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Abstract: Educating the future-ready workforce in STEM fields is complex. This is demonstrated
by numerous publications in the context of the fourth industrial revolution, the 21st century skills,
and the development of integrated models in STEM Education. In this article, this complexity is
first addressed on a theoretical level by reviewing developments in the world of work and the
associated challenges for General Didactics and Subject Specific Education. A synthesis of the
contrasting perspectives shows that empirical research requires sufficiently complex settings.
With MINTco@NRW, such a setting is presented, and its complexity characteristics are
identified. In addition, insights are provided into the research perspectives associated with the
project. They are mathematical-relatedness, students’ self-efficacy and the mentoring of STEM
problem solving. Research questions that arise are in the contexts of performance assessments in
such settings and teacher training to provide the necessary skills to make learners future-ready.
The conclusion is that integrated STEM education for a future-ready workforce requires scientific
approaches that make fruitful use of the mentioned complexities.
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1 Introduction

Current crises in the environment, health, economy, and politics are raising a lot of
challenges. These challenges are not only relevant for professional workers, but they are
definitely part of it and need to be ready for the future. Due to rapid technological
developments in the fields of Industry 4.0, digitalization, and AlI, further complex
demands are being placed on the workforce of tomorrow that can hardly be solved in
isolation using schematic approaches (Li, 2022).

It is therefore necessary to identify the challenges that will arise in the foreseeable
future and what the workplace of the future will look like (1.1). This raises one of the
fundamental questions of (mathematical) education, namely to what extent school
education can and should meet these challenges, but also, how educational processes can
take account of this complexity (1.2). These questions can be addressed from a general or
subject-specific perspective. Accordingly, various general concepts, such as 215t century
skills (McComas, 2013), 4Cs (National Education Association, 2011), or the OECD
Learning Compass (The OECD Future of Education and Skills 2030 Informal Working
Group, 2019), and epoch-typical key problems (Klafki, 1985, 1998), which have been
developed from social initiatives or research work, are contrasted with subject-specific
concepts (Maass et al., 2019; Steiner, 1985) that explore the extent to which mathematics
in STEM can help to deal with complexity. This literature-based considerations reveal the
need for learning settings to be designed in such a way that learners can gain insights into
authentic key problems and thus deepen their (mathematical) skills. Also, corresponding
scientific investigation requires correspondingly rich research formats with networked
research questions (1.3).

In line with the identified requirements, the MINTco@NRW project is presented as a
paradigmatic example of such a complex research setting (2), which enables complex
teaching and learning processes in collaboration between schools, companies, and
universities, as required by the setting, and also opens up rich research opportunities in
the areas of mathematics-relatedness, self-efficacy, and mentoring. To illustrate the
complexity and richness of the project, this section provides insights into initial research
results on the content, instructional, and reflective levels (3).

Overall, the questions arise as to how the inherent complexity of issues in the field of
sustainable cooperation between actors from different institutions and countries can be
taken into account to promote a future-ready workforce, considering mathematics-
specific and interdisciplinary perspectives, and what further research is needed in this
area.
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2 Complexity of (future) work and (mathematics) education

Both areas, future work and (mathematics) education are complex in themselves. The first
area, as there are diverse professions (Strack et al., 2021), work environments (Fukumura
et al., 2021; Grzegorczyk et al., 2021) and work formats (Okenwa-Emegwa et al., 2017; Pan
et al., 2023) that change significantly over time. Examples of this changes are the so-called
"industrial revolutions" that are currently leading to Industry 4.0 (Balliester & Elsheikhi,
2018; Li, 2022). It is based on a transformation of work and workplaces in the context of
digitalization. Educational processes are also complex, which is due to various players in
the field of education (Gonzalez-Pérez & Ramirez-Montoya, 2022; Skott, 2019) different
educational goals (Hughson & Wood, 2022; Kennedy & Sundberg, 2020; Weinert, 2002)
and the associated formats of teaching and learning (Caratozzolo et al., 2021; Johnson et
al., 2021). Additional complexity is added if both areas are to be combined. There are
several ways to do this. At this point, two of these possibilities will be outlined to highlight
different perspectives for approaching the relationship between education and future
work.

One perspective is based on an educational concept that is as general as possible, such
as the concept of "Bildung" often found in the German-speaking world, based on
Humboldt's educational ideal, which is described by Tyson (2016) in the following excerpt:

"All schools [. . . ] have to support only the development of general human
Bildung [general human education]. That which concerns the basic needs of
life or the expertise of some individual in his vocation has to be removed and
to take place after the completion of general studies. If they are mixed, edu-
cation becomes impure and one achieves neither complete human beings nor
complete citizens. [...] Through general Bildung it is the [...] human being as
such that is to be strengthened, refined and regulated. Through special Bild-
ung it is only skills/competences for use that are developed." (Tyson, 2016,

p. 235)

This approach assumes that every profession is achievable based on sufficient general
education and that profession-specific training should/must only take place later. The
future viability of education thus results directly from the fundamental detachment from
the requirements of concrete application scenarios of education.

Another possibility is to approach the concept of "future workspaces" and examine
afterwards what demands are placed on education. This is then often linked to demands
in education policy. Of course, the difficulty here is that it is not possible to predict what
exactly the future demands on learners will be, as it is not clear exactly what "future work"
and "future workspaces" are (Balliester & Elsheikhi, 2018).

In line with this spectrum of perspectives, various answers have been given in history
to the question of what education is, what general education can be, what role specialist
and interdisciplinary education plays and what consequences this has for vocational
education and training.
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In the following contrasting narrative literature review, we want to identify issues on
"future work" and "future workspaces" from various areas to elaborate and connect them
to different concepts of General Didactics, but also STEM-specific education with a focus
on mathematics. The idea behind this approach is to identify complexity as an important
topic in the synthesis of future work and education. A result is the necessity of a
correspondingly rich research environment, as provided by the MINTco@NRW project,
which is then introduced in more detail as a paradigmatic example in the following
sections.

2.1 (Future) work & workspaces

As a researcher in the field of Mathematics Education or STEM Education, you are rarely
an expert in "future work" or "future workspaces" simply because of your research
interests. Various other areas, such as the sociology of work, vocational training,
economics, or cyber-physical systems research, must be considered. The following
questions are particularly relevant to investigate future work and future workspaces in
relation to the question of what STEM education must look like for a future-ready
workforce: What competencies and skill requirements are expected from the future
workforce in terms of future work? Are there any trends in this regard that are particularly
relevant for STEM education? What will the workspaces of the future look like, and what
requirements will this place on employees? How are these aspects connected in the "future
work"-complex? For answering these questions, it seems to be important to define "future
work" or "future workspaces" first. In order to develop a definition, Balliester and
Elsheikhi (2018) conducted a literature review. At the beginning of their final report, they
state:

"However, despite a growing body of research in this area, there exists no
universally accepted definition of what exactly the "Future of Work" encom-
passes and what the most relevant drivers are ." (Balliester & Elsheikhi, 2018,

p.v)

To frame their literature review, Balliester and Elsheikhi (2018, pp. 1—2) propose five
dimensions of future work: number of jobs and their development, job quality, social
protection, wage and income inequalities, as well as social dialogue and industrial
relations. In order to answer the above questions, it may be helpful to consider the so-
called "megatrends" such as technology, climate change, globalization and demographics,
in light of these five dimensions. Of these dimensions, job quality as well as social dialogue
and industrial relations seem to be particularly relevant to STEM education. Not only the
characteristics of future work will change, but also the number of jobs due to new
technological innovation (Balliester & Elsheikhi, 2018, p. 8; Li, 2022; Strack et al., 2021).
In their literature review Balliester and Elsheikhi (2018) state that little is known about
how many new jobs are being created by new technologies, although a large proportion of
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executives also see these opportunities. Depending on the source used, between 9% and
60% of workers are affected by these changes. Focusing on the changes in activities, it is
assumed that 50-70% of workers will be affected, for example by the adaptation of Al
technology. As an illustrative example of the change in work, the authors cite an example
from France, where half a million jobs have been lost in the last 15 years due to the
internet, but where 1.2 million new jobs have been created in the same period. This mega-
trend is particularly interesting for STEM education, as many jobs in the STEM sector are
located in the area of computer and technology as well as in the green economy. Strack et
al. (2021) discuss three labor market developments and their connection to shortages in
skilled labor in the STEM-fields, namely in the USA, Germany and Australia, with the
conclusion that

"in many sectors, severe shortages of skilled workers will mean that growth
in demand for talent will be unmet. This is particularly true for computer-
related occupations and jobs in science, technology, engineering, and math
since technology is fueling the rise of automation across all industries. This
is why the computer and mathematics job family group is likely to suffer by
far the greatest worker deficits in all three countries ." (Strack et al., 2021,

p. 11)

This estimate has increased with the accelerated introduction of technology into
workplaces during the COVID pandemic (Fukumura et al., 2021; Grzegorczyk et al., 2021).

Trends can also be identified regarding the skills and competencies required by
employees. Critical thinking, problem solving, which explicitly includes solving more
complex problems, and creativity are still among the top skills that the future-ready
workforce should have. In current skills catalogs, a positive attitude towards lifelong
learning and employee resilience are also coming into focus due to the experience of the
crisis and the ever faster pace of technological development (Li, 2022, p. 2). This required
attitude towards lifelong learning is future proof per se, as it enables workers to gain
further qualifications later. For this so-called up- and reskilling, Li (2022) identifies both
traditional and innovative formats based on various stakeholders, including colleges and
companies.

With regard to future workspaces, greater flexibility of work formats and thus also an
individualization of workplaces is to be expected, which are to be negotiated between
employees and employers (Fukumura et al., 2021; Grzegorczyk et al., 2021; Pan et al.,
2023).

With regard to globalization, increased labor migration is to be expected, for which
appropriate Actions must be implemented, but at the same time employees must also
become global-proof, i.e. be able to deal with different countries and origins in the
professional field, which is addressed, for example, by introducing new courses and
further training formats (Okenwa-Emegwa et al., 2017).
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2.2 Education for Future-Ready Workforce

As outlined in the opening quote, an important aspect of the educational discourse is the
extent to which general school education also prepares students for the world of work. A
fundamental distinction can be made between two perspectives on education in the
classroom: formal and material education (Klafki, 1975, 1985). In formal educational
conceptions, the focus is primarily on the individual education of an individual learner in
order to train their skills and attitudes as generally and relatively free of purpose as
possible without reference to their professional future (Willbergh, 2016). The quote from
Humboldt presented at the beginning belongs to this approach according to Tyson (2016).
Material education is dominated by (specialist) knowledge, the relationship between
learning and knowledge, i.e. the focus is primarily on discipline-specific knowledge or
necessary professional knowledge (Willbergh, 2016). Of course, both categories are
analytical distinctions. Current educational concepts generally adopt a middle stance in
line with the requirements of categorical education (Klafki, 1975). Although with regard
to the question of what education for a future-ready workforce should look like, the
pendulum has swung mainly in the direction of more formal education and in recent years
a turn towards a stronger inclusion of material aspects of education can be seen again
(Hughson & Wood, 2022). This also applies to current recommendations for (concrete)
reforms of the education system (The OECD Future of Education and Skills 2030 Informal
Working Group, 2019; Thornhill-Miller et al., 2023).

In addition to this complex interaction of educational goals with different focal points,
the question arises as to what extent general, but also subject-specific perspectives can
contribute to how (school) education can contribute to a future-ready workforce, to which,
as described in section 1.1 complex requirements are placed on them. Accordingly,
examples of current general conceptions and discipline-specific conceptions from the
STEM field in relation to the promotion of the "future-ready" workforce are presented
below. The selection of the different perspectives is due to the widespread dissemination
or greater diversity of approaches.

2.2.1 General conceptions: 21st century skills, 4C's, OECD Learning Compass,
and epoch-typical key problems

In this section, we will elaborate four more general concepts which give some perspectives
for educating the future-ready workforce. Three of these four different frameworks, 21st
century skills (McComas, 2013), 4C’s (National Education Association, 2011) and the
OECD Learning Compass (The OECD Future of Education and Skills 2030 Informal
Working Group, 2019), are often cited in literature discussing future work (Gonzalez-
Pérez & Ramirez-Montoya, 2022; McComas, 2013; Thornhill-Miller et al., 2023). The
origin of these conceptions lay mostly in political or economically oriented associations
and groups. In contrast the conception of epoch-typical key problems (Klafki, 1975, 1985;
Willbergh, 2016) is an older concept from General Didactical research, which has enjoyed
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something of a revival in recent years in both English and Scandinavian-speaking
countries. This revival can be explained by the fact that it shares similar educational goals
as the 215t century skills and the other two frameworks, but also provides a transition to
subject specific conceptions (cf. section 2.2.2). All frameworks address the challenge of
how education should adapt to accelerated economic and technological developments
(Kennedy & Sundberg, 2020).

The concept of 215t century skills has been developed in response to this challenge,
which is associated with "digitalization" and "globalization" on the one hand and the
specific revolution in the world of work towards "Industry 4.0" on the other. A complex of
different skills, also called competencies in some publications, whose possession or
training is assumed to enable learners to be successful in the modern world of work
(Kennedy & Sundberg, 2020; Thornhill-Miller et al., 2023).

The definitive skills involved are still being discussed from various perspectives. An
overview of the various approaches, which cannot be discussed in detail here, is provided
by Kennedy and Sundberg (2020) or Thornhill-Miller et al. (2023). The best known
framework in the discussion is probably the "Framework for 21st century learning" of the
Partnership for 215t Century skills (Battelle for Kids, 2024). It was developed jointly by
teachers, education experts and business leaders. The current version of this concrete
framework comprises twenty skills, nine key subjects and six 215t century interdisciplinary
themes. The skills include: think creatively, work creatively with others, implement
innovations, reason effectively, solve problems, communicate clearly, access and evaluate
information, use and manage information, analyze media, create media products, apply
technology effectively, adapt to change, be flexible, manage goals and time, work
independently, interact effectively with others, work effectively in diverse teams, manage
projects, guide and lead others and be responsible to others (Battelle for Kids, 2023).
Similar skill catalogs have been developed since the 80s (Kennedy & Sundberg, 2020).

All models of 215t century skills are complex, which, according to the developers, is
mainly due to the fact that the future (working) world is also very complex (Gonzalez-
Pérez & Ramirez-Montoya, 2022; Kennedy & Sundberg, 2020; Thornhill-Miller et al.,
2023; van Laar et al., 2017). The complexity of the model is accompanied by challenges in
the concrete implementation and in the empirical evaluation of the acquisition of 21t
century skills (Thornhill-Miller et al., 2023). In addition, the problem of definition has not
yet been clarified:

"We are 20 years into the 21st century and we are still struggling to define
21st century skills with precision due to the dynamic nature of the skill sets
necessary for success. These definitions will undoubtedly evolve as we move
into the 22nd century ." (Kennedy & Sundberg, 2020, p. 491)

Within the 215t century skills, four skills emerge that are rated as particularly relevant

in various publications, the so-called 4C's, namely critical thinking, creativity,
communication and cooperation (Battelle for Kids, 2024; Thornhill-Miller et al., 2023).
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They appear in various catalogs of 215t century skills (Battelle for Kids, 2024; Gonzalez-
Pérez & Ramirez-Montoya, 2022; Li, 2022; The OECD Future of Education and Skills
2030 Informal Working Group, 2019). There are also no universally valid definitions of
the 4Cs, which, in addition to the fundamental breadth of the terms is also due to the
different perspectives of the disciplines, such as psychology, sociology, didactics and
communication sciences, which focus on the respective 4Cs. Nevertheless, quite broad
definitions can be given that fit to numerous studies.

Pasquinelli et al. (2021) define: "critical thinking is the capacity of assessing the
epistemic quality of available information and—as a consequence of this assessment—of
calibrating one's confidence in order to act upon such information". This general
definition can be supplemented by six components of critical thinking. These are the
ability to interpret information, analyze information, draw conclusions from it, evaluate
the quality of the information, provide explanations and regulate oneself in these
processes (Thornhill-Miller et al., 2023).

Weick (1993) interprets Bruner’s (1983, p. 183) description of learning processes,
"'Learning' is most often, figuring out how to use what you already know in order to go
beyond what you currently think" as a form of creativity, which can be understood as a
broad definition of the latter. The concept of creativity can also be divided into different
dimensions, namely the creative process, the product, the characteristics of the creative
person and the social and physical environment in which the creation takes place
(Thornhill-Miller et al., 2023).

A broad definition of communication is that communication is based on exchanging
information in order to change the "epistemic context" of others (Thornhill-Miller et al.,
2023, p. 64). A distinction is often made between different dimensions of communication:
linguistic, pragmatic and social (Thornhill-Miller et al., 2023). This multidimensionality
makes it clear, as with 215t century skills, that different disciplines are necessary to
understand communication and that this skill-like critical thinking—is also a complex on
its own.

Détienne et al. (2012, p. 197) propose the following definition of collaboration, which
they consider to be agreed on: collaboration "involves sharing of goals, resources and
representations relating to the joint activity of participants". The "knowledge, behavior,
and attitudes" of the collaborators is relevant for productive collaboration (Thornhill-
Miller et al., 2023, p. 65).

These four dimensions are also difficult to measure empirically due to their complex
structures, which have only been shown here as examples. One advantage for
implementation, however, is that only four general skills or competencies need to be
focused during implementation, which also enables a broader field of application.
Thornhill-Miller et al. (2023) suggest grids for labeling concrete teaching-learning
settings of different formats, from curricula to games, with regard to the 4Cs in order to
reduce the complexity of evaluation in practice.
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Figure 1. OECD Learning Compass (The OECD Future of Education and Skills 2030 Informal
Working Group, 2019, p. 15)

@) OECD

The OECD Learning Compass model is similarly complex to the 215t century skills,
albeit with additional dimensions such as attitudes and values (The OECD Future of
Education and Skills 2030 Informal Working Group, 2019). This framework was
developed through collaboration between teachers, experts, businesses, and students.
Figure 1. shows the various characteristics of learners summarized in the "compass rose".
In addition to skills, their knowledge, attitudes and values also contribute to shaping their
future is a part of the core foundations on the basis of which overarching competencies
are developed (The OECD Future of Education and Skills 2030 Informal Working Group,
2019). This understanding of competence fits with the common definition of competence,
which are

"the cognitive abilities and skills available to individuals or that can be
learned by them to solve certain problems, as well as the associated motiva-
tional, volitional and social readiness and abilities to use the problem solu-
tions successfully and responsibly in variable situations." (Weinert, 2002,

pp. 27-28)
The next concentric ring contains the transformative competencies, including the
competencies creating new value—"new value" in the sense of innovation processes in

which the value of the innovation is recognized by the innovators, reconciling tensions and

LUMAT Vol 12 No 4 (2025), 18. https://doi.org/10.31129/LUMAT.12.4.2394


https://doi.org/10.31129/LUMAT.12.4.2394

Stoffels et al. (2025) 10/29

dilemmas—which includes in particular the ability to adopt different points of view and to
be resilient, and taking responsibility—which means that the consequences of actions
(including ethical ones) should be assessed.

The Anticipation-Action-Reflection cycle is also shown concentrically with the help of
arrows in the Learning Compass and is intended to represent the continuous development
and learning of learners.

Examining Figure 1. it is noticeable that not only the Learning Compass is part of the
OECD framework, but also the student agency. This is defined as

"the belief that students have the will and the ability to positively influence
their own lives and the world around them as well as the capacity to set a
goal, reflect and act responsibly to effect change" (The OECD Future of Edu-
cation and Skills 2030 Informal Working Group, 2019, p. 16)

When collaborating learners act among themselves or with learners in a social context,
the actors develop co-agencies in relation to their collaborations. All these aspects should
contribute to well-being in 2030. In other words, making the world a better place (The
OECD Future of Education and Skills 2030 Informal Working Group, 2019).

The 4Cs can also be found in the OECD Learning Compass, or in the associated notes
(The OECD Future of Education and Skills 2030 Informal Working Group, 2019, 38,57).
However, there is also a discussion of various areas of knowledge, including disciplinary,
interdisciplinary, epistemic, and procedural knowledge. The relationship between
disciplinary and interdisciplinary knowledge is of course particularly interesting for STEM
Education. Hughson and Wood (2022) come to the conclusion with their analysis of the
Learning Compass that disciplinary knowledge is only used instrumentally to learn further
skills or professionally relevant knowledge. This means that disciplinary knowledge does
not come to the fore in terms of its value for a single discipline. Regarding the individual
components of the Learning Compass, similar challenges arise for both empirical
investigation and practical implementation as already discussed for the 215t century skills
and the 4C framework, as the Learning Compass encompasses these.

To conclude the presentation of these modern frameworks for cultivating a future-
ready workforce, the aim of their presentation should be explained once again. All three
concepts aim to provide answers as to which skills or competencies learners should
acquire to be part of a future-ready workforce and well prepared for their future lives.
Based on the assumption that the future is becoming more complex and that the
challenges are constantly changing due to technological and natural developments,
complex models are proposed for good reasons.

Interesting to note, this multi-perspective view of complex future problems is not
genuinely new, which is why a classic approach is now experiencing a renaissance in
English-speaking and Scandinavian countries. It starts from general educational issues
and not only, but also, takes the future world of work into consideration.
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Klafki (2000) in addition to the already discussed idea of categorical education, i.e.
the education of learners in interaction with learning materials, also formulates the idea
of epoch-typical key problems that learners should deal with in problem-based learning
and project-oriented lessons. His recommendation to devote teaching time to
interdisciplinary work to such comprehensive problems is based on his educational
question, which fits in perfectly with the OECD Learning Compass:

"What knowledge, skills and attitudes do young people need today and for
their future in order to be able to deal productively with those universal de-
velopments and problems and gradually become capable to judge, co-deter-
mine and co-design ?" (Klafki, 1998, p. 2)

According to Klafki (1985, 1998), in line with his concept of categorical education,
these competencies can only be developed by students dealing with these epoch-typical
key problems. In retrospect, these also include the key issues of our society today, such as
peace, environmental issues (which encompasses more than just climate protection (the
2030 Agenda for Sustainable Development, 2015)), socially produced inequality,
challenges posed by digitalization. In this debate, Klafki sees particular opportunities to
stimulate the skills and abilities that can be subsumed under the aspects of critical
thinking, collaboration, communication, creativity and agency (Klafki, 1998). These key
problems are exemplary in that they enable structural insights that go beyond the concrete
problems and enable different (inter-)disciplinary perspectives due to their complexity.
This balance of knowledge and learning with a direct future-oriented relevance of the
content to be learned goes beyond the mere training of skills (Willbergh, 2016) and can
show that (inter)disciplinary perspectives are relevant for complex problem solving and
are not just arbitrarily interchangeable topics that have no relevance for the professional
or non-professional future.

2.2.2 Domain specific conception: Contribution of mathematics as an example
for STEM dealing with complexity

In this section, we will extend our view with how STEM perspectives, in this article in
particular mathematical perspectives, can contribute to the development of a future-ready
workforce and how these differ from or complement the general concepts.

What STEM is, is received differently in various publications, although the
publications agree that there is no fixed definition for this term and that STEM is located
in the spectrum between a mere bundle of individual disciplines to the integrated view of
science, technology, engineering and mathematics (Basham et al., 2010; Falloon et al.,
2020; Gonzalez-Pérez & Ramirez-Montoya, 2022; Kennedy & Sundberg, 2020; Maass et
al., 2019; Playton et al., 2024). This broad spectrum of definitions not only leads to
difficulties in practical implementation, e.g. it is unclear what specialist’s background the
supervising teacher should have (Maass et al., 2019) or whether STEM can only be
productive in co-teaching (Basham et al., 2010; Falloon et al., 2020). But also in scientific
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investigations, e.g. in the identification of data sources (Johnson et al., 2021). There is
empirical evidence that science and mathematics is not clearly differentiated by some
students (Playton et al., 2024, p. 178).

Multiple answers are also given to the question of why STEM is important to learn.
STEM knowledge and skills are becoming more relevant for all citizens, both in terms of
their future work and their everyday lives (Basham et al., 2010). Other justifications
include the lack of future workers in this field, which also results in corresponding funding
for research projects (Daily & Eugene, 2013; Maass et al., 2019; Playton et al., 2024). The
goals of STEM teaching also range from the acquisition of (inter-)disciplinary knowledge
to 215t century skills (Camilli & Hira, 2019; Maass et al., 2019). This complexity becomes
also evident in models that seek to incorporate all aspects (Falloon et al., 2020).

For a contribution to this complex, the question can be raised as to what role a
discipline-specific perspective can play in STEM learning (Falloon et al., 2020). Maass et
al. (2019) pose this question in relation to mathematics and provide three answers. In
mathematics there is a "source of evidence" to support 215t century skills like critical
thinking, problem solving and analytical skills (Maass et al., 2019, p. 871). Mathematics
helps to understand and make quantized prediction, e.g. constructing mathematical
models and applying them on real contexts (Maass et al., 2019, p. 871). Mathematics is
important for responsible global citizens (Maass et al., 2019, p. 871). Especially with
regard to the second answer, there is great potential to combine mathematics with the
other STEM disciplines in an interdisciplinary way, as mathematical models can only be
used to structure the world through knowledge in the disciplines, depending on the
context (Uhden, 2012). One further question is then, to what extent the different
disciplines are perceived as separate at all. In the factor analysis for the STEM Future-CIS
instrument, no separate factors could be identified for mathematics and science (Playton
et al., 2024). These considerations also show that the question to what extent a
mathematical or at least mathematics-based perspective contributes to a future-ready
workforce in STEM education is not a one-dimensional problem but is also complex. In
addition, mathematics education research is also complex per se.

"Mathematics education is a field whose domains of reference and action are
characterized by an extreme complexity: the complex phenomenon "mathe-
matics" in its historical and actual development and its interrelation with
other sciences, areas of practice, technology and culture; the complex struc-
ture of teaching and schooling within our society; the highly differentiated
conditions and factors in the learner's individual cognitive and social devel-
opment, etc." (Steiner, 1985, p. 12)

These complexities in mathematics education research can be analyzed in relation to
the relationship of mathematics in STEM through three discourses, one theoretical, one
historical and one pragmatic (Lerman, 2015). The theoretical discourse deals with the
question of how different systems interact, e.g., interactions of mathematics teachers with
science teachers in relation to different perceptions of the respective matters of their own
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and other subjects. In terms of historical discourse, learners could experience how the
development of different disciplines depend on each other and have evolved. In the
pragmatic discourse, questions can be clarified as to how complex teaching-learning
settings can be designed, also regarding the complexity of collaboration processes, such as
agile formats at learner and teacher level.

To conclude the role of mathematics in the STEM subjects, something specific to
Germany should be mentioned at this point, namely the concept of "fundamental
experiences mathematics teaching and learning contributes to Allgemeinbildung" of
Winter (1996) which are listed in all preambles to the current curricula for mathematics
in Germany. Two of these fundamental experiences explicitly go beyond what can be
labelled structural mathematics.

The first fundamental experience is about an application perspective of mathematics.
Mathematics lessons should offer fundamental experiences of "perceiving and
understanding phenomena of the world around us, which concern or should concern us
all, from nature, society and culture, in a specific way." (Winter, 1996, p. 35). Such
phenomena include, on the one hand, scientific phenomena that can be modeled
accordingly, e.g., motions of moving objects. But also, normative models such as economic
models in the context of interest calculation. The third fundamental experience is about
"acquiring problem-solving skills that go beyond mathematics (heuristic skills) in dealing
with tasks." (Winter, 1996, p. 35). When discussing this third category of fundamental
experiences, this process does not necessarily occur automatically but is stimulated by
suitable didactic interventions. Nonetheless, this fundamental experience -clearly
resonates with the general competencies discussed in section 2.2.1 in terms of critical
thinking and problem solving.

2.3 Synthesis of general and domain specific conceptions: A need for com-
plex research environments

"If we as adults, and especially as educators, want to act responsible for the
next generation, we must, in my opinion, tackle the theoretical and practical
aspects of opening up the key problems of our historical epoch for them."
(Klafki, 1998, p. 8)

The given excerpt by Klafki (1998) addresses the responsibility of educators for
introducing learners to the key problems of our historical epoch. This is the common
theme of all discussed frameworks with a focus on the connection of education and the
world of work. Aspects such as environmental protection are highly relevant for many
companies today and create further STEM jobs. At the same time, the question that Klafki
(1998) himself asks in his work is to what extent these problems can be solved in the
classroom. The other general concepts for a future-ready workforce also require complex
phenomena, such as those we have identified as fruitful in the STEM field, to develop the
skills and competencies mentioned. Adopting a subject specific perspective—also in
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educational research—leads to a reduction in complexity but does not eliminate it and can
thus lead to a perspective on the question of how STEM education can cultivate a
workforce for a future that is certainly complex.

This leads to a need for complex research environments that are rich enough but can
also do justice to this complexity in terms of methodology. In this way, the following more
specific research questions formulated by Li (2022) on the basis of general educational
perspectives can be investigated:

e In which ways sustainable collaborations between universities, companies and
other partners can be successfully organized?

¢ In which ways different countries deal with such concepts?

e In which ways programs to promote the skills and competencies of a future-ready
workforce can be designed and evaluated in the above sense?

Considering the discussion of the role of mathematics in interdisciplinary STEM
education by Maass et al. (2019) we can add more discipline specific questions to Li’s
(2022) list:

e In which ways the focus on the individual disciplines can be maintained within the
framework of an interdisciplinary problem-oriented approach?

e How should scaffolding elements that support such learning processes look like?

e What can multi-perspective teaching with reference to all disciplines look like, and
how must the training and further education of teachers be designed to achieve
these goals?

These questions arose by evaluating that mathematics plays an understated role in
(interdisciplinary) STEM-Settings, contrary to the typical view that mathematics is an
important foundation for all STEM disciplines (Maass et al., 2019). We want to focus in
the following sections on mathematics educational perspectives and therefore are not able
to discuss all connections between STEM and mathematics in more detail. As authors we
see the beneficial connections between mathematics and the other STEM disciplines,
especially in discussing authentic applications in the mathematics classroom addressing
the different STEM disciplines explicit (Dilling et al., 2022; Stoffels, 2017), discussing
discipline-specific commonalities and differences (Stoffels, 2024; Witzke et al., 2024) and
therefore work together interdisciplinary with different STEM-educational researchers
(Stoffels & Hohmann, 2022; Stoffels et al., 2022).
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3 Adressing complexity for cultivating future-ready
workforce

Following this theoretical analysis, this section discusses in which ways such a rich
research environment can be designed. Therefore, the MINTco@NRW project is
presented regarding its general idea, the variety of stakeholders and the complex problem-
solving processes that are to be stimulated by the project. The second part of this section
then provides an overview of the research perspectives taken in the project.

3.1 MINTco@NRW: Complex environment for mathematics educational re-
search

MINTco@NRW is a cooperation project between the University of Siegen and the
University of Cologne, which aims to investigate school-based STEM learning for the
future. The acronym "MINTco@NRW" is composed of the components "MINT", which is
the German equivalent of STEM, but in the order of mathematics, engineering, natural
sciences, and technology; "co", which refers to the focus on collaboration both in the sense
of collaborative learning and the collaboration of various stakeholders in the project
(learners, teachers, companies, universities, and other partners); and finally "NRW",
which is the acronym for the federal state of North Rhine-Westphalia, where most of the
German schools involved in the project are located. Spread across NRW, the University of
Cologne and University of Siegen support teachers at ten schools in the development and
implementation of authentic and problem-oriented STEM learning settings. In solver
teams, students solve real unsolved STEM problems from companies in NRW in the areas
of optimization, digitalization, big data, modelling, and AI. The clue is that these solver
teams—embedded in various formats of regular school lessons—work together with
counterparts from the USA over a period of 3-4 months in international hybrid settings
and thus experience problem-solving processes in a digitalized and globalized world. In
doing so, we draw on experiences of the extracurricular predecessors MINT-Pro2Digi
(Stoffels & Holten, 2022) and Authentic-STEM (Stoffels, 2023). These have had a positive
effect on the skills development and self-efficacy expectations of the students involved and
were also characterized by a high level of voluntarily female participants (consistently over
50%).

Teachers take on a mentoring role in MINTco@NRW, which enables them to identify
and elementarize suitable authentic STEM problems with external business partners and
accompany students in the independent problem-solving process through targeted
training elements at the participating universities. The pilot phase in an extracurricular
setting was completed in July 2024 and will then be continued in the context of regular
interdisciplinary lessons in lower secondary level and upper secondary level (students age,

14—17 years).
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Teachers use in regular classes various forms of performance assessments (grades for
participation, long-term portfolio work, final presentations by students as part of the
"Forum of Innovation"). One practical aim of research is to develop sustainable formats
for learning, teaching, and assessment from the jointly developed and evaluated best-
practice materials for regular lessons. To this end, questions relating to mathematics-
relatedness, the students' experience of self-efficacy and the mentoring of teachers are
taken into consideration.

The complexity and richness of this project to investigate the cultivating of a future-
ready workforce in the STEM fields results from the variety of stakeholders and the core
of the project, the long-term and complex problem-solving processes.

3.1.1 Variety of stakeholders

Figure 2. shows the various stakeholders in the project who interact during the problem-
solving process. This includes a business from the USA or Germany that, together with the
teachers, identifies suitable ongoing problems for one to three solver teams in the
classroom. A solver team consists of about 3-5 students from Germany and the USA who
work together to solve the business’ problems. This gives students insights into the
respective business and the opportunity to apply their STEM skills and competencies in
an authentic context.

Figure 2. Variety and interactions of stakeholders
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In the first half of the school year, students learn about the various roles in the project,
different project organization formats and problem-solving strategies in a classroom
setting. In the second half of the school year, a company representative presents the
problem to the international solver-teams as part of a "kick-off". This is followed by a
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project work phase lasting around 3 months, during which the solver-teams exchange
information and work on their solution on a weekly basis using a video collaboration tool.
During this period, the business is also visited at least once with the student group, which
is located near the business, as it has been shown that STEM projects with local relevance
are particularly effective in promoting learner ownership (Falloon et al., 2020). Also, the
business representative is open for students’ question. The final event is the so-called
"Forum of Innovation" in which the students present their solution to the business, their
classmates, and the public.

As researchers, we act as catalysts to bring businesses and schools together, develop
concepts for project-based learning together with teachers and pursue the research
perspectives described in more detail in section 3.2. An essential aspect of all research
perspectives is the various interactions that have not yet been part of everyday students’
and teachers’ life, particularly in cooperation with businesses and universities.

3.1.2 Complex problem solving

The core of the project and the work of the solver teams is the problem of the company.
The companies come from various sectors, they can be from the IT industry, but also from
the manufacturing industry. In the past companies proposed often problems from the field
of Industry 4.0, i.e. digitalization, automation or similar. Accordingly, different disciplines
are often stimulated by the problem.

In this article we follow the definition of a complex problem according to Priemer et
al. (2020): "A complex problem can be defined as a non-routine situation in which a
person tries to follow aims in a partially non-transparent, dynamic, and polytelic
environment". The problem-solving process is usually described as a multi-step process
in which one or more hurdles must be overcome (Roberts et al., 2022; Rott et al., 2021).
However, such problem-solving processes do not only occur in mathematical problem
solving, but vary depending on the STEM discipline. Priemer et al. (2020) developed an
integrated problem-solving cycle with a total of 13 steps on the basis of a theoretical
review, which combines different subject-specific perspectives and their models of
problem-solving cycles from the fields of science, mathematics, engineering and
technology, as well as computer science. In the MINTco@NRW project, we use this
integrated cycle as a template and examine to what extent this integrated cycle is suitable
for describing the students' problem-solving processes and which steps the students take.
From this, we hope to draw conclusions about the students' subject-specific working
methods.

Another aspect that is interesting in the context of complex problems and has potential
for further investigation in the project is the joint problem posing process (Baumanns &
Rott, 2022) between business representatives and teachers. This will be investigated in
the next project cycle.
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3.2 Research perspectives in MINTco@NRW

Due to the complex research setting, numerous studies are conceivable. In the upcoming
cycle, the research perspectives of mathematical-relatedness, self-efficacy of students and
mentoring by regular (STE)M teachers will be examined. Initial insights into these
perspectives can be found in section 3.

3.2.1 Mathematics-relatedness

One research perspective within the MINTco@NRW project is the investigation of
mathematics-related (Stoffels, 2024) activities (basic mathematical activities, problem
solving, modeling, structuring of solution procedures, systematic presentation of
solutions, etc.) (Kapnick, 1998; Neumann et al., 2018) of learners working on authentic,
unsolved STEM problems from businesses. The starting point of the study is the problem,
which is first identified by the business representatives and teachers. It is then analyzed
to what extent the learning environments based on this problem have the potential to be
mathematics-related and in which ways it stimulates mathematical activities.

Methodologically, a didactic analysis of these problems is first carried out (HuBmann
et al., 2016; Kirsch & Scherk, 2012). The extent to which these potential mathematical
activities are also implemented by the learners and what existing knowledge they can
recognize and activate during solving them is afterwards examined. This is done by video
graphing the problem-solving processes of the solver-teams. It is interesting to see
whether mathematical activities are revealed that are not to be expected from didactic
analysis and how these are compatible with the problems. In addition, the extent to which
the problem-solving process as such is compatible with mathematical problem-solving
models such as Rott et al. (2021).

In addition to the observations, the mathematical activities that the learners reflect on
after the lesson and document in portfolios are examined. These entries offer the
possibility of reconstructing perceptions of mathematics in relation to the learners' setting
and can be triangulated with the observations.

One aim of this research perspective is to develop a categorization system for students'
mathematical activities in complex problem situations in STEM. Also, the relationship
between the problem-based learning environment and students' perceptions of
mathematics and their mathematical activities are reconstructed. This is expected to
provide insights into the influence of authentic, problem-based learning environments on
students' mathematical perceptions and activities. Due to the long-term problem-solving
phase of over four months, it is possible in this setting to determine changes in the
fundamentally stable beliefs.
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3.2.2 Self-Efficacy of students

Another research perspective in the MINTco@NRW project focuses on learners' self-
efficacy expectations. With the help of an intensive qualitative case study (Yin, 2014) to
investigate the relationship between self-efficacy expectations, mathematical skills and
the motivation of learners in dealing with the unsolved problem. Here, reference is made
to the findings of Bandura (1997, p. 215) as a starting point that "efficacy beliefs predicted
interest in, and positive attitudes toward, mathematics, whereas actual mathematical
ability did not."

The previous projects have shown that some of the learners experienced their own self-
efficacy for the first time in a vocationally oriented setting. Comparable results are in the
data (cf. 3.2).

3.2.3 Mentoring by regular (STE)M teachers

Mentoring of the solver teams by the accompanying teachers is an important success
factor for supporting complex STEM problem-solving processes (Falloon et al., 2020;
Maass et al., 2019). In addition to the challenge of STEM teaching, which, depending on
the problem, requires at least interdisciplinary work (PeterBen, 2000) the project setting
also requires intercultural communication and coordination with the companies.
Accordingly, the research question focuses on how suitable mentoring can be specifically
designed by the teachers and which support options are helpful for the teachers.

Figure 3. Fields of competence for mentors in an international project-based learning STEM
context
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Accordingly, a competence model for mentors was developed on the basis of the
predecessor project "Authentic-STEM", which is shown in Figure 3. (Marx & Stoffels,
2023). In an instrumental multiple case study (Yin, 2014) the competence model is used
for training of teachers and also serves as a constant source of reflection for the teachers
in the project. Through its use and further development, we hope to gain insights into the
personal development of the teachers over the course of the project and develop a tool for
the sustainable transfer of the project into regular lessons, especially in the starting phase.

4 A complex example: Solving logistical problems with a
Lorenz-curve

The following section uses a specific example from the project to illustrate the complexity
of the problem and the associated problem-solving processes. Initial insights into the data
on the respective research perspectives are provided exemplary.

In the problem, the students should conduct an assortment adjustment of articles that
are rented out and solve further problems based on their analysis. The assortment
adjustment has a direct influence on the stock of articles held, but also on the organization
of a sorting station in which the articles periodically arrive after being rented out. The
students have solved the further problem of the sorting station.

Figure 4. Lorenz-curve - Material of an Excel workshop for the Solver-Teams during the
solving phase
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Figure 5. Students’ Lorenz-curve
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When adjusting a storage, the data must first be analyzed. This is carried out by the
company-as it is customary in business management—by graphing a Lorenz-curve and
subsequent ABC-analysis (Utsch, 2002; Wachter, 2023). The aim of this analysis is to
determine which items are rented out particularly frequently or rarely, to develop a
descriptive representation using the Lorenz-curve. The curve is based on the relative
frequencies of the items in relation to the total stock. Afterwards an ABC classification can
be done, which is often optimal for a pareto ratio of 80:20. Using a very simple example
data set, a representation and classification is shown in Figure 4.

After an Excel workshop on pivot tables and charts, the learners then analyzed the
company's original data. The data comprised around 170,000 data points associated with
394 article numbers. The results of their analysis and the redesign of the sorting station
based on it are shown in Figure 5. and Figure 6.

Figure 6. Students’ reorganization of the storage
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4.1 (STE)M perspectives on the problem

The Lorenz-curve was developed by the US statistician and economist Max Otto Lorenz in
the 20t century and makes inequality distributions visible. In the shown Lorenz-curve
most of the articles are not in the majority of article numbers, which explains the upward
belly of the Lorenz-curve. As Winter (1996) suggests, economic or logistical problems are
very productive for mathematical work. In this case, the statistical analysis led to a
geometric analysis.

To conclude this research perspective, an excerpt from an interview (Table 1.
Translated by G.S.) from the group's final evaluation is given

Table 1. Transcript on the topic of mathematics-relatedness.

Speaker

I: I have one more question about the problems, and you know that I'm a mathematics education re-
searcher, and that’s why I'm also interested in the following question: To what extent did you find
that there was math in the problem?

Si: Personally, I didn't think it was very bad.

S2: Me neither...

Si: I uhh... I'like math umm... I'm not such a big math hater, you know?

Interestingly, the interviewer asked about mathematical-relatedness and not about
their emotion of to which mathematics was bad or less bad in the project. Accordingly,
mathematics-relatedness also needs to be expanded to include an emotional dimension.

4.2 Self-Efficacy

The students were proud to present their solutions in the "Forum of Innovation". It was
particularly self-efficacious that the company representative was so happy about the
students’ solution that he takes their solution to the next optimization meeting. The
students who were interviewed are pupils from lower secondary level one year before
graduation (Table 2. Translated by G.S.).

Table 2. Transcript on the topic of self-efficacy.

Speaker
L ...what were your highlights?
S1: What I found particularly good about the project was that we worked together with complete

strangers. That we learned once again how we can present our ideas better. .. So... When I had an
idea in my head, I explained to the others how it made sense for all of us. I would say that was a lot
of fun.
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4.3 Mentoring

In the topic of mentoring, there are many aspects that could be discussed in line with the
broad fields of competence identified. At this point, we will limit ourselves to two aspects.
Firstly, the use of the representation of the mentors' fields of competence as an
opportunity for reflection (Figure 3. ). For this purpose, the conversation of the mentoring
teachers, who should rank the fields of competence from the most important to the least
important competence field is given (Table 3. Translated by G.S.).

Table 3. Transcript on discussing the notion of competence fields

Speaker

T1: I thought. I understand the authentic [problem solving] now in such a way that you also approach
this within the borders of your own, as a mentor, your own competencies.

T2: That you get the problem solved, correct?

T1: Uh... yes

Ta2: That would be especially important, of course. Yes, that's right.

T1: Not just get it solved, but solve it the way you do, so that you would solve the same problem differ-
ently than I do, based on my own abilities and you on your own abilities. And also in relation to the
students, if they have to solve it. That you would approach the problem differently than I would
approach it with them.

Here you can see that the teachers are encouraged not only to compare their own skills
and experiences with each other, but also to address the effects of differences on their
teaching.

Another aspect that will be relevant for the upcoming implementation of the project
in regular lessons from August 2024 on is the possibility of transferring the project to
regular school lessons. A major issue from the teacher’s perspective is assessing students.
The teacher in the Interview supervised another solver team that has worked on a different
problem (Table 4. Translated by G.S.).

Table 4. Transcript on discussing possibilities of transfer with a focus on assessing students

Speaker
L Where do you see obstacles to implementing this in the classroom?
T3: In principle, I do believe that this can be implemented. I think a big difficulty will be in the evalua-

tion of the whole thing, because to what extent—now related to the project—so how do I evaluate
the proposed solution. So how do I evaluate it. I think that will be exceedingly difficult and to
make that evaluation transparent to the students, what you expect. It's not about working out an
idea to the end, but rather about this connected thinking, that I think about... how my solution fits
in with the other variables in the company, and things like that. So how many thoughts are actu-
ally involved. I imagine it's difficult. On the other hand, these are things where I can't just ask
ChatGPT somehow or math isn't about applying a stupid formula that I've just memorized. Be-
cause I really have to come up with creative ideas myself, work.
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5 Conclusions and outlook

The aim of this article was to highlight and benefit from the complexity of STEM Education
for a future-ready workforce. This complexity is rooted in various aspects. The world of
work is (once again) undergoing major changes and the future is of course unpredictable.
This is expressed in the world of work by the terms "Industry 4.0" or 4th Revolution.
Accordingly, various concepts have been developed to optimally prepare learners for this
uncertain future. Even if some epoch-typical key problems have remained highly relevant
for the last 30 years! Also, since STEM education is still a relatively young field of practice
and research, it offers further complexities that are difficult to implement in terms of
discipline-specificity, necessary collaboration, subject-specific didactical models and the
organizational structure, depending on different national formats of STEM learning.

There are many ways of dealing with such complexes, one of which is to break them
down. However, this would make interdisciplinary or transdisciplinary STEM activities
difficult. Accordingly, research designs and developmental work are needed to do justice
to this complexity and connect different stakeholders in society so that—even if only
occasionally—there are real applications of STEM that are relevant to the students and that
they can experience their relevance in contributing to their solutions. In our view,
MINTco@NRW is an example of such a complex setting in terms of regular and long-term
intensive cooperation between schools and international partners in education and the
working world.

The next step in our project is to investigate sustainable transfer, including suitable
materials, for which there is already a wide selection, but also concrete further research
on how to measure performance in such complex STEM settings with a long-term
duration. Another perspective is, how to prepare teachers to enjoy working competently
in such contexts and at the same time keep an eye on the self-efficacy of their students.
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