013) On Industrial
Learning and Training for the Factories of the Future: a Conceptual, Cognitive
and Technology Framework. Journal of Intelligent Manufacturing 24(3):
473–485.

[205] Mavrikios D, Sipsas K, Smparounis K, Rentzos L, Chryssolouris G (2017) A
Web-based Application for Classifying Teaching and Learning Factories. 7th
Conference on Learning Factories, Procedia CIRP In Print.

[206] McMillan JH (1997) Classroom Assessment: Principles and Practice for Effective
Instruction, Allyn and Bacon, Boston.

[207] McMullan M, Endacott R, Gray MA, Jasper M, Miller CM, Scholes J, Webb C
(2003) Portfolios and Assessment of Competence: A Review of the Literature.
Journal of Advanced Nursing 41(3):283–294.

[208] Menn JP, Seliger G (2016) Increasing Knowledge and Skills for Assembly
Processes through Interactive 3D-PDFs. The 23rd CIRP Conference on Life Cycle
Engineering. Procedia CIRP 48: 454-459.

[209] Metternich J, Abele E, Bechtloff S, Seifermann S (2015) Static Total Cost
Comparison Model to Identify Economic Fields of Application of Cellular
Manufacturing for Milling and Drilling Processes Versus Done-in-One-
Concepts. CIRP Annals—Manufacturing Technology 64(1):471–474.

[210] Metternich J, Abele E, Chryssolouris G, Sihn W, ElMaraghy H, Tracht K, Tolio T,
Mavrikios D, Mourtzis D, Jäger A, Tisch M, Seifermann S (2014) WP 1:
Definitions of "Learning Factories", CIRP, Nantes France.

[211] Metternich J, Abele E, Tisch M (2013) Current Activities and Future Challenges
of the Process Learning Factory CiP. in Reinhart G, Schnellbach P, Hilgert C,
Frank SL (Eds.). 3rd Conference on Learning Factories Munich : May 7th,
2013. Augsburg 94-107.

[212] Metternich J, Bechtloff S, Seifermann S (2013) Efficiency and Economic
Evaluation of Cellular Manufacturing to enable Lean Machining. 46th CIRP
Conference on Manufacturing Systems. Procedia CIRP 7: 592-597.

[213] Metternich J, Böllhoff J, Seifermann S, Beck S (2013) Volume and Mix
Flexibility Evaluation of Lean Production Systems. 2nd CIRP Global Web
Conference (CIRPe 2013), Procedia CIRP 9: 79-84.

[214] Micheu H-J, Kleindienst M (2014) Lernfabrik zur praxisorientierten
Wissensvermittlung: Moderne Ausbildung im Bereich Maschinenbau und
Wirtschaftswissenschaften. Zeitschrift für wirtschaftlichen Fabrikbetrieb (ZWF)
109(6):403–407.

[215] Monostori L, Kádár B, Bauernhansl T, Kondoh S, Kumara S, Reinhart G, Sauer O,
Schuh G, Sihn W, Ueda K (2016) Cyber-Physical Systems in Manufacturing.
CIRP Annals—Manufacturing Technology 65(2):621–641.

[216] Morrison GR, Ross SM, Kemp JE (2007) Designing Effective Instruction, 5th ed. J.
Wiley, Hoboken.

[217] Müller BC, Nguyen TD, Dang Q.-V., Duc BM, Seliger G, Krüger J, Kohl H (2016)
Motion Tracking Applied in Assembly for Worker Training in different Loca-
tions. The 23rd CIRP Conference on Life Cycle Engineering. Procedia CIRP 48: 460-
465.

[218] Müller BC, Reise C, Duc BM, Seliger G (2016) Simulation-games for Learning
Conducive Workplaces: A Case Study for Manual Assembly. 13th Global
Conference on Sustainable Manufacturing. Procedia CIRP 40: 353-358.

[219] Müller E, Horbach S (2011) Building Blocks in an Experimental and Digital
Factory. in ElMaraghy HA, (Ed.). Enabling manufacturing competitiveness and
economic sustainability: Proceedings of the 4th International Conference on
Changeable, Agile, Reconfigurable and Virtual production (CARV2011). Springer.
Berlin, London, pp. 592–597.

[220] Muschard B, Seliger G (2015) Realization of a Learning Environment to
Promote Sustainable Value Creation in Areas with Insufficient Infrastructure.
5th CIRP-sponsored Conference on Learning Factories, Procedia CIRP 32: 70-75.

[221] Neisser U (1967) Cognitive Psychology, Prentice Hall, Englewood Cliffs NJ.
[222] Neisser U (1976) Cognition and Reality: Principles and Implications of Cognitive

Psychology, W.H. Freeman, San Francisco.
[223] Nöhring F, Rieger M, Erohin O, Deuse J, Kuhlenkötter B (2015) An Interdisci-

plinary and Hands-on Learning Approach for Industrial Assembly Systems.
5th CIRP-sponsored Conference on Learning Factories, Procedia CIRP 32: 109-
114.

[224] North K (2011) Wissensorientierte Unternehmensführung: Wertschöpfung
durch Wissen, 5th ed. Gabler, Wiesbaden.

[225] Ong S, Mannan M (2004) Virtual Reality Simulations and Animations in a
Web-Based Interactive Manufacturing Engineering Module. Computers &
Education 43(4):361–382.

[226] Orey M, McClendon J, Branch RM (2006) Educational Media and Technology
Yearbook, Libraries Unlimited, Westport, Conn. London.

[227] Pavlov IP (2003) Conditioned Reflexes, Dover Publ, Mineola, NY.
[228] Pedrazzoli P, Rovere D, Constantinescu C, Bathelt J, Pappas M, Dépincé P,

Chryssolouris G, Boër CR, Westkämper E (2007) High Value Adding VR
Tools for Networked Customer-driven. 4th International Conference on Digital
Enterprise Technology (DET2007) 19–21.
 Magenheimer K, Reinhart G (2012) Process Management: Process Management
and Improvement Waste Focused Modeling, Analysis and Valuation of Business
Processes, World Business Capability Congress, Auckland, New Zealand.

 Mager RF (1962) Preparing Instructional Objectives, Fearon, Belmont.
 Manesh HF, Schaefer D (2010) A Virtual Factory Approach for Design and
Implementation of Agile Manufacturing Systems. American Society for Engi-
neering Education 15(111):1–12.

 Manesh HF, Schaefer D (2010) Virtual Learning Environments for Manufactur-
ing Education and Training. Computers in Education Journal 77–89.

 Martawijaya DH (2012) Developing a Teaching Factory Learning Model to
Improve Production Competencies among Mechanical Engineering Students
in a Vocational Senior High School. Journal of Technical Education and Training
4(2):45–56.
[229] Pietzner V (2002) Lernkontrolle im "Vernetzten Studium Chemie": Entwicklung
und Evaluation eines Konzepts am Beispiel des Kapitels "Addition von Halogenen
an Doppelbindungen". Dissertation, TU Braunschweig, Braunschweig.

[230] Pinar WF (2014) International Handbook of Curriculum Research, Routledge,
London.

[231] Piskurich GM (1993) Self-Directed Learning: A Practical Guide to Design,
Development, and Implementation, 1st ed. Jossey-Bass, A Wiley Brand.

[232] Pittschellis R (2015) Multimedia Support for Learning Factories. 5th CIRP-
sponsored Conference on Learning Factories, Procedia CIRP 32: 36-40.

[233] Plorin D (2016) Gestaltung und Evaluation eines Referenzmodells zur Realisier-
ung von Lernfabriken im Objektbereich der Fabrikplanung und des Fabrikbe-
triebes Dissertation, Chemnitz. Techn. Univ. Inst. für Betriebswiss. und
Fabriksysteme, Chemnitz.

http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0850
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0850
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0850
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0855
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0855
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0855
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0870
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0870
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0875
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0875
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0875
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0880
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0880
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0885
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0885
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0890
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0890
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0895
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0895
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0895
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0900
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0900
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0905
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0905
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0910
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0910
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0920
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0920
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0920
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0920
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0935
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0935
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0940
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0940
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0940
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0945
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0945
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0945
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0960
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0960
http://www.halinco.de/html/docde/HOL-prinzip02002.pdf
http://www.halinco.de/html/docde/HOL-prinzip02002.pdf
http://syrios.mech.upatras.gr/LF/
http://syrios.mech.upatras.gr/LF/
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0975
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0975
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0975
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0980
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0980
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0990
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0990
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0990
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref0995
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1000
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1000
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1000
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1005
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1005
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1010
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1010
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1010
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1010
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1020
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1020
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1020
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1020
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1030
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1030
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1035
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1035
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1035
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1045
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1045
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1045
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1045
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1050
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1050
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1050
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1070
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1070
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1070
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1070
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1075
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1075
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1075
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1080
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1080
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1105
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1110
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1110
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1120
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1120
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1125
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1125
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1125
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1130
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1130
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1135
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1140
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1140
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1140
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1140
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1145
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1145
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1145
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1150
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1150
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1155
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1155
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1165
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1165
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1165
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1165


 ed.

n of
ne to
e on

s for
nical

 with
ction
ories,

mbly
 and

ent
able
ering

207.
in G,
ited,

f the
y. in
titive

ross-
ject.

ptive
nell-
nich

VER,

ona-
9.
nce:
zes-
ring.
ieur-

trei-
ngi-

tory:
und
Col-
tion,

loan
ge.
lised
ence

 PDK

old J,
 The
ility.

d on

en in
gart.
iffer-

Skills
Skills
rade
tion,

sical
e on

E. Abele et al. / CIRP Annals - Manufacturing Technology 66 (2017) 803–826 825
[234] Plorin D, Jentsch D, Hopf H, Müller E (2015) Advanced Learning Factory
(aLF)—Method, Implementation and Evaluation. 5th CIRP-sponsored Confer-
ence on Learning Factories, Procedia CIRP 32: 13-18.

[235] Plorin D, Müller E (2013) Developing an Ambient Assisted Living Environ-
ment Applying the advanced Learning Factory (aLF): A Conceptual Approach
for the Practical Use in the Research Project A2LICE. ISAGA 69–76.

[236] Preussler A, Baumgartner P (2006) Qualitätssicherung in mediengestützten
Lernprozessen—sind theoretische Konstrukte messbar? in Sindler A, Bremer
C, Dittler U, Hennecke P, Sengstag C, Wedekind J, (Eds.) Qualitätssicherung im
E-Learning., Waxmann, Münster73–85.

[237] Prinz C, Morlock F, Freith S, Kreggenfeld N, Kreimeier D, Kuhlenkötter B
(2016) Learning Factory Modules for Smart Factories in Industrie 4.0. 6th
CIRP-sponsored Conference on Leanring Factories, Procedia CIRP 54: 113-118.

[238] PTW, TU Darmstadt Process Learning Factory CiP (Center for industrial
Productivity). http://www.prozesslernfabrik.tu-darmstadt.de/
prozesslernfabrik_cip_1/index_cip.en.jsp (accessed on 21.09.2016).

[239] PTW, TU Darmstadt Welcome to ETA-Factory: The Energy Efficient Model
Factory of the Future. http://www.eta-fabrik.tu-darmstadt.de/eta/index.en.
jsp (accessed on 21.09.2016).

[240] Putz M (2013) The Concept of the New Research Factory at Fraunhofer IWU—
to Objectify Energy and Resource Efficiency R&D in the E3-Factory. in
Reinhart G, Schnellbach P, Hilgert C, Frank SL (Eds.), 3rd Conference on
Learning Factories, Munich : May 7th, 2013. Augsburg 62-77.

[241] Reiner D (2009) Methode der kompetenzorientierten Transformation zum
nachhaltig schlanken Produktionssystem. Dissertation, Darmstadt, Shaker,
Aachen.

[242] Reinhart G, Karl F (2011) Live Experience of Energy Productivity—The Train-
ing Factory at Technische Universität München (TUM). in Abele E, Cachay J,
Heb A, Scheibner S, (Eds.) 1st Conference on Learning Factories, Darmstadt,
Institute of Production Management, Technology and Machine Tools (PTW),
Darmstadt119–127.

[243] Reiser RA (2001) A History of Instructional Design and Technology: Part II: A
History of Instructional Design. Educational Technology Research and Devel-
opment 49(2):57–67.

[244] Rei� M (2012) Change Management: A Balanced and Blended Approach, Books
on Demand, Norderstedt.

[245] Reith S (1988) Au�erbetriebliche CIM-Schulung in der "Lernfabrik", Springer,
Berlin, Heidelberg. http://dx.doi.org/10.1007/978-3-662-01109-6_24. http://
link.springer.com/content/pdf/10.1007%2F978-3-662-01109-6_24.pdf
(accessed on 23.02.2017).

[246] Rentzos L, Doukas M, Mavrikios D, Mourtzis D, Chryssolouris G (2014)
Integrating Manufacturing Education with Industrial Practice using Teaching
Factory Paradigm: A Construction Equipment Application. 47th CIRP Confer-
ence on Manufacturing Systems. Procedia CIRP 17: 189-194.

[247] Rentzos L, Mavrikios D, Chryssolouris G (2015) A Two-way Knowledge
Interaction in Manufacturing Education: The Teaching Factory. 5th CIRP-
sponsored Conference on Learning Factories, Procedia CIRP 32: 31-35.

[248] Richardson GP (1991) Feedback Thought in Social Science and Systems Theory,
University of Pennsylvania Press, Philadelphia.

[249] Riedl A (2004) Grundlagen der Didaktik, Steiner, Stuttgart.
[250] Riffelmacher P (2013) Konzeption einer Lernfabrik für die variantenreiche

Montage Dissertation, Stuttgart.Fraunhofer Verlag, Stuttgart.
[251] Riffelmacher P, Kluge S, Kreuzhage R, Hummel V, Westkämper E (2007)

Learning Factory for the Manufacturing Industry: Digital Learning Shell
and a Physical Model Factory—iTRAME for Production Engineering and
Improvement. in Silva A (Ed.), Proceedings of the 20th International Conference
on Computer-Aided Production Engineering CAPE, 120-131.

[252] Robinsohn SB (1967) Bildungsreform als Revision des Curriculum, Luchterhand,
Neuwied.

[253] Robinsohn SB (1969) A Conceptual Structure of Curriculum Development.
Comparative Education 5(3):221–234.

[254] Roessler MP, Abele E (2013) Uncertainty in the Analysis of the Overall
Equipment Effectiveness on the Shop Floor. IOP Conf Ser: Mater Sci Eng 46
(1):1–9.

[255] Roessler MP, Abele E, Metternich J (2014) Simulation Based Multi-Criteria
Assessment of Lean Material Flow Design Alternatives. in Marina P, Kumar V,
(Eds.). Advanced Materials, Mechanics and Industrial Engineering: 4th Interna-
tional Conference on Mechanics, Simulation and Control (ICMSC 2014). Trans
Tech Publications Switzerland, pp. 661–666.

[256] Roessler MP, Kleeberg I, Kreder M, Metternich J, Schuetzer K (2015) Enhanced
Value Stream Mapping: Potentials and Feasibility of IT Support through
Manufacturing Execution Systems. in Gen M, Kim KJ, Huang X, Hiroshi Y,
(Eds.) Industrial Engineering, Management Science and Applications, Springer,
Berlin, Heidelberg393–402.

[257] Roessler MP, Metternich J, Abele E (2014) Learning to See Clear: Quantifica-
tion and Multidimensional Assessment of Value Stream Mapping Alterna-
tives Considering Variability. Business and Management Research 3(2):93–109.

[258] Rowe C (1995) Clarifying the Use of Competence and Competency Models in

[264] Schunk DH (1996) Learning Theories: An Educational Perspective, 2nd
Prentice Hall, Englewood Cliffs, New Jersey.

[265] Seel NM (2012) Encyclopedia of the Sciences of Learning, Springer.
[266] Seifermann S, Böllhoff J, Metternich J, Bellaghnach A (2014) Evaluatio

Work Measurement Concepts for a Cellular Manufacturing Reference Li
enable Low Cost Automation for Lean Machining. 47th CIRP Conferenc
Manufacturing Systems. Procedia CIRP 17: 588-593.

[267] Seifermann S, Metternich J, Abele E (2014) Learning Factories—Benefit
Research and exemplary Results. CIRP January Meeting, STC-O Tech
Presentation, Paris, France.

[268] Seitz K-F, Nyhuis P (2015) Cyber-Physical Production Systems Combined
Logistic Models—A Learning Factory Concept for an Improved Produ
Planning and Control. 5th CIRP-sponsored Conference on Learning Fact
Procedia CIRP 32: 92-97.

[269] Seleim A, ElMaraghy H (2014) Parametric Analysis of Mixed-Model Asse
Lines Using Max-Plus Algebra. CIRP Journal of Manufacturing Science
Technology 7(4):305–314.

[270] Seliger G, Reise C, Farland R (2009) Outcome-oriented Learning Environm
for Sustainable Engineering Education. 7th Global Conference on Sustain
Manufacturing: Sustainable Product Development and Life Cycle Engine
91–98.

[271] Short EC (1984) Competence Reexamined. Educational Theory 34(3):201–
[272] Shrock SA (1995) A Brief History of Instructional Development. in Angl

(Ed.) Instructional Technology: Past, Present, and Future, Libraries Unlim
Englewood11–19.

[273] Sihn W, Gerhard D, Bleicher F (2012) Vision and Implementation o
Learning and Innovation Factory of the Vienna University of Technolog
Sihn W, Jäger A (Eds.). 2nd Conference on Learning Factories—Compe
Production in Europe Through Education and Training 160-177.

[274] Sivard G, Eriksson Y, Florin U, Shariatzadeh N, Lindberg L (2016) C
disciplinary Design Based on the Digital Factory as a Boundary Ob
26th CIRP Design Conference, Procedia CIRP 50: 565-570.

[275] Sivard G, Lundholm T (2013) XPRES—A Digital Learning Factory for Ada
and Sustainable Manufacturing of Future Products. in Reinhart G, Sch
bach P, Hilgert C, Frank SL (Eds.). 3rd Conference on Learning Factories, Mu
: May 7th, 2013. Augsburg 132-154.

[276] Skinner BF (1976) About Behaviorism, Vintage Books, New York.
[277] Smith A (2001) Return on Investment in Training: Research Readings, NC

Leabrook, S. Aust.
[278] Solga M (2011) Evaluation der Personalentwicklung. Praxishandbuch Pers

lentwicklung Instrumente, Konzepte Beispiele, Gabler, Wiesbaden369–39
[279] Steffen M, Frye S, Deuse J (2013) The only Source of Knowledge is Experie

Didaktische Konzeption und methodische Gestaltung von Lehr-Lern-Pro
sen in Lernfabriken zur Aus- und Weiterbildung im Industrial Enginee
TeachING LearnING.EU. Innovationen für die Zukunft der Lehre in den Ingen
wissenschaften, 117–129.

[280] Steffen M, Frye S, Deuse J (2013) Vielfalt Lernfabrik—Morphologie zu Be
bern, Zielgruppen und Ausstattungen von Lernfabriken im Industrial E
neering. Werkstattstechnik online: wt 103(3):233–239.

[281] Steffen M, May D, Deuse J (2012) The Industrial Engineering Labora
Problem Based Learning in Industrial Engineering Education at TU Dortm
University. Global Engineering Education Conference (EDUCON). IEEE,—
laborative Learning & New Pedagogic Approaches in Engineering Educa
Marrakesch, Marokko; 17.-20. 04.2012, 1–10.

[282] Sterman JD (1994) Learning in and about Complex Systems. Alfred P. S
School of Management, Massachusetts Institute of Technology, Cambrid

[283] Stoldt J, Franz E, Schlegel A, Putz M (2015) Resource Networks: Decentra
Factory Operation Utilising Renewable Energy Sources.12th Global Confer
on Sustainable Manufacturing, Procedia CIRP 26: 486-491.

[284] Stufflebeam DL (1972) Educational Evaluation Decision Making, 3rd ed.
National Study Committee on Evaluation, Bloomington.

[285] Sutherland JW, Richter JS, Hutchins MJ, Dornfeld D, Dzombak R, Mang
Robinson S, Hauschild MZ, Bonou A, Schönsleben P, Friemann F (2016)
Role of Manufacturing in Affecting the Social Dimension of Sustainab
CIRP Annals—Manufacturing Technology 65(2):689–712.

[286] tarakos. Tarakos: Virtual Made Reality. http://www.tarakos.de/ (accesse
23.02.2017).

[287] Tenberg R (2011) Vermittlung fachlicher und überfachlicher Kompetenz
technischen Berufen: Theorie und Praxis der Technikdidaktik, Steiner, Stutt

[288] Teodorescu T (2006) Competence Versus Competency: What is the D
ence? Performance Improvement 45(10):27–30.

[289] Tether B, Mina A, Consoli D, Gagliardi D (2005) A Literature Review on 

and Innovation: How Does Successful Innovation Impact on the Demand for 

and How Do Skills Drive Innovation? A CRIC Report for the Department of T
and Industry.ESRC Centre for Research on Innovation and Competi
Manchester, England.

[290] Thiede S, Juraschek M, Herrmann C (2016) Implementing Cyber-Phy
Production Systems in Learning Factories. 6th CIRP-sponsored Conferenc
cen-

ance
igan

. Co,

ctory
vels.
375.
3) A
ased
Recruitment, Assessment and Staff Development. Industrial and Commercial
Training 27(11):12–17.

[259] Schacter DL, Gilbert DT, Wegner DM (2009) Psychology, Worth Publishers,
New York.

[260] Schuh G, Gartzen T, Rodenhauser T, Marks A (2015) Promoting Work-based
Learning through Industry 4.0. 5th CIRP-sponsored Conference on Learning
Factories, Procedia CIRP 32:82-87.

[261] Schuh G, Warschat J (2013) Potenziale einer Forschungsdisziplin Wirtschaftsin-
genieurwesen, Herbert Utz Verlag, Munich.

[262] Schulz W (1980) Unterrichtsplanung, Urban und Schwarzenberg, Munich,
Vienna, Baltimore.

[263] Schunk DH (1990) Goal Setting and Self-Efficacy During Self-Regulated
Learning. Educational Psychologist 25:71–86.
Leanring Factories, Procedia CIRP 54: 7-12.
[291] Thomar W. (July, 8th, 2015) Kaerchers Global Lean Academy Approach: In

tive talk (industry), Bochum, Germany.
[292] Thompson G (2007) Systematic Study of the Validity of Clinical Perform

Assessments in Entry-Level Athletic Training Education, Western Mich
University, Kalamazoo, Michigan.

[293] Thorndike EL (1965) Animal Intelligence: Experimental Studies, Hafner Pub
New York.

[294] Tisch M, Hertle C, Abele E, Metternich J, Tenberg R (2015) Learning Fa
Design: A Competency-Oriented Approach Integrating Three Design Le
International Journal of Computer Integrated Manufacturing 29(12):1355–1

[295] Tisch M, Hertle C, Cachay J, Abele E, Metternich J, Tenberg R (201
Systematic Approach on Developing Action-oriented, Competency-b

http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1175
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1175
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1175
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1180
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1180
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1180
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1180
http://www.prozesslernfabrik.tu-darmstadt.de/prozesslernfabrik_cip_1/index_cip.en.jsp
http://www.prozesslernfabrik.tu-darmstadt.de/prozesslernfabrik_cip_1/index_cip.en.jsp
http://www.eta-fabrik.tu-darmstadt.de/eta/index.en.jsp
http://www.eta-fabrik.tu-darmstadt.de/eta/index.en.jsp
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1205
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1205
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1205
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1210
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1210
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1210
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1210
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1210
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1215
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1215
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1215
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1220
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1220
http://dx.doi.org/10.1007/978-3-662-01109-6_24
http://link.springer.com/content/pdf/10.1007%2F978-3-662-01109-6_24.pdf
http://link.springer.com/content/pdf/10.1007%2F978-3-662-01109-6_24.pdf
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1240
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1240
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1245
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1250
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1250
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1260
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1260
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1265
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1265
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1270
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1270
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1270
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1280
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1280
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1280
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1280
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1280
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1285
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1285
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1285
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1290
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1290
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1290
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1295
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1295
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1305
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1305
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1310
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1310
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1315
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1315
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1320
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1320
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1325
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1335
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1335
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1335
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1345
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1345
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1345
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1350
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1350
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1350
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1350
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1355
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1360
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1360
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1360
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1380
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1385
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1385
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1390
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1390
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1395
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1395
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1395
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1395
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1395
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1400
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1400
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1400
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1405
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1405
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1405
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1405
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1405
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1410
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1410
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1420
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1420
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1425
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1425
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1425
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1425
http://www.tarakos.de/
http://www.tarakos.de/
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1435
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1435
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1440
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1440
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1445
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1445
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1445
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1445
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1445
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1460
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1460
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1460
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1465
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1465
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1470
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1470
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1470


[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]
[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

E. Abele et al. / CIRP Annals - Manufacturing Technology 66 (2017) 803–826826
Learning Factories. 46th CIRP Conference on Manufacturing Systems. Procedia
CIRP 7: 580-585.

 Tisch M, Hertle C, Metternich J, Abele E (2014) Lernerfolgsmessung in
Lernfabriken: Kompetenzorientierte Weiterentwicklung praxisnaher Schu-
lungen. Industrie Management 30(3):39–42.

 Tisch M, Hertle C, Metternich J, Abele E (2015) Goal-Oriented Improvement of
Learning Factory Trainings. The Learning Factory An annual edition from the
network of innovative Learning Factories 1(1):7–12.

 Tisch M, Metternich J (2017) Potentials and Limits of Learning Factories in
Research, Innovation Transfer, Education, and Training. 7th CIRP-sponsored
Conference on Learning Factories. Procedia Manufacturing 9: 89–96.

 Tisch M, Ranz F, Abele E, Metternich J, Hummel V (2015) Learning Factory
Morphology: Study on Form and Structure of an Innovative Learning Ap-
proach in the Manufacturing Domain. TOJET July 2015(Special Issue 2 for
International Conference on New Horizons in Education 2015) 356–363.

 Tittagala R, Bramhall M, Pettigrew M (2008) Teaching Engineering in a
Simulated Industrial Learning Environment: A Case Study in Manufacturing
Engineering, Engineering Education, Loughborough, England.

 Tracht K, Funke L, Schottmayer M (2015) Online-Control of assembly pro-
cesses in paced production lines. CIRP Annals—Manufacturing Technology
64:395–398.

 Tvenge N, Martinsen K, Kolla, Sri Sudha Vijay Keshav (2016) Combining
Learning Factories and ICT-Based Situated Learning. 6th CIRP-sponsored
Conference on Leanring Factories, Procedia CIRP 54: 101-106.

 Tyler RW (1971) Basic Principles of Curriculum and Instruction, University of
Chicago Press, Chicago, London.

 UAW-Chrysler National Training Center. World Class Manufacturing Acade-
my. http://www.uaw-chrysler.com/world-class-mfg-academy/ (accessed on
20.09.2016).

 Ulrich H, Dyllick T, Probst G (1984) Management, P. Haupt, Bern.
 University of Windsor. Intelligent Manufacturing Systems (IMS) Centre.
http://www1. uwindsor.ca/imsc/ (accessed on 23.02.2017).

 VDI (1993) VDI 2221/Methodik zum Entwickeln und Konstruieren technischer
Systeme und Produkte, Beuth, Berlin.

 Veza I, Gjeldum N, Mladineo M (2015) Lean Learning Factory at FESB—
University of Split. 5th CIRP-sponsored Conference on Learning Factories,
Procedia CIRP 32: 132-137.

 Vieweg H-G (2011) Study on the Competitiveness of the EU Mechanical Engi-
neering Industry, Ifo Institute, Munich.

 visTABLE. visTABLE: innovative Fabrikplanungswerkzeuge http://www.
vistable.de/ (accessed on 23.02.2017).

 visTABLE. visTABLE1touch Software. http://www.vistable.de/
vistabletouch-software (accessed on 23.02.2017).

 Wagner C, Heinen T, Regber H, Nyhuis P (2010) Fit for Change—Der Mensch als
Wandlungsbefähiger. Zeitschrift für wirtschaftlichen Fabrikbetrieb (ZWF) 100
(9):722–727.

 Wagner P, Prinz C, Wannöffel M, Kreimeier D (2015) Learning Factory for
Management, Organization and Workers’ Participation. 5th CIRP-sponsored
Conference on Learning Factories, Procedia CIRP 32: 115-119.

 Wagner U, AlGeddawy T, ElMaraghy H, Müller E (2012) The State-of-the-Art
and Prospects of Learning Factories. 45th CIRP Conference on Manufacturing
Systems. Procedia CIRP 3: 109-114.

[315] Wagner U, AlGeddawy T, ElMaraghy H, Müller E (2014) Product Family Design
for Changeable Learning Factories. 47th CIRP Conference on Manufacturing
Systems. Procedia CIRP 17: 195-200.

[316] Wagner U, AlGeddawy T, ElMaraghy H, Müller E (2015) Developing Products
for Changeable Learning Factories. CIRP Journal of Manufacturing Science and
Technology ;(9)146–158.

[317] Wank A, Adolph S, Anokhin O, Arndt A, Anderl R, Metternich J (2016) Using a
Learning Factory Approach to Transfer Industrie 4.0 Approaches to Small- and
Medium-sized Enterprises. 6th CIRP-sponsored Conference on Leanring Facto-
ries, Procedia CIRP 54: 89-94.

[318] Watanuki K, Kojima K (2007) Knowledge Acquisition and Job Training for
Advanced Technical Skills Using Immersive Virtual Environment. Journal of
Advanced Mechanical Design Systems and Manufacturing 1(1):48–57.

[319] Weeber M, Gebbe C, Lutter-Günther M, Böhner J, Glasschroeder J, Steinhilper
R, Reinhart G (2016) Extending the Scope of Future Learning Factories by
Using Synergies Through an Interconnection of Sites and Process Chains. 6th
CIRP-sponsored Conference on Leanring Factories, Procedia CIRP 54: 124-129.

[320] Weick KE (1979) The Social Psychology of Organizing, 2nd ed. McGraw-Hill,
New York.

[321] Weidig C, Menck N, Winkes PA, Aurich JC (2014) Virtual Learning Factory
onVR-Supported Factory Planning. Collaborative Systems for Smart Net-
worked Environments. 15th IFIP WG 5.5 Working Conferencen Virtual Enter-
prises, Amsterdam, Netherlands, 455–462.

[322] White R (1959) Motivation Reconsidered: The Concept of Competence.
Psychological Review 66:297–333.

[323] Wiendahl HP, Harms T, Fiebig C (2003) Virtual Factory Design. A New Tool for
a Co-Operative Planning Approach. International Journal of Computer Inte-
grated Manufacturing 16(7–8):535–540.

[324] Wiendahl H-P, Reichardt J, Nyhuis P (2015) Handbook Factory Planning and
Design, Springer, Heidelberg.

[325] Wiener N (1965) Cybernetics: Or Control and Communication in the Animal and
the Machine, 2nd ed. MIT Press, Cambridge.

[326] Constructivist Learning Environments: Case Studies in Instructional Design,
(1998), Wilson BG, (Ed.) 2nd ed. Educational Technology Publishers, Engle-
wood Cliffs NJ.

[327] Winterton J, Delamare-Le Deist F, Stringfellow E (2006) Typology of Knowl-
edge, Skills and Competences: Clarification of the Concept and Prototype, Office
for Official Publications of the European Communities, Luxembourg.

[328] Wurdinger SD (2005) Using Experiential Learning in the Classroom: Practical
Ideas for All Educators, ScarecrowEducation, Lanham, Md.

[329] Zierer K, Seel NM (2012) General Didactics and Instructional Design: Eyes
Like Twins: A Transatlantic Dialogue about Similarities and Differences,
about the Past and the Future of Two Sciences of Learning and Teaching.
SpringerPlus 1(15):1–22.

[330] Zuehlke D (2008) Smartfactory—From Vision to Reality in Factory Technolo-
gies. 17th International Federation of Automatic Control (IFAC) World Congress
82–89.

[331] Zwicky F (1966) Entdecken, Erfinden, Forschen im morphologischen Weltbild,
Droemer/Knaur, Munich, Zürich.

[332] Zwicky F (1989) Morphologische Forschung: Wesen und Wandel materieller und
geistiger struktureller Zusammenhänge, 2nd ed. Baeschlin, Glarus.

http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1480
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1480
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1480
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1485
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1485
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1485
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1495
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1495
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1495
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1495
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1500
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1500
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1500
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1505
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1505
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1505
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1515
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1515
http://www.uaw-chrysler.com/world-class-mfg-academy/
http://www.uaw-chrysler.com/world-class-mfg-academy/
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1525
http://uwindsor.ca/imsc/
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1535
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1535
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1545
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1545
http://www.vistable.de/
http://www.vistable.de/
http://www.vistable.de/vistabletouch-software
http://www.vistable.de/vistabletouch-software
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1560
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1560
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1560
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1580
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1580
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1580
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1590
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1590
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1590
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1600
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1600
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1605
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1605
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1605
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1605
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1610
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1610
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1615
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1615
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1615
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1620
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1620
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1625
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1625
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1630
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1630
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1630
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1635
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1635
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1635
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1640
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1640
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1645
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1645
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1645
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1645
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1650
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1650
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1650
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1655
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1655
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1660
http://refhub.elsevier.com/S0007-8506(17)30144-0/sbref1660

	Learning factories for future oriented research and education in manufacturing
	1 Introduction
	1.1 Motivation
	1.2 Historic background
	1.3 Relevance

	2 Basic definitions and types of learning and teaching factories
	2.1 Definition of learning
	2.1.1 Learning theories
	2.1.1.1 Behaviouristic learning theory
	2.1.1.2 Cognitivist learning theory
	2.1.1.3 Constructivist learning theory

	2.1.2 Competencies
	2.1.3 Learning goals, objectives and outcomes

	2.2 Forms of work related learning
	2.2.1 Experiential learning
	2.2.2 Active and action-oriented learning
	2.2.3 Games to increase motivation

	2.3 Morphology and typology of learning factories
	2.4 Definitions and related conclusions

	3 Overview of existing learning factories
	3.1 Learning factories for production process improvement
	3.2 Learning factories for reconfigurability, production and factory layout planning
	3.3 Learning factories for energy and resource efficiency
	3.4 Applied teaching factory concept
	3.5 Learning factories for Industrie 4.0
	3.6 Learning factories related to other topics
	3.6.1 Learning factories for sustainability
	3.6.2 Learning factories for product emergence processes
	3.6.3 Learning factories for logistics optimization
	3.6.4 Learning factories for management and organization
	3.6.5 Learning factories for business administration
	3.6.6 Learning factories for automation technology


	4 Learning factories curricula: from target-specific goals to a systematic operational methodology
	4.1 Introduction to didactical and methodical basics
	4.1.1 Approaches and models of general didactics
	4.1.2 Approaches and models of instructional design

	4.2 Process of analyzing and configuring a learning factory

	5 Enhanced learning in learning and teaching factories
	5.1 Evaluation of learning success
	5.1.1 Learning outcomes and learning success
	5.1.2 Factors influencing learning success
	5.1.3 Learning success measurement
	5.1.3.1 Measurement techniques and forms of evaluation

	5.1.4 Practical learning success evaluation
	5.1.5 Learning success evaluation in learning factories

	5.2 Digital, virtual, and hybrid learning factories
	5.2.1 Digital and virtual learning factories
	5.2.2 Software tools for digital and virtual learning factories
	5.2.3 Fusion and integration of hybrid learning factories
	5.2.4 Use cases of digital and virtual learning factory


	6 Enhanced research in learning and teaching factories
	6.1 Potentials of an extended learning factory approach
	6.2 Use cases of research and innovation factories

	7 Conclusion and future research priorities for (inter)national programs
	7.1 Potentials and limits of learning factories
	7.1.1 Potentials of learning factories
	7.1.2 Limits of learning factories
	7.1.2.1 Limited resources
	7.1.2.2 Limited mapping ability
	7.1.2.3 Limited scalability
	7.1.2.4 Limited mobility
	7.1.2.5 Limited effectiveness


	7.2 Outlook: challenges and opportunities
	7.3 Future research

	References


