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1 | INTRODUCTION

Global challenges of the 21st century are increasingly complex, and sociotechnical developments demand a new way
of educating engineering students (Beagon et al., 2023; Byrne & Mullally, 2014; Hadgraft & Kolmos, 2020;
Jonassen, 2014). Furthermore, future engineers are expected to act in complex situations and develop innovative tech-
nological and sustainable solutions (Hadgraft & Kolmos, 2020; Kamp, 2016; Redish & Smith, 2008). To achieve this,
future engineers should exhibit a T-shaped profile, where the vertical bar represents depth and mastery in one or more
technical fields or disciplines (Gerson & Ramond, 2007; Rogers & Freuler, 2015), while the horizontal bar represents
broader professional skills to address global, societal, and multidisciplinary challenges, such as thinking critically,
working collaboratively, and communicating ideas (Rijk, 2019; Tranquillo, 2017).

The demand for such “T-shaped” engineers has led engineering schools to focus on more active learning pedagogies,
such as problem-based, project-based, design-based, or challenge-based learning. These pedagogies put students in the
lead with regard to their learning and provide tailored coaching to foster their self-directed and collaborative learning
in what are often multidisciplinary teams (Hadgraft & Kolmos, 2020; Mann et al., 2021; Prince, 2004; Prince &
Felder, 2006; Ravesteijn et al., 2006). Research has suggested that active learning pedagogies positively affect student
learning (Freeman et al., 2014; Hadgraft & Kolmos, 2020; Hake, 1998). Real-world challenges stimulate learning and
allow students to acquire and link new knowledge with prior knowledge and apply it to new challenges, while devel-
oping important transversal skills for their professional future (Hadgraft & Kolmos, 2020; Jonassen, 2014).

Challenge-based learning (CBL) is emerging as a popular active learning pedagogy in higher education, and its use
in engineering education has flourished within the last decade. Several studies have suggested that CBL has the poten-
tial to educate engineering students and prepare them for their future careers by combining knowledge acquisition and
application, developing disciplinary and transdisciplinary skills, shifting the control of learning to students, and fos-
tering active learning and motivation (Gallagher & Savage, 2020). Recently published literature on CBL has focused on
describing its most prominent characteristics (Gallagher & Savage, 2020), the current state of CBL research (Leijon
et al., 2022), a conceptual framework to assess variation in CBL (van den Beemt, van de Watering, & Bots, 2023), and
comparing CBL and other active learning pedagogies (Sukacke et al., 2022). Although these reviews provide a useful
starting point for understanding the state of the art of CBL in engineering education, no systematic review has focused
on implementing CBL in practice. A CBL-focused mapping is currently lacking of essential curriculum elements of edu-
cational practice, such as the vision behind adopting CBL in a specific learning context; intended learning objectives to
be addressed by CBL; teaching and learning practices, such as learning activities, materials, and resources; the role of
teachers and other important actors in the learning process; and assessment practices. With an increasing number
of reported CBL educational interventions, a review is needed to map current CBL practices and lessons from imple-
mentation to guide future educational developments.

This systematic review addresses this gap by exploring how CBL has been implemented in engineering curricula.
We do this by reviewing CBL-relevant curriculum elements using the curricular spider web by van den Akker (2003)
and assessing the reported difficulties and lessons learned related to CBL implementation.

11 | Background

The increased interest of practitioners and researchers in CBL has created a need for defining CBL and differentiating it
from other active learning pedagogies frequently used in engineering education, such as problem- and project-based
learning. In the following, we describe the origins of CBL as an educational concept and its existing definitions. Then,
we discuss key similarities and differences between CBL and other active learning pedagogies.

1.1.1 | Existing definitions and conceptualizations of CBL

CBL originates from “Apple Classrooms of Tomorrow—Today,” a project initiated in 2008 by Apple, Inc. that aimed to
redefine the essential characteristics of the 21st-century learning environment. Apple defined CBL as follows:

[A]n engaging multidisciplinary approach to teaching and learning that encourages students to leverage
the technology they use in their daily lives to solve real-world problems. Challenge-based learning is
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collaborative and hands-on, asking students to work with peers, teachers, and experts in their communities
and around the world to ask good questions, develop deeper subject area knowledge, accept and solve chal-
lenges, take action, and share their experience. (Nichols & Cator, 2008, p. 1)

Although the definition by Apple initially focused on secondary education, examples of CBL can be found on several
levels, from elementary to higher education. We identified two working definitions of CBL relevant to higher education
that we discuss below. First, Gallagher and Savage (2020) conducted an exploratory literature review on CBL in higher
education. They provided an overview of frequently reported CBL characteristics, including using global real-world
challenges as drivers for students' learning, involvement of academic and external stakeholders, and use of technology
as crucial elements in the learning process. In addition, they emphasized CBL's flexible approach to teaching and
learning, having disciplinary and multidisciplinary specificity, promoting collaboration among students, and fostering
innovation and creativity.

Another popular definition of CBL specific to engineering education can be found in the work of Malmgqyvist et al.
(2015). They defined CBL in engineering education as “the identification, analysis, and design of a solution to a socio-
technical problem. The learning experience is typically multidisciplinary, involves different stakeholder perspectives,
and aims to find a collaboratively developed environmentally, socially and economically sustainable solution.”

Finally, van den Beemt, van de Watering, and Bots (2023) suggested that existing conceptualizations of CBL vary
and highlighted the need for a comprehensive framework to capture this variety within CBL implementation in higher
education. Based on a literature search and reflecting on current practices in their institutions, they suggested a model
in which CBL is analyzed based on its vision, teaching and learning practices, and support systems. They suggested
11 relevant indicators of CBL, at the level of vision, teaching and learning, and support practices. They also reflected on
the importance of having minimum requirements for an educational intervention to be called CBL. They defined three
minimum indicators for a CBL educational intervention. Those included (i) real-life and authentic challenges that
(ii) stimulate students’ combination of deep content understanding and a general view of engineering issues and
(iii) the use of learning activities that promote a rigorous treatment of fundamental engineering knowledge and skills.

All the above definitions emphasize the importance of real-world and authentic challenges as the starting point for
students' learning. The importance of students' engagement in active, collaborative, (multi)disciplinary learning to tackle
those challenges is also stressed in terms of the learning process. The definition by Malmqpvist et al. (2015) focused on the
characteristics of the solution for the challenge, and its wider scope as including not only technical but also societal con-
siderations. Finally, in addition to the characteristics of the challenge, van den Beemt, van de Watering, and Bots (2023)
focused on the students’ expected learning, with an emphasis on developing disciplinary and transversal skills.

1.1.2 | Comparison of CBL and other active learning pedagogies

Studies of CBL have suggested that a deeper theoretical grounding in educational science and learning theories could enrich
the CBL literature (Leijon et al., 2022; van den Beemt, Vazquez-Villegas, et al., 2023). Given that CBL promotes real-world,
active, self-directed, and collaborative learning (Sukacké et al., 2022; van den Beemt, van de Watering, & Bots, 2023; van den
Beemt, Vazquez-Villegas, et al., 2023), it resonates with learning theories and active learning pedagogies, such as problem-
based learning (PBL), project-based learning (PjBL), and design-based learning (DBL) in terms of learning principles (Leijon
et al., 2022; Sukacké et al.,, 2022; van den Beemt, van de Watering, & Bots, 2023; van den Beemt, Vazquez-Villegas,
et al., 2023). These pedagogies all aim to link students’ academic knowledge with professional practice by introducing them
to problems, tasks, or challenges relevant to their future practice (Sukacke et al., 2022). However, they also differ across crit-
ical dimensions, including the focus of learning, the type of problems/challenges used to trigger students' learning, the
learning activities, the type of solution students are required to develop, and the teacher's role in the learning process.

Although an exhaustive comparison of CBL with other pedagogies is outside this review's scope, in Table 1 we
briefly summarize some critical differences across CBL, PBL, PjBL, and DBL as have been reported so far in the litera-
ture (e.g., Binder et al., 2017; Guo et al., 2020; Holgaard et al., 2017; Kohn Radberg et al., 2020; Kolmos & de
Graaff, 2014; Krajcik & Shin, 2014; Membrillo-Hernandez, Ramirez-Cadena, et al., 2019; Sukacké et al., 2022; van den
Beemt, Vazquez-Villegas, et al., 2023).

Table 1 presents some prototypical examples of the four pedagogies as a way to highlight their fundamental differ-
ences regarding the type of challenges/problems students are presented with, the learning process, the role of the
teacher, and the expected outcomes. However, it is noteworthy that in practice, similarities and boundaries among
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TABLE 1

Comparison of differences between CBL and other active learning pedagogies.

Type of problem

Learning process

Teachers' role

Outcome

CBL
CBL starts with a real-

DBL
DBL starts with a design

PjBL
PjBL typically starts with a

PBL

PBL starts with a

world global challenge. challenge or problem. It driving question or a specific problem.
Challenges in CBL are is usually associated task. Projects in PjBL Problems in PBL are
interdisciplinary, with subjects related to can be interdisciplinary, usually discipline-

requiring students to
integrate knowledge and
skills from multiple
areas. Often, challenges
are presented by
external stakeholders.

Students propose a
solution for the global
challenge by choosing

design (e.g.,
engineering, art, or
architecture). DBL can
be interdisciplinary.
Teachers or external
stakeholders can present
design challenges/
problems to students.

Students develop a
prototype or design
solution by following

but may also focus on a
specific subject or skill.
Teachers usually
predefine the driving
question or task, which
is either theoretical or
based on real-world
issues.

Students create a project
or product to respond to
the driving question or

specific. Teachers
predefine the
problem, which is
either fictional or
based on real-world
issues, but is
presented to students
in a structured
manner.

Students solve the
problem by
identifying, studying,

the focus of the specific the stages of the design task by applying and critically

problem within the process, including disciplinary-specific discussing the relevant
challenge, investigating, ideation, prototyping, knowledge and literature.

ideating, and and testing. competencies.

implementing solutions.

In CBL, the teacher acts as
a facilitator, coach, or
even a co-creator of the
solution for the
challenge.

The primary outcome is a
proposed actionable
solution for the
identified challenge, but
the learning process and
the knowledge and
skills students gained
during the process are
equally important.

In DBL, the teacher acts
as a coach or mentor,
guiding students
through the design
process and providing
feedback.

The primary outcome is a
prototype or design
solution, but the design
process, including the
iterations and
refinements of the
outcome, is crucial.

In PjBL, the teacher acts
as a facilitator or tutor,
providing resources,
scaffolding the learning
process, and offering
feedback.

The primary outcome is a
final project report,
presentation, or
product, but the skills
and knowledge gained
during the process are
equally important.

In PBL, the teacher is a
facilitator, guiding
students as they
explore and solve the
problem.

The primary outcome is
the knowledge
acquisition and
development of
problem-solving and
critical-thinking skills.
The solution for the
problem is not the
focus of PBL.

these paradigms are often nuanced and less distinct. An example is Aalborg University, where elements of PBL and
PjBL are combined in the engineering curriculum (Kolmos, 2012; Kolmos & de Graaff, 2014).

In terms of learning, CBL drives students’ knowledge integration and application through engagement in real-world
challenges that lack a predefined solution. Challenges in CBL are sociotechnical, which means that they require
addressing pressing current issues (e.g., climate change and energy transitions, data privacy) which require a combina-
tion of technological innovations, policy development, and societal engagement to find effective solutions (Malmgqvist
et al., 2015; McGowan & Bell, 2020). Students should work toward a solution using technical knowledge from various
disciplines, taking into account the complex interplay between societal, technological, and environmental factors, and
must present their (proposed) solution to a panel of experts and stakeholders (Gallagher & Savage, 2020; Kohn Radberg
et al., 2020; Membrillo-Herndndez, Ramirez-Cadena, et al., 2019). The challenges presented to students in CBL differ
from those of PBL where problems are often predefined and developed by the teachers as vehicles for knowledge acqui-
sition (Gijselaers, 1996; Kolmos et al., 2019; Zin et al., 2017), and PjBL where problems are often predefined and devel-
oped by the teachers for students to learn and apply new knowledge and skills. CBL also differs from DBL in this
respect, as design challenges tend to be more specific and focus on creating an artifact or product, emphasizing the
function of the particular production of artifacts (Gomez Puente et al., 2011, 2013). In terms of product, in CBL,
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students are expected both to focus on their learning process, as in PBL, where the main focus is on reasoning and the
learning process rather than the product, and to develop a concrete solution, similar to PjBL and DBL (Gallagher &
Savage, 2020; Gémez Puente et al., 2011, 2013; Membrillo-Herndndez, Ramirez-Cadena, et al., 2019). Finally, teachers
in CBL act as coaches and co-creators of a solution, in addition to being a tutor and facilitator of knowledge acquisition,
which are the usual teacher roles in PBL, PjBL, and DBL (Gallagher & Savage, 2020; Gomez Puente et al., 2013).

1.1.3 | A working definition of CBL

CBL builds on the strengths of other active learning pedagogies and encourages students to learn autonomously and
collaboratively in a contextualized way. CBL aims to develop students’ disciplinary and transversal competence by
having them work with challenges. What is new is the type of challenges students are invited to tackle. In CBL, chal-
lenges to be tackled by the students are societally relevant and connected with sustainable development goals (SDGs),
often presented by external partners (from industry partners to local communities). Regarding the learning process,
emphasis is given to the collaboration between students, teachers, and external stakeholders as the point of departure
for learning and to the co-creation of a solution for the challenge. The outcome of such a co-creation process is develop-
ment of a tangible solution that addresses both technical and societal considerations.

1.2 | The present study

In the last decade, there has been a significant increase in publications related to CBL in higher education and, more
specifically, in engineering education (Gallagher & Savage, 2020; Leijon et al., 2022). However, although CBL is
becoming more popular, and more studies are being published on its potential to enhance students' learning and experi-
ence, questions remain about the quality of implementation, as this has been observed to vary tremendously
(Gallagher & Savage, 2020; van den Beemt, van de Watering, & Bots, 2023).

Current empirical work on CBL in engineering education mainly describes single learning environments or com-
pares small-scale CBL educational interventions with traditional teaching and learning approaches (Malmgqvist
et al., 2015; O'Mahony et al., 2012). van den Beemt, van de Watering, and Bots (2023) discussed three relevant levels of
implementation: vision, teaching and learning practices, and support systems. This provides a useful framework for
identifying current CBL practices. They developed a model aiming to capture the diversity in the implementation of
CBL practice in a systematic way.

This systematic review aims to provide a more holistic understanding of CBL implementation practices and lessons
from implementing CBL in an engineering context and to synthesize the piecemeal evidence provided in earlier empir-
ical studies. The theoretical framework guiding this systematic review is the curricular spider web developed by van
den Akker (2003), which presents 10 essential elements to consider when designing or evaluating an educational inter-
vention (see Figure 1). The rationale for the educational activity lies at the heart of the spider web, and is the answer to
the question, “Why are students learning?” Nine spider web threads refer to the aspects of learning in a curriculum.
These include the aims and objectives of a course, the content and the learning activities, the role of the teacher, the
materials and resources used, the grouping of students while learning, and the location, time, and assessment of
learning. The curricular spider web is a helpful framework for guiding educational innovation, curriculum, and policy
development. The spider web highlights the most relevant curriculum components and emphasizes the need for inter-
connectedness and alignment of all elements to assure quality and maintain curriculum coherence.

This systematic review of the implementation of CBL in engineering education is timely, as CBL has gained popu-
larity among engineering educators. Therefore, it is essential to map the current CBL practices in engineering courses
or curricula in a systematic way to create an overview of CBL implementation and how educators implement different
curriculum elements. In this review, we aim to map the vision behind adopting CBL, understand the characteristics
and role of challenges as a way to drive student learning, map aspects of students' learning process, and map how this
process is translated to the curriculum elements implemented. The significance of such an effort is twofold. On one
hand, we aim to build knowledge and evidence of good practices to help future educators to design CBL environments
and develop, assess, and scale up educational initiatives emphasizing various interrelated curriculum elements that
need to be considered. On the other hand, we aim to provide recommendations for educational researchers for future
directions for empirical research. The review is framed around two major research questions.
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Aims and objectives
Towards which objectives are

students learning? Content
Assessment 1 What are students
How is students’ learning 1 learning?

assessed? 1

Time Learning activities
When are students — = ° How are students
learning? I Rationale learning?

Why are students
learning?

-, < RN . Teachers’ role
Location How is the teacher
Where are students facilitating students’
learning? / \ learning?
d \
i \
Grouping Materials and Resources
With whom are students With what are students
learning? learning?

FIGURE 1 Curricular spider web. Source: Adapted from van den Akker (2003).

« How is CBL currently implemented in engineering education?
« What difficulties and lessons learned are associated with the implementation of CBL?

2 | METHODS

Educational research studies on CBL in engineering education were searched for and analyzed. As our focus is on the
development of future engineers, we decided to narrow our search only to studies of CBL implemented in higher engi-
neering education. We conducted a systematic search of the literature to identify the available evidence concerning
CBL implementation in engineering education.

As a first step, we developed a working definition of CBL giving its key elements and used the curricular spider web
framework to map aspects of its implementation. The curricular spider web includes the vision/rationale for adopting
CBL as a pedagogy in a study, learning aims and objectives within the specific CBL context, the learning content, the
learning activities, the role of the teacher, materials and resources used, the time and location of CBL implementation,
and assessment methods. In addition to these curricular aspects of CBL implementation, there are also the difficulties
and opportunities experienced by teachers and students during the implementation of a CBL intervention. In our
review process, we used methodological recommendations Borrego et al. (2014) developed for a systematic literature
review in engineering education. Below, we describe in detail all steps we followed, namely the development of a
search strategy (Section 2.1), the development of criteria for inclusion and exclusion (Section 2.2), the process of selec-
tion of studies (Section 2.3), the analysis of individual studies (Section 2.4), and, finally, the synthesis of findings
(Section 2.5).

2.1 | Development of a search strategy
Defining CBL was crucial for our systematic review. It guided our search strategy and selection criteria. The term “chal-

lenge” was chosen as central in our search, as it encompasses broader scenarios than just “problem” or “project,” and it
is the driving force for students’ learning. This definition helped us to refine our search keywords, ensuring that the
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studies we found were pertinent to CBL. The definition also determined the scope of our review, directing us toward
specific educational settings and age groups, notably higher engineering education. It acted as a guideline, allowing us to
select studies that matched our understanding of CBL. For example, studies that highlighted real-world challenges in a team
environment were prioritized. On the other hand, it also helped us to identify what CBL is not. Studies that might discuss
active learning but did not fit our CBL criteria were omitted. For instance, research focusing only on textbook problems
without a real-world context was excluded. Our CBL definition ensured a focused, relevant, and rigorous review process.
The search terms we used included ([challenge OR “challenge based” OR ‘“challenge-based” OR CBL] AND [learning OR
education OR instruction OR pedagogy] AND [engineering]). We chose to use broad keywords to maximize the range of
challenge-based studies accessed, consistent with previous reviews on the topic (Leijon et al., 2022). We chose Scopus, Web
of Science, Institute of Electrical and Electronics Engineers (IEEE) Xplore, and the American Society for Engineering Educa-
tion (ASEE) as research databases. We considered that if a learning challenge is central to a study, the basic search terms
(challenge or “challenge based” or “challenge-based” or CBL) should be at least mentioned in the title, abstract, or keywords.
However, this search setting was used only for the initial search, and it was not used to determine the suitability of a study
to be included in the review. This was accomplished by reviewing the content of each article.

2.2 | Selection of criteria for inclusion and exclusion

We did the first screening by reading titles and abstracts, aiming to identify only relevant articles that met the following
inclusion criteria (IC):

IC1. The article focused on the implementation of CBL in engineering education. The article described how
challenge-based learning was used as an educational approach to achieve certain student-related outcomes. A
description of the challenge and its characteristics was necessary to ensure that the educational approach differed
from other similar approaches, such as PBL.

IC2. The article explicitly described the implementation of curriculum or course-related aspects of CBL. The article
described how the challenge was implemented within a specific context (course, project, curriculum), emphasizing
some spider web characteristics such as the role of the teacher, the learning activities, assessment, and so forth. Not
all educational implementation aspects had to be present for an article to be included.

IC3. The article had to provide empirical findings on the evaluation of CBL.

IC4. The search period of this review was limited from January 1, 2010 to December 31, 2021.

IC5. Studies had to be peer-reviewed to be included.

IC6. The article was published in English, and the full text was available.

While reading the abstracts and full texts, the research team also formulated exclusion criteria (EC). Those included
the following:

EC1. Only articles in the field of higher engineering education were eligible for inclusion. Thus, studies conducted
in secondary education or other higher education disciplines, such as nursing, were excluded.

EC2. The article presented a CBL implementation without an evaluation. For example, publications that only
described the educational intervention without any findings, insights, or conclusions were excluded.

EC3. The authors defined the education intervention as CBL, but after reading the full text, we believed that their
conceptualization was not aligned with our current conceptualizations of CBL.

EC4. CBL implementation was not the focus of the article. Studies were excluded if mentions of CBL were made
but without CBL implementation being the main focus.

ECS5. Editorials and reviews on CBL were excluded. Only empirical studies were the focus of this review.

The appraisal and inclusion of studies was a collaborative and iterative process, including all research team mem-
bers. All inclusion and exclusion criteria were developed after several rounds of discussion about our definition of CBL
and the type of studies we wanted to focus on. When the list of exclusion and inclusion criteria was finalized, the first
author conducted the database search, read all abstracts, read through full texts, and created the list of articles to be
included in the study.

When determining the publications to be included in our review, we paid attention to two aspects:
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1. whether researchers called their educational approach “challenge-based learning” and
2. how researchers defined CBL in their articles.

We introduced this focus to limit as much as possible the occurrence of Type I error: inclusion of studies with an
educational approach defined as CBL, but whose definition was not consistent with our working definition. For
example, studies that did not stress the importance of real-world challenges or did not require students to work toward
developing a solution or a proposal for a solution to the challenge were not included in the study.

Despite our efforts to include all studies that described and evaluated the implementation of CBL in engineering
education, we may have missed studies that essentially implemented CBL but did not label their approach as such
(Type II error). Still, we applied a rigorous process to identify whether the authors implemented CBL as claimed or not.
Thus, we excluded several identified studies that claimed to implement CBL but the approach used did not differ from
other active learning pedagogies (e.g., PBL).

2.3 | Screening phases

The first search yielded 530 articles. However, 276 articles remained to be reviewed after duplicates were removed. We
downloaded and merged the abstracts of all publications into an Excel file. The first author read all the abstracts and
decided whether each article should be included or eliminated. The selection process and all decisions were discussed
during weekly meetings with the research team. Based on the initial screening of titles and abstracts, 210 articles were
excluded for not meeting one or more of the inclusion criteria, and 66 full-text articles were assessed for eligibility. This
closer analysis of each study led to the exclusion of 18 more articles and the final inclusion of 48 articles in the present
review. The full-text appraisal followed a process similar to that of abstract screening. Figure 2 provides the flowchart
for the selection of the studies in the review.

Records identified through database search:

g Scopus: 149

=4 ASEE peer: 255 Records identified through other sources
gi IEEE Xplore: 54 n=7

=3 Web of Science: 72

- (n = 530)

Duplicates removed
(n=261)

Records screened based on title and abstract
(n=276)

Sumaang

Records excluded
(n=210)

Full texts assessed for eligibility

(n = 66)
Full-text studies excluded
(n=18)
Study content did not focus on higher
g engineering education
g Studies included in the review Study did not present empirical results
g (N =48) Article was not in English

FIGURE 2 Flowchart of systematic review process.
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2.4 | Data analysis

In the first step, we coded the descriptive characteristics for each study, including the type of publication, country of
study, theoretical background and research methods, domain, educational level of students, and the number of students
participating. To answer the first research question, we used the curricular spider web to identify the critical compo-
nents of the CBL curriculum as presented in the included studies (van den Akker, 2003). A coding scheme was devel-
oped based on the 10 initial themes mentioned in the spider web framework. Appendix details the coding scheme used
to assess each study. First, we looked for information to map the rationale of the use of CBL, meaning why the authors
decided to adopt CBL pedagogy and the learning aims and objectives they aimed to achieve (why and what). Subse-
quently, we focused on the description of the implementation, seeking to map the reported curriculum elements men-
tioned in each study (how).

To answer the second research question, we used open coding to capture the most important challenges and lessons
learned related to implementing CBL, as reported by the authors of the included studies (Thomas & Harden, 2008).
Articles were read multiple times and coded by the lead researcher to ensure the validity of the data analysis. After sev-
eral group discussion rounds, the initial themes and codes were adjusted and refined into the final coding scheme.

The first coder analyzed the data from all 48 articles. A second coder was involved in evaluating the applicability of
the coding scheme. First, the two authors had a training session to review all codes. Then, the second coder indepen-
dently coded two articles. After this, the two coders met again, went through the coding scheme, and resolved any dis-
agreements and unclarities, finalizing the coding scheme, which involved detailed descriptions and instructions for
coding. The validity of the coding scheme was addressed using a content validity check with all research team
members.

For our data analysis, we used the software program ATLAS.ti 22, which makes it easier to organize the data and
handle large datasets (Paulus et al., 2017). First, to calculate intercoder reliability, the two researchers randomly picked
10 (20.8%) articles and coded them using the coding scheme. Next, the files for the two coders were merged. To ensure
consistency in the interpretation of the coding scheme, we used Krippendorff's « to measure intercoder reliability after
the initial coding. Krippendorff's a coefficient is one of the most widely used coefficients for measuring intercoder reli-
ability in content analysis. In our study, we used it because it was suitable for the categorical data used in the coding
scheme; it adjusts for chance agreement between coders. It manages “shades of gray” in content analysis, where
reviewers might partially agree with each other on a specific code (Krippendorff, 2004). According to the literature, a
Krippendorffs « coefficient above .80 suggests good interrater reliability (Krippendorff, 2004). The overall
Krippendorff's a coefficient was .88, suggesting very good intercoder reliability. Table 2 gives the a values for each
coded theme.

2.5 | Synthesis of findings

After all curriculum components, reported difficulties, and lessons learned had been coded for every included study, we
conducted a second round of analysis, where emergent themes were identified by comparing the studies. This process
developed over multiple meetings, and it was iterative. All authors collaborated closely in the process by reviewing
emergent themes. Again, points of debate and uncertainty were discussed until a consensus was reached. In this pro-
cess, we emphasized the concept of alignment using the spider web framework and whether curriculum implementa-
tion (how) was aligned, especially with the why and what of the CBL studies.

3 | RESULTS

Below, we discuss the findings of the systematic review. First, we provide details about the included studies
regarding descriptive characteristics (Section 3.1), including theoretical background (Section 3.1.1) and research
aims and methodologies adopted (Section 3.1.2). Then we present the findings related to CBL implementation
(Section 3.2), including CBL implementation at the course level (Section 3.2.1) and the project level (Section 3.2.2).
Finally, we present the reported difficulties and lessons learned (Section 3.3) concerning the implementation
of CBL.
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TABLE 2 Intercoder reliability for identified themes.

Themes Krippendorff's a coefficient
RQ1 Challenge characteristics .88
Rationale 97
Aims/learning objectives .92
Teacher role .89
Grouping .89
Learning activities 0.81
Materials/resources 0.80
Time 0.93
Location 1
Assessment deliverable 0.90
Assessment focus 0.93
Assessment level 1
Assessment type 0.93
RQ2 Teacher difficulties 0.83
Student difficulties 0.81
3.1 | Descriptive characteristics of included studies

The studies included in the review were reported in 20 published articles in peer-reviewed journals and 28 papers in
published conference proceedings on engineering education. In engineering education, top-tier published conference
proceedings are considered high-status publications equal to those in highly ranked journals. Supplements 1 and 2
describe in detail the characteristics of each included study. The included studies described single implementations of
CBL, with 27 studies adopting a mixed-method design, including analysis of data collected via interviews, surveys, and
observations. Eleven studies were qualitative, and 10 studies adopted a quantitative design, mentioning only the results
of students'’ self-reported questionnaires.

In terms of context, 36 studies were conducted at the bachelor's level, 9 studies were at the master's level, 1 study
reported the inclusion of students from both bachelor's and master's programs, and 2 studies did not report at which
specific level CBL was implemented.

3.1.1 | Theoretical frameworks used in the studies

To be able to interpret the findings of each study, we first analyzed the theoretical background used for the study, the
research aims, and the methodology selected to attain those aims. Although mentions of the theoretical grounding of
the research were sparse in most of the studies analyzed, we identified three frequently mentioned theoretical frame-
works guiding the implementation of CBL. Those were experiential learning, active learning, and self-determination
theory. Several studies mentioned experiential learning as a theoretical framework (Chanin et al., 2018; Charosky &
Bragds, 2021; Jensen et al., 2018; Palma-Mendoza et al., 2019). These studies recognized the value of hands-on experi-
ences, projects, and real-world application of knowledge in enhancing student learning, developing innovation compe-
tencies, and preparing students for future challenges. In addition, a number of studies shared the common use of active
learning as a theoretical framework (Arrambide-Leal et al., 2019; Chanin et al., 2018; Cheung et al., 2011; Gaskins
et al., 2015; Membrillo-Herndndez et al., 2018; Membrillo-Herndndez & Garcia-Garcia, 2020; Membrillo-Herndndez,
Munoz-Soto, et al., 2019; Membrillo-Herniandez, Ramirez-Cadena, et al., 2019; Torres-Barreto et al., 2020). Active
learning was used to encourage students to engage in the learning process, promoting deeper understanding and skills
development. Finally, a few studies drew on theories such as self-determination theory to highlight the importance of
engaging students in their learning process and motivating them to participate actively (Bombaerts, 2020; Bombaerts
et al., 2021).
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3.1.2 | Research aims and methodologies of the included studies

The common focus of the studies was the implementation of CBL as an educational approach in various engineering
and technology-related courses and projects (e.g., Binder et al., 2017; Charosky et al., 2018; Cheung et al., 2011; Gama,
Alencar, et al., 2018; Gama, Castor, et al., 2018; Portuguez Castro & Gomez Zermefo, 2020). However, the research
aims of the studies differed. Some of the studies focused on comparing the effectiveness of CBL with other teaching
approaches, such as case-based learning or traditional methods (Bombaerts et al., 2021; Charosky et al., 2018;
Charosky & Bragds, 2021; Gama, Castor, et al., 2018). Some studies examined the impact of CBL on students' learning
outcomes and competencies (Charosky & Bragds, 2021; Gudonien¢ et al., 2021; Martinez & Crusat, 2017; Membrillo-
Herndndez, Ramirez-Cadena, et al., 2019) or student engagement and motivation (Bombaerts et al., 2021; Gutiérrez-
Martinez et al., 2021; Huettel et al., 2015). Many studies aimed to evaluate the effectiveness of CBL in solving real-
world challenges or addressing societal issues through engineering education in multidisciplinary contexts or collabora-
tive projects (e.g., Fidalgo-Blanco et al., 2016; Gama, Alencar, et al., 2018; Gama, Castor, et al., 2018; Hassi et al., 2016;
Maya et al., 2017).

In terms of the methodologies, the majority of the studies analyzed cases of implementation of CBL in a specific
course or setting. They employed mixed methods, combining quantitative and qualitative data collection and analysis
techniques (e.g., Binder et al., 2017; Bombaerts et al., 2021; Chanin et al., 2018; Cirenza & Diller, 2015; Clegg &
Diller, 2019; Gama, Alencar, et al., 2018; Gama, Castor, et al., 2018; Lasso-Lopez et al., 2020; Membrillo-Herndndez &
Garcia-Garcia, 2020; Membrillo-Hernandez, Munoz-Soto, et al., 2019; Membrillo-Hernandez, Ramirez-Cadena,
et al., 2019; Membrillo-Herndndez et al., 2018, 2021). A mixed-method approach allowed for developing a comprehen-
sive understanding of the impact of CBL on various aspects of engineering education, as well as collecting information
on students’ and teachers' perceptions of the implementation. Studies such as those by Arrambide-Leal et al. (2019),
Charosky and Bragds (2021), Cheung et al. (2011), Gaskins et al. (2015), Gudonien¢ et al. (2021), Huettel et al. (2015),
and Rodriguez-Chueca et al. (2020) adopted quantitative methods, involving surveys and assessments to measure the
effectiveness and outcomes of CBL in engineering education. Qualitative methods were employed in studies that
focused on gathering in-depth insights and perceptions of students through interviews, reflections, and document anal-
ysis (e.g., Charosky & Bragés, 2021; da Costa et al., 2018; Pepin & Kock, 2021; Quweider & Khan, 2016; Santos
et al., 2015; Torres-Barreto et al., 2020; Valencia et al., 2020). Regarding the representativeness of the student population
in the included studies, most of the studies did not report whether the included sample of students was representative
of the student population in their university; thus, claims about the generalizability of findings should be carefully
examined.

3.2 | Forms of CBL implementation

As a common characteristic, all CBL experiences used challenges as the starting point for students’ active learning. Two
forms of CBL implementation were identified: at the course level (n=29) and the project level (n=19). We distin-
guished these based on whether the learning focus was on students’ acquisition and application of new knowledge via
real-world challenges embedded in a course (CBL courses). In CBL courses, the primary goal was to encourage students’
active engagement and knowledge acquisition while tackling the challenge and developing a solution. However, it is
important to note that the solution for the challenge was not the main emphasis of the CBL courses; instead, the focus
was on promoting students’ active learning of subject-matter knowledge.

On the other hand, the focus of CBL projects was on developing a solution. Subject-matter knowledge was pre-
sumed, and the CBL project had no link with a specific course or disciplinary content. The projects involved master's
thesis projects and extracurricular projects such as hackathons. In CBL courses, the disciplinary content was learned
through integrating subject-matter knowledge to develop a solution (Membrillo-Hernandez, Munoz-Soto, et al., 2019;
Membrillo-Hernandez, Ramirez-Cadena, et al., 2019; Membrillo-Hernandez et al., 2021; Mora-Salinas et al., 2019;
Ramirez-Mendoza et al., 2018). CBL projects were not linked with a specific course or disciplinary content, and prior
knowledge was assumed. Therefore, students had to focus on solution development rather than knowledge acquisition.
Following the curriculum characteristics as described by van den Akker (2003), we discuss below the why (rationale),
the what (aims and objectives), and the how (learning activities, assessment, information about teachers’ role,
grouping, location, and time) of CBL implementation at the course and project level. Table 3 summarizes key character-
istics of the two forms of CBL implementation.
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TABLE 3

CBL curriculum

themes

Rationale

Aims and objectives

Content

Learning activities

Teacher's role

Materials and resources

RIGHTS

i,

Overview of CBL curriculum characteristics in the systematic review.

CBL courses (n=29)

Use the CBL approach to foster active learning and
motivation by presenting a real-world challenge to students
Use the CBL approach to educate T-shaped engineers, able
to deal with open-ended, real-world, societal challenges, and
develop disciplinary and transversal skills

Content knowledge acquisition and/or knowledge
application on a specific topic

Development of transversal skills

Development of an understanding of the social value of
engineering

Focus on knowledge development and the process of
tackling a challenge rather than the response to the
challenge itself

Specific for the course—challenge developed by teachers to
align with course content

Differ per course; examples include:

Active Learning activities (ideation activities; debates)
Collaborative activities (debate exercises, ideation exercises,
participation in forum discussions)

Self-regulated learning (self-study, reflections on learning
process)

Challenge developed by teacher to align with course
objectives, teacher usually also acting as a lecturer
Requires teachers from more than one discipline to
contribute to the development of challenges and provide
module lectures to provide “just in time” support for
students’ learning

Teachers acting as coaches to provide scaffolding and
support while students work on the challenge

Modules, lectures, textbooks

CBL projects (n=19)

Use of CBL approach to educate
T-shaped engineers, able to deal
with societal challenges and
develop innovative technological
solutions with societal value

Content knowledge application in
a real-world, open-ended challenge
that requires integration of
disciplines

Development of an innovative
technical solution with societal
value

Integration and application of
knowledge from multiple
disciplines

Development of transversal skills
Development of an understanding
of the social value of engineering
by developing a solution with
societal value

Focus on the process of tackling
the challenge and the solution
itself

No link to a specific course content
Disciplinary content knowledge
assumed or supported by modules
Students required to integrate
knowledge from more disciplines
to develop a solution

Differ per course; examples include:

Active learning activities:
(problem-solving, ideation
exercises, brainstorming activities)
Collaborative learning activities
(group work, peer reviews)
Hands-on activities (design
activities, prototyping)
Self-regulated learning (self-study,
reflections on learning process)

Teachers responsible for challenge
development (often in
collaboration with industrial or
societal stakeholders)

Challenge developed by
multidisciplinary groups of
teachers in collaboration with
societal stakeholders

Teachers acting as coaches for
students as well as co-creators of
challenge solutions

Resources to facilitate
collaboration and design process
(group discussions, feedback by

(Continues)
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TABLE 3

(Continued)

CBL curriculum

themes CBL courses (n=29) CBL projects (n=19)
« Material and resources to facilitate just-in-time knowledge peers/external stakeholder,
(textbooks, online material; lectures, online modules, teacher, debates)
workshops) Use of technology tools for
« Resources to facilitate collaboration and design process collaboration and design process
(group discussions, feedback by peers/external stakeholder,
teacher, debates)
» Use of technology tools for collaboration and design process.
Grouping « Individual and group work with peers from the same or a Interdisciplinary groups of students
different discipline Teachers and stakeholders possibly
« Teachers and stakeholders possibly part of the group part of the group in co-creating the
solution
Location « Classroom/laboratories/libraries Maker spaces/visits to stakeholder
« Visits to libraries, stakeholder sites, classrooms and maker sites/online collaboration
spaces; online collaboration
Time « Specific hours, lecture time, and self-study Differs per project
« Self-paced learning via modules. Self-paced learning, but with
« Self-paced learning, but with deadlines deadlines
« Project split into phases Project split into phases
Assessment « Focus on knowledge acquisition: Assessment via individual Focus on knowledge application/
exams, final individual or group reports and presentations performance: Assessment of
« Focus on knowledge application: Assessment of prototype, prototype, solution, presentation
final report, presentations Focus on the learning process:
« Focus on the learning process: Assessment via reflections, Assessment via reflections,
portfolios portfolios
« Focus on development of transversal competencies (e.g., Focus on development of
collaboration): Self-assessment, formative assessment transversal competencies (e.g.,
collaboration): Self-assessment,
formative assessment
3.2.1 | CBL implementation at the course level

At the course level, the rationale for using CBL as a pedagogy was to overcome the shortcomings of traditional teacher-
centered approaches by focusing on active learning and engagement of students with disciplinary content, using a real-
world challenge as a starting point (Clegg & Diller, 2019; Gaskins et al., 2015; Huettel et al., 2015; Lovell et al., 2013).
CBL courses aimed at various learning aims and objectives, including students’ in-depth understanding of content
knowledge (Clegg & Diller, 2019; Detoni et al., 2019; Gaskins et al., 2015), knowledge transfer (Clegg & Diller, 2019;
Gaskins et al., 2015; Rodriguez-Chueca et al., 2020), application of knowledge (Gutiérrez-Martinez et al., 2021; Santos
et al., 2015), and development of disciplinary and transferable skills (Félix-Herran et al., 2019; Mora-Salinas et al., 2019;
Membrillo-Herndndez, Munoz-Soto, et al., 2019; Membrillo-Herndndez, Ramirez-Cadena, et al., 2019; Membrillo-
Hernandez et al., 2018; Ramirez-Mendoza et al., 2018).

Seven CBL courses focused on content and disciplinary knowledge acquisition (Cirenza & Diller, 2015; Clegg &
Diller, 2019; Fidalgo-Blanco et al., 2016; Gaskins et al., 2015; Huettel et al., 2015; Lovell et al., 2013; Quweider &
Khan, 2016). The teacher developed and tailored the challenges in those courses to support students' disciplinary con-
tent learning (Clegg & Diller, 2019; Gaskins et al., 2015). On the other hand, the remaining 22 articles described the
implementation of CBL courses that set as learning objectives students’ acquisition and application of disciplinary
knowledge, as well as the development of transversal skills such as ethics, problem-solving skills, leadership, communi-
cation, and collaboration skills (Cuevas-Ortufio & Huegel, 2020; Gonzalez-Hernandez et al., 2020; Ramirez-Mendoza
et al., 2018). Those studies represented the largest body of articles in this review.

In terms of challenge characteristics, challenges were open-ended and real-world; in 14 cases, external industry part-
ners and societal stakeholders were involved, increasing the complexity of the challenges (Bombaerts et al., 2021;
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Membrillo-Herndndez & Garcia-Garcia, 2020). Students had to use prior knowledge and acquire new knowledge for
developing a solution for the challenge by following a process of identifying and analyzing the challenge, designing a
solution, and presenting it (Gonzalez-Hernandez et al., 2020; Palma-Mendoza et al., 2019; Ramirez-Mendoza
et al., 2018). To guide this process, six studies (Chanin et al., 2018; da Costa et al., 2018; Detoni et al., 2019; Palma-
Mendoza et al., 2019; Portuguez Castro & Gdmez Zermefio, 2020; Rodriguez-Chueca et al., 2020) used the framework
developed by Apple (Nichols & Cator, 2008). According to the Apple framework, students had to define a big idea, a
broad concept that they could explore in several ways. Then, following the big idea, students had to develop essential
questions, define their challenge, develop guiding activities, questions, and resources, and develop, implement, and
evaluate their solution. Two studies (Clegg & Diller, 2019; Cuevas-Ortufio & Huegel, 2020) adopted the STAR (software
technology action reflection) Legacy Cycle methodology, which consisted of the following steps: Students had to design
the challenge, generate the ideas, approach the challenges from different viewpoints, conduct research, revise, assess
the skills needed for the development of the solution, and publish the solution.

CBL courses described various learning activities and resources to support students' learning. As knowledge acquisi-
tion was a key objective for CBL courses, lectures, modules, textbooks on foundational subjects, and disciplinary con-
tent were provided to students (Gaskins et al., 2015; Huettel et al., 2015; Lovell et al., 2013; Quweider & Khan, 2016).
Furthermore, to support students in the CBL process of solution development, workshops on transversal skills such as
problem solving and creative thinking, resources to facilitate collaboration and design processes such as group discus-
sions, feedback by peers and external stakeholders, debates, and technology tools were also used (Clegg & Diller, 2019;
Membrillo-Hernandez, Ramirez-Cadena, et al., 2019).

In CBL courses, teachers have various roles, including being the designers of the challenge (Clegg & Diller, 2019),
developing learning modules and lectures to provide students with theoretical input to accompany students’ work
(Detoni et al., 2019), coaching students (Bombaerts et al., 2021; Mora-Salinas et al., 2019), providing feedback on stu-
dents' deliverables such as presentations and reports, and assessing students’ achievement in terms of competency
development and project outcomes (Binder et al., 2017; Gaskins et al., 2015). Several studies mentioned that a multi-
disciplinary group of teachers collaborated in the development of the challenges and the implementation of the CBL
course (da Costa et al., 2018; Félix-Herran et al., 2019; Membrillo-Hernadndez, Ramirez-Cadena, et al., 2019). Regarding
grouping, all studies required students to work together as a team. The teams comprised peers from the same discipline
(Félix-Herran et al., 2019) or different disciplines (da Costa et al., 2018; Membrillo-Herndndez, Ramirez-Cadena,
et al., 2019). Often, the teams were even broader, involving collaboration among students, teachers, and stakeholders
(Ramirez-Mendoza et al., 2018).

The articles mentioned several assessment methods for the students depending on the learning objectives of each
course. Below, we provide only some examples of assessment instruments used for different learning objectives. First,
assessment of students' knowledge acquisition was conducted via individual exams, final individual or group reports,
and presentations (Clegg & Diller, 2019; Gaskins et al., 2015; Lovell et al., 2013). Second, knowledge application was
assessed via prototypes, final reports, and presentations (Membrillo-Hernandez et al., 2018; Rodriguez-Chueca
et al., 2020). Third, students' learning process was assessed via students' reflections and portfolios (Chanin et al., 2018;
da Costa et al., 2018). Finally, transversal competencies (e.g., collaboration) were assessed using self-reported question-
naires and competence rubrics (Gutiérrez-Martinez et al., 2021; Membrillo-Herndndez et al., 2019).

In terms of time, in CBL courses, students had both synchronous activities (e.g., lectures or workshops) and
asynchronous activities (self-study of modules) encouraging self-paced learning (Gutiérrez-Martinez et al., 2021;
Membrillo-Hernandez & Garcia-Garcia, 2020). Regarding CBL courses' location, CBL courses that involved stakeholders
mentioned the importance of students' learning outside lecture rooms and classrooms. For example, students consid-
ered visits to the stakeholders’ premises and libraries, as well as working in open, collaborative spaces, very inspiring
(Membrillo-Hernandez & Garcia-Garcia, 2020).

3.2.2 | CBL implementation at the project level

CBL projects presented great variability, and three main types were identified: (i) CBL bachelor’'s and master's thesis
projects (Kohn Rédberg et al., 2020; Maya et al., 2017; Pepin & Kock, 2021; Valencia et al., 2020); (ii) CBL projects that
were part of a collaboration between different departments, faculties, or institutes and usually were intensive and lasted
a couple of weeks (Charosky & Bragds, 2021; Charosky et al., 2018; Cheung et al., 2011; Hassi et al., 2016; Jensen
et al., 2018; Lasso-Lopez et al, 2020; Martinez & Crusat, 2017; Torres-Barreto et al., 2020); and finally
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(iii) extracurricular CBL projects such as participation in competitions and hackathons (Arrambide-Leal et al., 2019;
Gama, Alencar, et al., 2018; Lara-Prieto et al., 2019; Lopez-Ferndndez et al., 2020).

CBL projects aimed to support students in tackling open-ended and real-world engineering challenges (Charosky &
Bragds, 2021; Gama, Castor, et al., 2018; Jensen et al., 2018; Lasso-Lopez et al., 2020) that had a broader focus on socio-
technical challenges connected with global issues, often termed grand challenges (Kohn Radberg et al., 2020; Maya
et al., 2017; Pepin & Kock, 2021; Torres-Barreto et al., 2020). These challenges aimed to benefit an individual or com-
munity by promoting a collaborative and multidisciplinary approach and fostering students' awareness about the
responsibility of engineers in society (Kohn Rédberg et al., 2020; Maya et al., 2017).

CBL projects that were not tied to specific courses or disciplinary content placed more emphasis on developing solu-
tions for the challenges identified by the students. In terms of the learning process, students needed to identify and
address gaps in their knowledge and skills (Gama, Alencar, et al., 2018; Hassi et al., 2016), integrate knowledge from
multiple disciplines and independently master this content to develop a solution, and tackle challenges (Jensen
et al., 2018; Kohn Radberg et al., 2020; Lopez-Fernandez et al., 2020). The learning process was characterized by open-
ness and iteration. As students worked on open-ended challenges, they learned to switch between divergent and con-
vergent phases (Charosky et al., 2018; Hassi et al., 2016; Jensen et al., 2018). During divergent phases, students were
expected to expand and explore their understanding of challenges, redefine them, generate ideas, and engage in explo-
rations with users. Students also learned to select the best solution from various options, defend their choice, and com-
municate the results to relevant stakeholders (Charosky et al., 2018; Hassi et al., 2016). Furthermore, hands-on learning
played a central role in CBL projects. Students were required to apply theoretical knowledge to real-world challenges,
conduct experiments, design solutions, and reflect on their experiences (Chanin et al., 2018; Cheung et al., 2011; Lara-
Prieto et al., 2019; Rodriguez-Chueca et al., 2020). They were expected to act in a self-directed and collaborative
manner (Lopez-Fernandez et al., 2020).

In terms of grouping, the teams in CBL projects included not only students but also teachers and stakeholders
(Charosky et al., 2018; Charosky et al., 2022; Gama, Alencar, et al., 2018; Gudoniené et al., 2021; Martinez &
Crusat, 2017; Jensen et al., 2018; Torres-Barreto et al., 2020). Students had the freedom to decide how to assign different
roles in their groups and were responsible for distributing their tasks. Multidisciplinary groups of students were men-
tioned in 12 CBL projects (Charosky & Bragés, 2021; Charosky et al., 2018, 2021; Gama, Alencar, et al.,, 2018;
Gudonien¢ et al., 2021; Jensen et al., 2018; Kohn Réadberg et al., 2020; Lopez-Fernandez et al., 2020; Martinez &
Crusat, 2017; Maya et al., 2017; Pepin & Kock, 2021; Torres-Barreto et al., 2020; Valencia et al., 2020).

Teachers in CBL projects were expected to fulfill the role of expert, coach, and co-learner (Charosky et al., 2018,
2021; Gama, Alencar, et al., 2018; Gudoniené et al., 2021; Jensen et al., 2018; Martinez & Crusat, 2017; Torres-Barreto
et al., 2020).

Learning activities and resources involved group discussions, online modules, workshops on collaboration, and feed-
back sessions (Lopez-Fernandez et al., 2020; Martinez & Crusat, 2017; Torres-Barreto et al., 2020). Information and
communications technology (ICT) tools and technology platforms were used to support students’ collaboration and pro-
ject management (Jensen et al., 2018; Lopez-Fernandez et al., 2020).

Assessment of CBL projects focused on the quality of the solutions that were developed. Students usually produced a
report and a presentation to assess the solution for the challenge, where they provided argumentations for their
suggested solution. This product was usually evaluated with rubrics and checklists of criteria (Charosky et al., 2018;
Hassi et al., 2016; Jensen et al., 2018; Martinez & Crusat, 2017; Torres-Barreto et al., 2020).

The duration of CBL projects differed significantly. Some CBL projects had a very brief duration of a few days
(Lopez-Fernandez et al., 2020; Gama, Alencar, et al., 2018) or a few weeks (Charosky & Bragés, 2021), and others lasted
a semester, in the case of bachelor's and master's thesis projects (Kohn Rédberg et al., 2020; Valencia et al., 2020).

Regarding location, some studies stressed the importance of the physical learning environment as an aspect that
facilitated learning within CBL and the use of maker spaces and innovation labs as creative and interactive locations
ideal for students’ collaboration (Jensen et al., 2018; Kohn Rédberg et al., 2020; Valencia et al., 2020).

3.3 | Difficulties and lessons learned related to the implementation of CBL

In addition to describing different forms of CBL implementation, we analyzed the studies for reported difficulties and
lessons learned related to the implementation of CBL. These included experienced difficulties reported by teachers
and students as they were captured via reflections, observations, and responses to open-ended questions reported in the
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included studies. The critical synthesis of those findings will serve as the basis for further development of CBL imple-
mentation. Below, we organized the difficulties and lessons learned related to CBL implementation as reported by
teachers (Sections 3.3.1-3.3.4) and students (Sections 3.3.5-3.3.7).

3.3.1 | Development of complex sociotechnical challenges with the collaboration of external
stakeholders

Teachers reported difficulties related to the development of challenges. For example, in the case of CBL courses, devel-
oping an open-ended and complex challenge was reported to conflict with the limitations of traditional learning envi-
ronments, such as time constraints and the need to align the challenge with intended learning objectives (Bombaerts
et al., 2021; Fidalgo-Blanco et al., 2016; Gaskins et al., 2015; Quweider & Khan, 2016). To achieve this, teachers had to
scope the developed challenge to be manageable for the students within the time allowed for a course (Membrillo-
Hernandez et al., 2021).

The involvement of real-world stakeholders made the challenges relevant for students (Bombaerts et al., 2021;
Membrillo-Hernandez et al., 2021; Pepin & Kock, 2021). However, co-designing a challenge in collaboration with
industry partners presented some difficulties for teachers, who reported struggling to align industrial partners’ interests
with a challenge that provides a good learning experience for students (Bombaerts et al., 2021; Membrillo-Hernandez
et al., 2021; Mora-Salinas et al., 2019; Ramirez-Mendoza et al., 2018; Valencia et al., 2020). In some reported cases,
when stakeholders were involved, the challenges were open-ended and ill-defined to the extent that, in several
cases, the teachers did not know in advance what the exact challenge or the solution was, which means that the levels
of uncertainty were high not only for students but also for the teachers (Hassi et al., 2016).

Finally, time and effort spent were two important aspects influencing teachers' experiences with CBL (Bombaerts
et al.,, 2021; Cuevas-Ortufio & Huegel, 2020; Membrillo-Hernandez et al., 2021; Mora-Salinas et al., 2019; Palma-
Mendoza et al., 2019). Teachers faced a heavier workload in CBL courses. For teachers, developing a challenge
demands time, resources, and networking. The study by Bombaerts et al. (2021) mentioned that preparing and con-
ducting a CBL course required approximately 60% more time than a traditional case-based approach. However, whether
the time and effort remained the same throughout all future iterations of the same CBL course or project was not
reported. In agreement with Bombaerts et al. (2021), Papageorgiou et al. (2021) reported the need for educators to
exhibit flexibility and improvisation when designing and implementing CBL, because the necessary hours invested
cannot be exactly predicted at the beginning of a CBL course or project.

3.3.2 | Development of effective CBL assessment methods

When designing the CBL courses, choosing or developing suitable assessment methods was another challenge
for teachers (Membrillo-Herndndez et al., 2021; Pepin & Kock, 2021; Valencia et al., 2020). Furthermore, aligning
the assessment methods with the various learning objectives was difficult in cases where challenges were open-
ended, as teachers did not have an overview from the beginning as to what students were expected to learn (Hassi
et al., 2016; Membrillo-Hernandez et al., 2021; Valencia et al., 2020). Another difficulty related to assessment
was capturing individual students’ discipline-specific learning gains when students mostly worked in collabora-
tive and often multidisciplinary groups (Valencia et al., 2020). In addition, assessment of transferable
skills such as communication, teamwork, problem-solving, and self-directed learning also presented difficulties
because students' development of those skills often requires a longer exposure to CBL than a single course or pro-
ject, and students' development is difficult to capture after only one CBL experience (Membrillo-Herndndez
et al., 2021).

3.3.3 | Need for CBL training for teachers

As reported in many articles, teachers were challenged to adjust their roles from lecturers to facilitators and coaches in
the CBL environment (Membrillo-Herndndez et al., 2021; Pepin & Kock, 2021). Without theoretical knowledge and
skills regarding CBL methods, teachers often encountered difficulties designing the course activities, facilitating
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students’ teamwork, and balancing between helping and influencing the students’ work (Pepin & Kock, 2021).
Membrillo-Herndndez et al. (2021) and Charosky et al. (2018) stressed the importance of training teachers in CBL
before engaging in CBL-based education, while Valencia et al. (2020) mentioned the importance of teachers' assessment
literacy for designing and implementing effective assessment methods that are aligned with the CBL's intended learning
objectives.

3.34 | Need for support from departments and institutions for CBL implementation beyond the
course or project level

As most studies described CBL implementation in single courses and projects at the system level, an important diffi-
culty was the lack of support from departments or institutions to support CBL implementation beyond the course or
project level (Membrillo-Herndndez et al., 2021). Teachers reflected that they need more supportive materials,
resources, and policies from the faculty or university to improve the effectiveness of CBL (Charosky et al., 2021;
Cuevas-Ortufio & Huegel, 2020; Membrillo-Herndndez et al., 2021).

3.3.5 | Students’ difficulties in balancing knowledge acquisition and application

In the early years of their bachelor's studies when they had yet not built solid disciplinary knowledge, working on com-
plex and open-ended challenges proved difficult for students (Binder et al., 2017; Membrillo-Herndndez et al., 2021).
That was especially true for CBL courses involving a real-world challenge with an external stakeholder (Membrillo-Her-
nandez, Munoz-Soto, et al., 2019; Membrillo-Herndndez, Ramirez-Cadena, et al., 2019; Membrillo-Herndndez
et al., 2021; Mora-Salinas et al., 2019; Palma-Mendoza et al., 2019; Ramirez-Mendoza et al., 2018). In those studies, it
was commonly reported that students struggled to combine knowledge acquisition and implementation simultaneously
within the timeframe of one semester.

3.3.6 | Students' difficulties in dealing with the ambiguity and uncertainty of open-ended
challenges

One crucial aspect that influenced students’ experience with CBL was the uncertainty that was integral to CBL
(Arrambide-Leal et al., 2019; Kohn Radberg et al., 2020). The openness and ill-defined nature of challenges combined
with the student's need for self-directed learning and initiative created uncertainty and sometimes resistance (Lopez-
Fernandez et al., 2020; Membrillo-Hernandez, Ramirez-Cadena, et al., 2019). Several researchers pointed out that it
was challenging for students to narrow down broad challenges and translate knowledge into practical solutions
(Rodriguez-Chueca et al., 2020). Within this context, students felt insecure about achieving the desired outcomes. As a
result, some studies suggest introducing students first to a smaller-scale challenge as an exercise, so that they could
practice the process before moving to bigger and more complex challenges (Fidalgo-Blanco et al., 2016).

As the expected outcome and the process were not known in advance, students experienced increased levels of
uncertainty when navigating an open-ended challenge (Gama, Castor, et al., 2018; Membrillo-Hernidndez, Ramirez-
Cadena, et al., 2019). In the study by Jensen et al. (2018), students mentioned difficulties in the analysis phase of the
CBL project, leading to difficulty transitioning from the divergent to convergent stages of CBL. Similar findings were
reported in the studies by da Costa et al. (2018) and Detoni et al. (2019). In the study by da Costa et al. (2018), students
experienced difficulties narrowing down the broad challenge and developing guiding questions, and in the study by
Detoni et al. (2019), students reported difficulties in the investigation phase, mainly when conducting research neces-
sary to analyze the challenge. Other student-reported difficulties were associated with a lack of technical knowledge
(Binder et al., 2017), lack of familiarity with the CBL process (Lopez-Fernandez et al., 2020), and difficulties with self-
study (Cheung et al., 2011). Students also struggled with time constraints in CBL. They reported needing more time
than for traditional courses or projects (Cuevas-Ortufio & Huegel, 2020; Valencia et al., 2020). Many studies suggested
that new pedagogies and CBL processes were unfamiliar to students, and more time was needed to adapt (Lopez-
Fernandez et al., 2020; Membrillo-Hernandez, Ramirez-Cadena, et al., 2019). That was especially true for CBL courses,
where within one semester students had to master knowledge and prepare for an exam, as well as to work on a real-
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world challenge and communicate their solution to the clients or external stakeholders (Detoni et al., 2019; Membrillo-
Hernandez, Ramirez-Cadena, et al., 2019; Membrillo-Hernandez et al., 2021).

3.3.7 | Need to provide training in transversal skills for students

In addition, students are expected to be at the center of learning in the CBL context, which requires higher self-
regulated learning skills for students and working as a member of a group which was often multidisciplinary (Pepin &
Kock, 2021; Valencia et al., 2020). Students lacking intrinsic motivation or self-reflection skills often found their experi-
ence with CBL and teamwork negatively affected (Rodriguez-Chueca et al., 2020). In addition, conflicts arising from
teamwork were frequently mentioned by researchers (Lopez-Fernandez et al., 2020), highlighting the importance of
training students in transversal skills and group processes. Lopez-Fernandez et al. (2020) reported that a combination
of students' low motivation, low technical competencies, and aversion to working autonomously could negatively influ-
ence their experience with CBL. The study by Jensen et al. (2018) focused on multidisciplinary collaboration and
stressed the importance of teaching students teamwork and communication skills in order to decrease the occurrence
of disciplinary egocentrism.

4 | DISCUSSION

The present review aimed to assess and synthesize evidence from empirical studies on CBL curriculum implementation
in engineering education, the field in the literature where most CBL studies can be found (Gallagher & Savage, 2020;
Leijon et al., 2022). This review went beyond the boundaries of previous studies—which primarily focused on
describing the characteristics of CBL—by delving into the actual implementation of CBL educational interventions.
The study aimed to answer two research questions about CBL curricula: “How is CBL currently implemented in engi-
neering education?” and “What difficulties and lessons learned are associated with the implementation of CBL?” Uti-
lizing van den Akker's (2003) curricular spider web framework, we systematically analyzed the educational
components of CBL curricula across multiple studies. This analysis showcased the variety of approaches and complexi-
ties in CBL implementation. However, we also identified consistent themes that are critical in implementing CBL. In
the following sections, we discuss the commonalities and differences in terms of educational components that we iden-
tified in this systematic review regarding CBL implementation in engineering education (Sections 4.1 and 4.2), the
importance of balancing and aligning the complexity of challenges with other educational components (Section 4.3),
the importance of scaling up implementation of CBL at the curriculum level (Section 4.4), and our own conceptualiza-
tion of CBL (Section 4.5).

41 | Commonalities in the implementation of CBL

CBL focuses on immersing students in real-world, open-ended challenges, necessitating an interdisciplinary approach
to developing solutions (Gama, Castor, et al., 2018; Gonzalez-Hernandez et al., 2020; Jensen et al., 2018). This focus on
real-world challenges that was identified in this review was consistent with other definitions of CBL, underscoring the
broad relevance of CBL and its emphasis on linking theory and practice (Clegg & Diller, 2019; Gallagher &
Savage, 2020).

Existing conceptualizations of CBL (e.g., van den Beemt, van de Watering, & Bots, 2023) and the findings of this
review agree that CBL puts students in the lead in their learning process (self-directed learning). This is achieved by
providing students with the autonomy to choose the specific challenge they want to focus on and to define their
learning process by conceiving and defining their learning pathway (Bombaerts et al., 2021; Detoni et al., 2019;
Lara-Prieto et al., 2019; Pepin & Kock, 2019; Valencia et al., 2020). In addition, self-directed learning was promoted
in CBL by encouraging students to identify and address gaps in their knowledge (Pepin & Kock, 2019). Finally, the
iterative CBL learning process, characterized by divergent and convergent phases, mirrored the nature of real-
world problem-solving, fostering students' need for adaptability and resilience, as students were encouraged to
explore, redefine, and fine-tune their solutions (Jensen et al., 2018; Papageorgiou et al., 2021).
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Another key feature of CBL identified in this review was interdisciplinary collaboration involving students, teachers,
and occasionally external stakeholders (Detoni et al., 2019; Hassi et al., 2016; Maya et al., 2017; Papageorgiou
et al., 2021; Ramirez-Mendoza et al., 2018; Torres-Barreto et al., 2020). These studies underscored the significance of
collaboration, teamwork, and multidisciplinarity in CBL for fostering a sense of community and shared responsibility
among participants. The collaborative aspect of CBL was essential for developing transversal skills such as communica-
tion, leadership, and problem-solving (Clegg & Diller, 2019; Ldpez-Fernandez et al., 2020; Ramirez-Mendoza
et al., 2018; Torres-Barreto et al., 2020).

Regarding interdisciplinarity, challenges often represented complex problems where more than one discipline
needed to be combined or where students from more disciplines needed to collaborate (Hassi et al., 2016; Membrillo-
Hernandez & Garcia-Garcia, 2020; Membrillo-Hernandez, Munoz-Soto, et al., 2019; Membrillo-Hernandez, Ramirez-
Cadena, et al., 2019; Membrillo-Hernandez et al., 2021; Lasso-Lopez et al., 2020; Valencia et al., 2020).

Another commonality among all studies was reference to teachers' new and multifaceted role within CBL
(Bombaerts et al., 2021; Clegg & Diller, 2019; Membrillo-Herndndez, Ramirez-Cadena, et al., 2019; Membrillo-
Herndndez et al., 2021). Instead of just teaching, educators took on roles as challenge designers and coaches, enriching
the learning process and guiding students through the learning process, which is characterized by uncertainty
(Bombaerts et al., 2021; Clegg & Diller, 2019).

Finally, CBL valued diverse learning environments, such as on-site visits and labs, promoting active learning and
innovation (Membrillo-Hernandez & Garcia-Garcia, 2020; Valencia et al., 2020).

4.2 | Differences in the implementation of CBL

Despite some common aspects in the implementation of CBL, the review suggests that the scope and nature of the chal-
lenges addressed differed in the included studies. Only a few studies made explicit the societal relevance or link to
SDGs that seemed central in the definitions of CBL by Malmqvist et al. (2015) and Gallagher and Savage (2020). Some
studies provided students with open-ended technical challenges (e.g., mobile app development, heat transfer, lean
manufacturing Cirenza & Diller, 2015; Clegg & Diller, 2019; Cuevas-Ortuiio & Huegel, 2020; da Costa et al., 2018);
some focused on open-ended, real-world problems (e.g., entrepreneurship, societal challenges; Bombaerts, 2020;
Portuguez Castro & Gémez Zermefio, 2020); and some included challenges that were real-world, but relevant to indus-
trial practices rather than broader societal challenges (e.g., Membrillo-Hernandez, Ramirez-Cadena, et al., 2019).

This difference in the scope of challenges could be due to the specific learning aims each CBL experience aimed for
the students to achieve. For example, some studies adopted CBL aiming to foster the development of specific technical
skills (e.g., software development, mobile app development; e.g., Binder et al., 2017; Santos et al., 2015); some aimed to
teach specific concepts (e.g., lean manufacturing, entrepreneurship; Cuevas-Ortuiio & Huegel, 2020; Portuguez
Castro & Gomez Zermefio, 2020); and some prioritized the development of multidisciplinary skills, such as collabora-
tion and problem-solving (Félix-Herran et al., 2019; Membrillo-Hernandez, Ramirez-Cadena, et al., 2019). The involve-
ment of external stakeholders was also relevant and added to the complexity of the challenges implemented. Some
challenges were university-led with no external stakeholder involved (e.g., Arrambide-Leal et al., 2019; Lara-Prieto
et al.,, 2019), while those in other studies engaged external stakeholders, including industry partners, experts, or end
users who contributed to or evaluated the solution (e.g., Gonzalez-Hernandez et al., 2020; Membrillo-Herndndez &
Garcia-Garcia, 2020; Lopez-Fernandez et al., 2020). Regarding the involvement of external stakeholders, Charosky et al.
(2018) discussed a tradeoff related to contact with and involvement of real stakeholders, which, on one hand, can
enhance the creative part of CBL, but, on the other, may reduce the time available for design, implementation, and
testing of complex solutions. The studies involving a real stakeholder agreed in finding that their involvement increased
the perceived relevance of the challenge by the students, but also in noting that stakeholders need to have reasonable
expectations about the expected solution within the timeframe and constraints of a CBL course or project (Membrillo-
Hernandez, Ramirez-Cadena, et al., 2019; Ramirez-Mendoza et al., 2018).

Regarding implementing CBL, differences were also found regarding the link with disciplinary content, the time-
frame, and learning processes. Although CBL courses were generally tied to specific disciplinary content, projects
offered a broader exploration of knowledge, not restricted to a particular course or discipline (Lopez-Fernandez
et al., 2020). CBL courses typically had a structured timeframe, often spanning a semester, and provided a systematic
learning approach (Clegg & Diller, 2019). Projects, however, varied significantly in duration, ranging from a few days to
a semester, especially for thesis projects, allowing for flexibility (Lopez-Fernandez et al., 2020; Valencia et al., 2020).
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The learning process in both courses and projects was iterative, and continuous feedback was reported as enhancing
the CBL process (Charosky et al., 2022; Cheung et al., 2011; Cirenza & Diller, 2015; Clegg & Diller, 2019; da Costa
et al., 2018; Gama, Castor, et al., 2018). However, CBL courses were usually more structured, guided by frameworks
such as Apple or STAR, while CBL projects adopted a more open and iterative process, encouraging creativity and
adaptability (Cuevas-Ortufio & Huegel, 2020; Portuguez Castro & Gémez Zermefio, 2020). CBL courses used more tra-
ditional learning resources such as textbooks and lectures to support students’ knowledge acquisition, whereas projects
prioritized hands-on activities and real-world engagement (Jensen et al., 2018; Martinez & Crusat, 2017).

Finally, our review suggests that assessment in CBL is an important but underexplored topic. Assessment methods
varied and aimed to measure students' subject-matter knowledge acquisition and their application and development of
competencies (Rodriguez-Chueca et al., 2020; Torres-Barreto et al., 2020).

4.3 | Balancing complexity in CBL implementation

Aligning the complexity of the challenge with other curricular elements, such as learning time or resources, proved to
be a difficulty reported by educators. Educators struggled to align intricate real-world challenges with learning objec-
tives within traditional learning environments (Bombaerts et al., 2021; Membrillo-Hernandez et al., 2021; Ramirez-
Mendoza et al., 2018). The involvement of external stakeholders enhanced relevance, but also increased uncertainty for
teachers, who did not know in advance what a possible solution could be (Bombaerts et al., 2021; Hassi et al., 2016).
The same was also true for students. Students, especially in the early academic stages, found balancing knowledge
acquisition and application difficult, especially when working with real-world challenges (Binder et al., 2017;
Membrillo-Herndndez et al., 2021). The ambiguity of the challenge led to difficulties in refining challenges and applying
theoretical knowledge (Arrambide-Leal et al., 2019; Rodriguez-Chueca et al., 2020) within the given timeframe. Our
review suggests that misalignment between the complexity of the challenge and students' ability or the learning objec-
tives can lead to disengagement or frustration (Gonzalez-Hernandez et al., 2020; Palma-Mendoza et al., 2019; Valencia
et al., 2020). The above leads to the conclusion that a real-world, open-ended challenge is a driver for students' learning,
but careful balance is required to ensure alignment with learning objectives and other curriculum elements, such as the
available time and resources, and that the complexity must not deter students or diminish their ability to engage effec-
tively (Gutiérrez-Martinez et al., 2021; Santos et al., 2015; Valencia et al., 2020).

44 | Going beyond the course and project level: Scaling CBL up at the curriculum level

The review suggests that CBL implementation is limited to bottom-up, small-scale educational interventions focusing
on the course or project level. We did not find published literature on how CBL can be implemented at the curriculum
level. Membrillo-Hernandez et al. (2021) discussed Tecnolégico de Monterrey's efforts to adopt CBL within their engi-
neering curriculum broadly and highlighted the critical components of their CBL model, called Tech21. However, our
analysis of all related studies did not reveal how the challenges were interconnected, to what extent they built on each
other, and whether they gradually increased in complexity or need for self-direction. Given the promising benefits of
engaging students in this type of learning, it is essential that the CBL initiatives extend beyond the course or project
level and become integrated into students’ education at the curriculum level. CBL implementation at the course level
can benefit students’ learning and development of professional skills. However, if CBL is not integrated into engi-
neering education at the curriculum level and students are presented with CBL only once, its effectiveness might be
reduced. Students can be expected to develop a process of solving open-ended challenges autonomously and collabora-
tively only when exposed to various examples of CBL (Arman, 2018; Du et al., 2019). For CBL implementation to
extend beyond the course level into the curriculum level, support from the faculty, department, or institution is needed
(Chen et al., 2021; Malmgpvist et al., 2015; Membrillo-Herndndez et al., 2021).

Designing an effective CBL curriculum presents several challenges, as multiple interconnected aspects need to be
considered, such as how to design learning objectives and principles and what proportion of the overall engineering
curriculum should be taught using CBL (Chen et al., 2021). CBL curriculum designers would benefit from consulting
pedagogical theories and the CBL knowledge base to design a professional curriculum that combines learning theories
and professional standards (Helker et al., 2024). In order to design a structured CBL practice, educational researchers,
engineering staff, and university managers need to set their horizon beyond single engineering courses, and to identify
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sustainable learning objectives for students' longitudinal development in CBL (Doulougeri, van den Beemt, van de
Watering, & Bots, 2023).

4.5 | Conceptualizing CBL

In conclusion, we provide our conceptualization of challenge-based learning, based on the knowledge we acquired
through carrying out this review.

CBL is an educational approach in which students engage with real-world and multidisciplinary sociotechnical
challenges that are ill-structured and open-ended, lacking a single “right” solution. These challenges are ideally
presented by societal or industry stakeholders and require the proposal or development of a solution. Acquisition,
integration, transfer, and application of knowledge from various disciplines, along with transversal skills such as
critical thinking and problem-solving, are needed to develop the solution. The learning process in CBL is active,
self-directed, and collaborative, encouraging students to become comfortable with uncertainty. When designing
and implementing a CBL experience, educators should put particular emphasis on the alignment between the
rationale of adopting CBL (why), the intended learning objectives for students (what), and the educational compo-
nents (how), including the role of the stakeholders involved, the complexity of the challenge, the role of teachers,
and assessment methods.

4.6 | Strengths and limitations

In the present study, we followed a systematic approach to identify all literature to date about CBL curriculum
implementation in higher engineering education. It is possible that relevant papers in journals not indexed in the
databases we searched were not identified. In addition, there is the possibility that other CBL-like initiatives that
did not include the term “challenge” in their descriptions were not identified in our literature search. Our analysis
is based on the content described in the empirical studies included for analysis. We may have missed studies that
essentially implemented CBL but did not label it this way (Type II error). We used keywords typically associated
with the concept of CBL, but excluded potentially similar constructs (e.g., active learning), which is a typical tra-
deoff for a systematic review; future research should further investigate connections between CBL and other
constructs.

As CBL is an emerging model in engineering education, we decided to include all studies we identified as meeting
our working definition and inclusion criteria. In following a qualitative review approach, our goal was to collect a large
sample of CBL educational interventions to provide a more comprehensive understanding of how CBL curriculum ele-
ments have been implemented. This choice led us to focus on articles published in peer-reviewed journals and confer-
ence proceedings. The included studies varied in methodological approaches and reporting of findings. This variability
was reflected in different research designs, implementations of CBL experiences, and data-reporting practices, and
poses limitations to the interpretation of findings across the set of studies. Although we evaluated the quality of the col-
lected papers, we did not exclude any based on these evaluations. That choice, which aligns with this study's qualitative
and holistic aim, contrasts with other approaches (e.g., meta-analysis) in which papers are typically included only if
they meet specific quality criteria (Grant & Booth, 2009). Finally, our working definition of CBL guided the inclusion of
studies. We included studies where the authors claimed they implemented CBL (potential Type I error). However, we
applied a rigorous process to identify whether the authors implemented CBL as claimed. Thus, we excluded several
identified studies that claimed to use CBL, but the approach adopted did not differ from other active learning peda-
gogies (e.g., PBL). Additionally, to mitigate this limitation, our research team engaged in discussions with the main
coder who conducted the search and analysis and provided support by doing random cross-checks and resolving dis-
agreements with additional discussions.

Despite these limitations, the present review shows the current state of evidence for using CBL in engineering edu-
cation, while suggesting additional research with robust study designs to understand the impact of such a pedagogy on
students’ learning. Even though this systematic review focuses on engineering education, the review is also relevant for
other disciplines that want to use CBL. For example, the curricular spider web provides a comprehensive framework
for mapping and guiding the design of a CBL course or project.
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4.7 | Recommendations for practice at the course and project level

Based on our systematic review, below we discuss recommendations for educators regarding CBL implementation. Suc-
cessful CBL implementation entails designing open-ended, real-world challenges linked with grand societal challenges
that stimulate students to learn disciplinary content and develop transversal skills in a self-directed and collaborative
way (Gama, Alencar, et al., 2018; Hassi et al., 2016; Jensen et al., 2018; Lasso-Lopez et al., 2020; Papageorgiou
et al., 2021). Implementation of CBL should consider the alignment between course objectives, teaching and learning
methods, and assessment, as suggested by frameworks such as the curricular spider web. In addition, we discuss the
importance of training teachers and going beyond course- or project-specific CBL implementation to broad curriculum
implementation.

4.7.1 | Development/design of challenges

Our results suggest that CBL courses and projects use a real-world challenge as the central vehicle for instruction in
CBL classrooms (Mora-Salinas et al., 2019; Rodriguez-Chueca et al., 2020; Valencia et al., 2020). The difficulty of
designing open-ended and complex, yet manageable, challenges within course constraints showcases the intricate bal-
ance required in CBL design. Educators need to strike a balance that stimulates students’ interest, creativity, and
problem-solving without overwhelming them. Although collaboration with industry partners and other stakeholders
can enhance the real-world relevance of challenges, it also introduces complexities. Aligning educational objectives
with industrial interests can be challenging but essential for ensuring that students derive valuable learning experi-
ences. It is recommended that educators allocate enough time for the development of challenges and collaborate with
various experts, such as educators from different disciplines and educational researchers (Félix-Herran et al., 2019;
Kohn Rédberg et al., 2020; Membrillo-Hernandez et al., 2021). When developing a CBL course or project, educators
should define learning goals at various levels, including disciplinary and transversal competencies, individual or group
objectives, and expected learning outcomes (Membrillo-Herndndez et al., 2021; Valencia et al., 2020). In addition, edu-
cators should agree beforehand on the relevant knowledge, skills, and attitudes engineering students should develop by
participating in a specific CBL course or project (Valencia et al., 2020). Finally, it is important to involve external stake-
holders early in the discussion and make sure that their expectations about intended objectives and outcomes align
with the course or project objectives to ensure meaningful, real-world challenges for students (Bombaerts et al., 2021;
Membrillo-Hernandez et al., 2021; Mora-Salinas et al., 2019; Ramirez-Mendoza et al., 2018; Valencia et al., 2020).

4.7.2 | Development of appropriate assessment methods

Assessment of students’ learning was highlighted as a CBL aspect that needs further attention from educators
(Membrillo-Hernandez et al., 2021; Pepin & Kock, 2021; Valencia et al., 2020). Achieving alignment between learning
goals and assessment methods presents significant challenges, especially when students from different disciplines col-
laborate (Valencia et al., 2020). In addition, the learning process in CBL is considered as important as the final product
or solution development, emphasizing individual and group learning (da Costa et al., 2018; Membrillo-Hernandez
et al.,, 2021). Thus, a combination of assessments focusing on the individual and the group, process, and products
should be adopted to enhance the validity of the assessment of learning outcomes (Gallagher & Savage, 2020; van den
Beemt, van de Watering, & Bots, 2023).

4.7.3 | Scaffolding students’ self-directed learning

Students reported difficulties in acting autonomously during CBL, dealing with uncertainty and the open-ended aspect
of challenges, and self-regulating their learning (Bombaerts et al., 2021; Lara-Prieto et al., 2019; Membrillo-Hernandez,
Ramirez-Cadena, et al., 2019). Despite the emphasis on self-directedness, our study suggests that students did not
always welcome the autonomy provided in CBL (Lépez-Fernandez et al., 2020). Thus, we recommend that before
immersing students in full-fledged CBL projects, institutions or educators could consider introducing them to smaller,
more manageable challenges. Introducing smaller challenges first can serve as a warm-up, familiarizing students with
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the CBL approach (Fidalgo-Blanco et al., 2016). Given the autonomy expected from students, the role of teachers was
also different compared to traditional teaching approaches. The teacher was viewed as a coach, rather than an expert,
who guided students through the learning process (Membrillo-Herndndez, Munoz-Soto, et al., 2019; Membrillo-Her-
nandez, Ramirez-Cadena, et al., 2019). Thus, we suggest that self-regulated learning should be supported by coaching
and scaffolding from teachers and adjusted to the students’ current level of skill and understanding (Doulougeri, van
den Beemt, et al., 2022; Doulougeri, Vermunt, et al., 2022).

4.74 | Supporting students in the collaborative co-creation process

All studies in our review suggested that students in CBL learn while being part of a group, indicating that collaborative
learning is a central feature of CBL. However, when some students had not had prior experiences with collaborative and
open-ended courses, this adversely affected the CBL experience and teamwork (Lépez-Ferndndez et al., 2020; Pepin &
Kock, 2021; Rodriguez-Chueca et al., 2020). Thus, the review highlights the importance of fostering collaborative skills
(Clegg & Diller, 2019; Martinez & Crusat, 2017). CBL studies described multidisciplinary or interdisciplinary collaboration
that extended beyond the group of students and involved collaboration with teachers and often with external stakeholders
(Bombaerts et al., 2021; Hassi et al., 2016; Jensen et al., 2018). Through collaboration, students learned to explore challenges
from different perspectives via continuing discussion and integration of multiple perspectives and expertise (Jensen
et al., 2018). However, our findings suggested that the collaborative process is easier said than done in CBL, with difficulties
reported by students in collaborating and communicating with peers and stakeholders (Jensen et al., 2018; Lopez-Fernandez
et al., 2020). It is necessary to establish processes by which students can check up on their collaboration throughout CBL. To
facilitate collaboration during CBL, educators should consider carefully how to organize the course/project to facilitate for-
mative interactions between all parties involved. In addition, to accompany CBL courses, institutions should offer workshops
or modules focused on transversal skills such as collaboration, self-regulated learning, and conflict resolution to equip stu-
dents with the requisite skills to excel in CBL contexts (Lopez-Ferndndez et al., 2020).

4.7.5 | Professional development of teachers

Teachers faced challenges in adjusting their roles from being traditional lecturers to acting as facilitators and coaches in
the CBL environment. Without adequate knowledge and skills regarding CBL methods, teachers often found it difficult
to design course activities, facilitate student teamwork, and balance assisting and influencing students’ work. The
review highlights that not only do students need to shift toward active and self-directed learning, but teachers need to
redefine their role, as coaches, co-learners, and co-creators of solutions (Membrillo-Hernandez et al., 2021; Pepin &
Kock, 2021). Therefore, to improve CBL implementation and effectiveness, it is important to provide CBL pedagogical
training to enable engineering staff to develop CBL pedagogical knowledge and coaching skills and invest additional
time in designing a CBL course or project (Pepin & Kock, 2021). Institutions should offer comprehensive training pro-
grams for educators, equipping them with the skills, methodologies, and best practices specific to CBL (Membrillo-
Hernandez et al., 2021).

4.8 | Recommendations for future research

Using the curricular spider web framework developed by van den Akker (2003), we could map the components of the
CBL curriculum in each study. That allowed us to integrate the results of our analysis, better evaluate the information,
and identify the most important characteristics of CBL. However, the careful analysis of the included studies revealed
several limitations and issues that require further investigation.

48.1 | Developing rigorous CBL educational research

The current landscape of research on CBL in engineering education, as observed in this review, brings to light a
pressing concern. Many investigations of CBL practices, while promising, remain confined to small-scale, bottom-up
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case studies that often need more robust theoretical grounding (Leijon et al., 2022; van den Beemt, van de Watering, &
Bots, 2023). To truly harness the potential of CBL, educational practices must be informed by rigorous research (Leijon
et al., 2022). We can ensure that CBL experiences are effective and theoretically sound by bridging the gap between
research and practice.

Researchers and practitioners should develop CBL experiences and articulate the principles underpinning the
effects of those interventions in terms of theories of students' learning processes and gains (Doulougeri, van Beemt,
et al., 2022). We recommend collaborating with an interdisciplinary team of policymakers, teachers, and researchers to
develop sound educational research that accompanies the implementation of CBL educational innovations. Sound
research fulfills a double objective: on one hand, it will lead to good educational practices, and on the other, it will lead
to the advancement of our knowledge and theory about which aspects of CBL work and why (Vermunt, 2021). Hence,
intensifying the educational research on CBL is not just helpful but is crucial for the evolution and success of CBL as
an innovative pedagogy.

Considering this, CBL implementation should be accompanied by rigorous educational research and documen-
tation of the research methods used (Leijon et al., 2022). For example, many studies did not explicitly clarify
whether their student samples were truly representative of their respective university populations. Accurate docu-
mentation of the study population is paramount for ensuring the representativeness and validity of research find-
ings. For transparency and rigorous scientific inquiry, future studies must provide precise details about their study
populations (Pawley, 2017).

4.8.2 | Research on the process/mechanisms of CBL

There needs to be more evidence about how CBL processes influence student learning. Most of these studies measured
student learning in a course in general, rather than focusing on the effects of various educational components and
learning activities on learning. This is especially problematic for studies combining two or more active learning activi-
ties, because it is difficult to assess each activity's unique contribution and effectiveness if they are not studied sepa-
rately (Prince & Felder, 2006). Thus, the CBL research community needs to assess which CBL processes and
mechanisms are effective and supportive of students' learning outcomes. To achieve this, practitioners should empha-
size systematic documentation and analysis, and reflection on the design, development, evaluation, and implementa-
tion of CBL. Researchers should report clearly the research methods and analyses and use validated instruments to
capture the effects of CBL and compare it with other approaches. In this way, educational policymakers can make
evidence-informed decisions based on research about CBL practices. Experimental studies may be needed as well to
achieve this.

4.8.3 | Research on students’ learning gains

In terms of learning outcomes or learning gains, despite the overall positive outcomes associated with adopting
CBL on student learning and competence development, it is important to look critically at the methodologies
reported by the authors for answering their research objectives and questions. In most studies, the measurement
methods relied on students’ perceptions of their learning through self-reports or analysis of student deliverables
and grades. This can be problematic, because students' opinions of the course or any aspect of it can impact their
estimates of their learning (Prince & Felder, 2006). The development of a number of competencies was investigated
by using self-perceptions. The results showed that few CBL interventions applied control group designs. However,
when no control groups are used, researchers may reach varying conclusions regarding whether the influence of
an educational aspect is significant. In addition, many studies only measured the learning and competence of stu-
dents after adopting CBL, without establishing a baseline. Pre and post tests could provide interesting insight into
the development of or changes in student learning, but according to the findings of this review they were rarely
used. Currently, a limited set of studies have compared CBL with other methodologies such lecture-based or
project-based instruction (Berland et al., 2013). There is no supporting evidence as to whether CBL leads to better
knowledge acquisition and application. Longitudinal studies are also essential to explore the cumulative benefit of
CBL education rather than the short-term learning gains of a specific CBL course or project (Berland et al., 2013;
Herzog et al., 2022).
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4.8.4 | Research on teachers' professional development

The role of teachers is central to CBL (Membrillo-Herndndez et al., 2021; Pepin & Kock, 2021). Assisting educators in
developing suitable learning materials for CBL offers only one necessary element in promoting reform. Professional
development at a broader level is a critical component in scaling up CBL across the curriculum (Doulougeri
et al., 2021). Future research should explore what competencies and skills teachers should have to meet the demands of
their roles as tutors, coaches, and facilitators. This research will provide more information about the support teachers
need to develop a CBL curriculum (cf. Stevens et al., 2024).

5 | CONCLUSION

This systematic literature review expands our knowledge about CBL by describing its implementation in engineering
education—the field of higher education where most CBL studies can be found. Two forms of CBL implementation,
namely CBL courses and projects, were identified and analyzed using the curricular spider web framework of van den
Akker (2003). Our review provides new insights into different aspects of CBL implementation, such as the different
learning objectives, the role of teachers, assessment methods, and learning activities and resources reported in empirical
studies. We also provide insights into teachers' and students’ experiences during CBL implementation.

Compared to other active learning pedagogies, CBL centers learning around open-ended, sociotechnical challenges
instead of purely technical challenges. The challenges used in CBL are connected with global societal challenges and
often involve an external stakeholder in the educational activities. Furthermore, learning in CBL is self-directed
and collaborative. CBL fosters knowledge acquisition and application and the development of transversal skills as stu-
dents work toward developing a solution.

The findings indicated increasing adoption of CBL in various disciplines in engineering education. However, evalua-
tions of those CBL educational interventions have mostly been limited to quantitative data drawn from course assess-
ments and surveys, and only rarely included qualitative research to understand phenomena in depth and within
specific contexts. By synthesizing the existing research on CBL, this study provides recommendations for researchers,
practitioners, and policymakers to develop research-based action plans to develop and evaluate CBL interventions at
the course and curriculum levels.

In practice, educators should focus in the future on designing open-ended, real-world challenges well aligned with
desired learning outcomes. Teaching and learning practices, such as coaching and scaffolding, must be designed to
foster students’ autonomy. Finally, appropriate assessment methods for students’ individual and group learning should
focus on the CBL learning process and the quality of the solutions and products delivered. Educators should allow
enough time before beginning a CBL course or project to train teachers, stakeholders, and students in the CBL process.

To advance our knowledge about CBL, sound research needs to accompany educational practice. More research
into the processes and mechanisms of CBL is needed. For example, more research is needed on how CBL stimulates
self-directed learning, collaborative learning, disciplinary knowledge acquisition, and the application and development
of transversal skills. In addition, more research is needed about the professional development of teachers and the com-
petencies and skills teachers should have to meet the demands of their roles in CBL. We recommend that future empir-
ical studies go beyond a case study design and incorporate multiple methods and sources of data to explore the impact
of CBL beyond its context-specific implementation. This means that future inquiries would benefit from other pedagog-
ical research methods. Longitudinal research on the long-term impact of CBL can provide a broader understanding of
students’ learning. As we illustrated, adoption of CBL in universities carries institutional implications for their vision
and mission. It also shapes how the university engages with ecosystem partners and, in the end, contributes to the
university's reflection on its role in society.

In conclusion, CBL is a powerful pedagogy for educating future engineers. In CBL, learning occurs within a real-
world context, inviting students to tackle open-ended societal challenges. However, research needs to be ongoing to
ensure the continued improvement and effectiveness of CBL implementation.

ORCID

Karolina Doulougeri ‘® https://orcid.org/0000-0001-6981-4529
Jan D. Vermunt ‘© https://orcid.org/0000-0001-9110-4769
Gunter Bombaerts "“ https://orcid.org/0000-0002-8006-1617

RIGHTS L

85U8017 SUOWILLIOD @A 118D 3|qeol [dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} AIqIT8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" AB| 1M Ae.ql1|Bul [UO//:SANL) SUORIPUOD PUe SWia | 8188 *[¥20z/0T/2z] Uo AriqiTauliuo A8|Im ‘UsAoypuia A1sieAun [eoluuyoe L Aq 8850288 (/00T 0T/I0P/w0d A8 |im Areiq1juljuo//:sdiy ol pepeojumod ‘v ‘202 ‘08868912


https://orcid.org/0000-0001-6981-4529
https://orcid.org/0000-0001-6981-4529
https://orcid.org/0000-0001-9110-4769
https://orcid.org/0000-0001-9110-4769
https://orcid.org/0000-0002-8006-1617
https://orcid.org/0000-0002-8006-1617
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjee.20588&mode=

DOULOUGERI ET AL. J EE 1101

REFERENCES

Studies included in the review are indicated by an asterisk (*).

Arman, A. (2018). Students’ attitudes toward problem based learning—Analog electronic course in the Electrical Engineering Programs in PPU
case study. IBIMA Publishing. http://scholar.ppu.edu/handle/123456789/2019

*Arrambide-Leal, E. J., Lara-Prieto, V., Garcia-Garcia, R. M., & Membrillo-Hernandez, J. (2019). Impact of active and challenge based learning
with first year engineering students: Mini drag race challenge. Paper presented at the IEEE 11th International Conference on Engineering
Education. Kanazawa, Japan. https://doi.org/10.1109/ICEED47294.2019.8994939

Beagon, U., Kovesi, K., Tabas, B., Nergaard, B., Lehtinen, R., Bowe, B., Gillet, C., & Spliid, C. M. (2023). Preparing engineering students for
the challenges of the SDGs: What competences are required? European Journal of Engineering Education, 48(1), 1-23. https://doi.org/10.
1080/03043797.2022.2033955

Berland, L. K., Martin, T., Ko, P., Peacock, S. B., Rudolph, J., & Golubski, C. (2013). Student learning in challenge-based engineering cur-
ricula. Journal of Pre-College Engineering Education Research (J-Peer), 3(1), 53-64. https://doi.org/10.7771/2157-9288.1080

*Binder, F. V., Nichols, M., Reinehr, S., & Malucelli, A. (2017). Challenge based learning applied to mobile software development teaching.
Paper presented at the IEEE 30th Conference on Software Engineering Education and Training. Savannah, GA, USA. https://doi.org/10.
1109/CSEET.2017.19

*Bombaerts, G. (2020). Upscaling challenge based learning for humanities in engineering education. Paper presented at the Engaging Engi-
neering Education: SEFI 48th Annual Conference Proceedings. Twente, the Netherlands. https://www.sefi.be/wp-content/uploads/2020/
11/Proceedings-DEF-nov-2020-kleiner.pdf

*Bombaerts, G., Doulougeri, K., Tsui, S., Laes, E., Spahn, A., & Martin, D. A. (2021). Engineering students as co-creators in an ethics of
technology course. Science and Engineering Ethics, 27(4), 26-48. https://doi.org/10.1007/s11948-021-00326-5

Borrego, M., Foster, M. J., & Froyd, J. E. (2014). Systematic literature reviews in engineering education and other developing interdisciplinary
fields. Journal of Engineering Education, 103(1), 45-76. https://doi.org/10.1002/jee.20038

Byrne, E. P., & Mullally, G. (2014). Educating engineers to embrace complexity and context. Engineering Sustainability, 167(6), 241-248.
https://doi.org/10.1680/esu.14.00005

*Chanin, R., Santos, A., Nascimento, N., Sales, A., Pompermaier, L., & Prikladnicki, R. (2018). Integrating challenge based learning into a
smart learning environment: Findings from a mobile application development course. Paper presented at the International Conference on
Software Engineering and Knowledge Engineering. San Francisco Bay, USA. https://doi.org/10.18293/SEKE2018-058

*Charosky, G., & Bragds, R. (2021). Investigating students' self-perception of innovation competences in challenge-based and product devel-
opment courses (2021). International Journal of Engineering Education, 37(2), 461-470.

*Charosky, G., Hassi, L., Papageorgiou, K., & Bragds, R. (2022). Developing innovation competences in engineering students: A comparison
of two approaches. European Journal of Engineering Education, 47(2), 353-372. https://doi.org/10.1080/03043797.2021.1968347

*Charosky, G., Leveratto, L., Hassi, L., Papageorgiou, K., Ramos-Castro, J., & Bragos, R. (2018). Challenge based education: An approach to
innovation through multidisciplinary teams of students using design thinking. Paper presented at the XIII Technologies Applied to Elec-
tronics Teaching Conference. Tenerife, Spain. https://doi.org/10.1109/TAEE.2018.8476051

Chen, J., Kolmos, A., & Du, X. (2021). Forms of implementation and challenges of PBL in engineering education: A review of literature.
European Journal of Engineering Education, 46(1), 90-115. https://doi.org/10.1080/03043797.2020.1718615

*Cheung, R. S., Cohen, J. P., Lo, H. Z., & Elia, F. (2011). Challenge based learning in cybersecurity education. Paper presented at the 11th
International Conference on Security and Management. Las Vegas, USA. http://worldcomp-proceedings.com/proc/p2011/SAM5063.pdf

*Cirenza, C., & Diller, T. E. (2015). Assessing effects of challenge-cased instruction on conceptual understanding in heat transfer. Paper pres-
ented at the ASEE Annual Conference and Exposition, Seattle, USA. https://doi.org/10.18260/p.23578

Clegg, J. R., & Diller, K. R. (2019). Challenge-based instruction promotes students' development of transferable frameworks and confidence for engi-
neering problem solving. European Journal of Engineering Education, 44(3), 398-416. https://doi.org/10.1080/03043797.2018.1524453

*Cuevas-Ortuiio, J., & Huegel, J. C. (2020). Serious games or challenge-based learning—A comparative analysis of learning models in the
teaching of lean manufacturing. Paper presented at the IEEE Global Engineering Education Conference. Porto, Portugal. https://doi.org/
10.1109/EDUCON45650.2020.9125393

*da Costa, A. D., de Lucena, C. J. P., Coelho, H. L., Carvalho, G. R., Fuks, H., & Venieris, R. A. (2018). Multidisciplinary groups learning to
develop mobile applications from the challenge based learning methodology. Paper presented at the XXXII Brazilian Symposium on Soft-
ware Engineering. Sao Carlos, Brazil. https://doi.org/10.1145/3266237.3266256

*Detoni, M., Sales, A., Chanin, R., Villwock, L. H., & Santos, A. R. (2019). Using challenge based learning to create an engaging classroom envi-
ronment to teach software startups. Paper presented at the 33rd Brazilian Symposium on Software Engineering. Salvador, Brazil. https://
doi.org/10.1145/3350768.3353821

Doulougeri, K., van den Beemt, A. A. J., Vermunt, J. D., Bots, M., & Bombaerts, G. (2022). Challenge-based learning in engineering educa-
tion: Toward mapping the landscape and guiding educational practice. In E. Vilalta-Perdomo, J. Membrillo-Herndandez, R. Michel-
Villarreal, G. Lakshmi, & M. Martinez-Acosta (Eds.), The Emerald handbook of challenge based learning (pp. 35-68). Emerald Group
Publishing. https://doi.org/10.1108/9781801174909

Doulougeri, K., Vermunt, J. D., Bombaerts, G., & Bots, M. (2022). Analyzing student-teacher interactions in challenge-based learning. Paper
presented at the 50th Annual Conference of the European Society for Engineering Education. Barcelona, Spain. https://doi.org/10.5821/
conference-9788412322262.1389

RIGHTS L1 N Hig

85U8017 SUOWILLIOD @A 118D 3|qeol [dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} AIqIT8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" AB| 1M Ae.ql1|Bul [UO//:SANL) SUORIPUOD PUe SWia | 8188 *[¥20z/0T/2z] Uo AriqiTauliuo A8|Im ‘UsAoypuia A1sieAun [eoluuyoe L Aq 8850288 (/00T 0T/I0P/w0d A8 |im Areiq1juljuo//:sdiy ol pepeojumod ‘v ‘202 ‘08868912


http://scholar.ppu.edu/handle/123456789/2019
https://doi.org/10.1109/ICEED47294.2019.8994939
https://doi.org/10.1080/03043797.2022.2033955
https://doi.org/10.1080/03043797.2022.2033955
https://doi.org/10.7771/2157-9288.1080
https://doi.org/10.1109/CSEET.2017.19
https://doi.org/10.1109/CSEET.2017.19
https://www.sefi.be/wp-content/uploads/2020/11/Proceedings-DEF-nov-2020-kleiner.pdf
https://www.sefi.be/wp-content/uploads/2020/11/Proceedings-DEF-nov-2020-kleiner.pdf
https://doi.org/10.1007/s11948-021-00326-5
https://doi.org/10.1002/jee.20038
https://doi.org/10.1680/esu.14.00005
https://doi.org/10.18293/SEKE2018-058
https://doi.org/10.1080/03043797.2021.1968347
https://doi.org/10.1109/TAEE.2018.8476051
https://doi.org/10.1080/03043797.2020.1718615
http://worldcomp-proceedings.com/proc/p2011/SAM5063.pdf
https://doi.org/10.18260/p.23578
https://doi.org/10.1080/03043797.2018.1524453
https://doi.org/10.1109/EDUCON45650.2020.9125393
https://doi.org/10.1109/EDUCON45650.2020.9125393
https://doi.org/10.1145/3266237.3266256
https://doi.org/10.1145/3350768.3353821
https://doi.org/10.1145/3350768.3353821
https://doi.org/10.1108/9781801174909
https://doi.org/10.5821/conference-9788412322262.1389
https://doi.org/10.5821/conference-9788412322262.1389
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjee.20588&mode=

1102 | JEE DOULOUGERI &r aL.

Doulougeri, K., Vermunt, J. D., Bombaerts, G., Bots, M., & de Lange, R. (2021). How do students regulate their learning in challenge-based
learning? An analysis of students’ learning portfolios. Paper presented at the 49th Annual SEFI Conference. Berlin, Germany. https://
www.scopus.com/record/display.uri?eid=2-s2.0-85122914658&origin=inward&txGid=eb178dc1d62c30ae86a0b9ctf874aaf7

Du, X., Ebead, U, Sabah, S., Ma, J., & Naji, K. K. (2019). Engineering students’ approaches to learning and views on collaboration: How do
both evolve in a PBL environment and what are their contributing and constraining factors? Eurasia Journal of Mathematics, Science
and Technology Education, 15(11), em1774. https://doi.org/10.29333/ejmste/106197

*Félix-Herrdn, L. C., Rendon-Nava, A. E., & Nieto Jalil, J. M. (2019). Challenge-based learning: An I-semester for experiential learning in
mechatronics engineering. International Journal on Interactive Design and Manufacturing, 13(4), 1367-1383. https://doi.org/10.1007/
$12008-019-00602-6

*Fidalgo-Blanco, A., Sein-Echaluce, M. L., & Garcia-Pefialvo, F. J. (2016). Integration of the methods CBL and CBI for their application in the
management of cooperative academic resources. Paper presented at the International Symposium on Computers in Education, SIIE,
Learning Analytics Technologies, Salamanca, Spain. https://doi.org/10.1109/SIIE.2016.7751849

Freeman, S., Eddy, S. L., McDonough, M., Smith, M. K., Okoroafor, N., Jordt, H., & Wenderoth, M. P. (2014). Active learning increases stu-
dent performance in science, engineering, and mathematics. Proceedings of the National Academy of Sciences, 111(23), 8410-8415.
https://doi.org/10.1073/pnas.1319030111

Gallagher, S. E., & Savage, T. (2020). Challenge-based learning in higher education: An exploratory literature review. Teaching in Higher
Education, 28(6), 1135-1157. https://doi.org/10.1080/13562517.2020.1863354

*Gama, K., Alencar, B., Calegario, F., Neves, A., & Alessio, P. (2018). A hackathon methodology for undergraduate course projects. Paper pres-
ented at the 48th Frontiers in Education Conference, San Jose, CA. https://doi.org/10.1109/FIE.2018.8659264

*Gama, K., Castor, F., Alessio, P., Neves, A., Araujo, C., Formiga, R., Soares-Neto, F., & Oliveira, H. (2018). Combining challenge-based
learning and design thinking to teach mobile app development. Paper presented at the 48th Frontiers in Education Conference, San Jose,
CA. https://doi.org/10.1109/FIE.2018.8658447

*Gaskins, W. B., Johnson, J., Maltbie, C., & Kukreti, A. (2015). Changing the learning environment in the college of engineering and applied
science using challenge based learning. International Journal of Engineering Pedagogy, 5(1), 33-41.

Gerson, P., & Ramond, B. (2007). Educating great T-shaped engineers. https://www.semanticscholar.org/paper/Educating-great-T-shaped-
engineers-Gerson-Ramond/9efa989e049dcbba865a1e9b387bf85c22081333

Gijselaers, W. H. (1996). Connecting problem-based practices with educational theory. New Directions for Teaching and Learning, 1996(68),
13-21. https://doi.org/10.1002/t1.37219966805

Goémez Puente, S. M., van Eijck, M., & Jochems, W. (2011). Towards characterising design-based learning in engineering education: A
review of the literature. European Journal of Engineering Education, 36(2), 137-149. https://doi.org/10.1080/03043797.2011.565116

Goémez Puente, S. M., van Eijck, M., & Jochems, W. (2013). Empirical validation of characteristics of design-based learning in higher educa-
tion. International Journal of Engineering Education, 29(2), 491-503.

*Gonzalez-Hernandez, H. G., Cantu-Gonzalez, V., Mora-Salinas, R. J., & Reyes-Avendaiio, J. A. (2020). Challenge-based learning and tradi-
tional teaching in automatic control engineering courses: A comparative analysis. Paper presented at the IEEE Global Engineering Educa-
tion Conference. Porto, Portugal. https://doi.org/10.1109/EDUCON45650.2020.9125107

Grant, M. J., & Booth, A. (2009). A typology of reviews: An analysis of 14 review types and associated methodologies. Health Information &
Libraries Journal, 26(2), 91-108. https://doi.org/10.1111/j.1471-1842.2009.00848.x

*Gudonieng, D., Paulauskaité-Taraseviciené, A., Daunoriené, A., & Sukacke, V. (2021). A case study on emerging learning pathways in SDG-
focused engineering studies through applying CBL. Sustainability, 13(15), 8495. https://doi.org/10.3390/su13158495

Guo, P., Saab, N., Post, L. S., & Admiraal, W. (2020). A review of project-based learning in higher education: Student outcomes and mea-
sures. International Journal of Educational Research, 102, 101586. https://doi.org/10.1016/j.ijer.2020.101586

*Gutiérrez-Martinez, Y., Bustamante-Bello, R., Navarro-Tuch, S. A., Lépez-Aguilar, A. A., Molina, A., & Alvarez-Icaza Longoria, I. (2021). A
challenge-based learning experience in industrial engineering in the framework of Education 4.0. Sustainability, 13(17), 9867. https://
doi.org/10.3390/su13179867

Hadgraft, R. G., & Kolmos, A. (2020). Emerging learning environments in engineering education. Australasian Journal of Engineering Educa-
tion, 25(1), 3-16. https://doi.org/10.1080/22054952.2020.1713522

Hake, R. R. (1998). Interactive-engagement versus traditional methods: A six-thousand-student survey of mechanics test data for introduc-
tory physics courses. American Journal of Physics, 66(1), 64-74.

*Hassi, L., Ramos, J., Leveratto, L., Juhani, J., Charosky, G., Utriainen, T., Bragés, R., & Nordberg, M. (2016). Mixing design, management
and engineering students in challenge-based projects. Paper presented at the 12th International CDIO Conference. Turku, Finland. http://
hdl.handle.net/2117/91304

Helker, K., Bruns, M., Reymen, I. M., & Vermunt, J. D. (2024). A framework for capturing student learning in challenge-based learning.
Active Learning in Higher Education, [Advance online publication]. https://doi.org/10.1177/14697874241230459

Herzog, C., Breyer, S., Leinweber, N.-A., Preif}, R., Sonar, A., & Bombaerts, G. (2022). Everything you want to know and never dared to ask. A
practical approach to employing challenge-based learning in engineering ethics. Paper presented at the SEFI 50th Annual Conference of
the European Society for Engineering Education. Barcelona, Spain. https://doi.org/10.5821/conference-9788412322262.1392

Holgaard, J. E., Guerra, A., Kolmos, A., & Petersen, L. S. (2017). Getting a hold on the problem in a problem-based learning environment.
The International Journal of Engineering Education, 33(3), 1070-1085.

RIGHTS L1 N Hig

85U8017 SUOWILLIOD @A 118D 3|qeol [dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} AIqIT8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" AB| 1M Ae.ql1|Bul [UO//:SANL) SUORIPUOD PUe SWia | 8188 *[¥20z/0T/2z] Uo AriqiTauliuo A8|Im ‘UsAoypuia A1sieAun [eoluuyoe L Aq 8850288 (/00T 0T/I0P/w0d A8 |im Areiq1juljuo//:sdiy ol pepeojumod ‘v ‘202 ‘08868912


https://www.scopus.com/record/display.uri?eid=2-s2.0-85122914658&origin=inward&txGid=eb178dc1d62c30ae86a0b9cff874aaf7
https://www.scopus.com/record/display.uri?eid=2-s2.0-85122914658&origin=inward&txGid=eb178dc1d62c30ae86a0b9cff874aaf7
https://doi.org/10.29333/ejmste/106197
https://doi.org/10.1007/s12008-019-00602-6
https://doi.org/10.1007/s12008-019-00602-6
https://doi.org/10.1109/SIIE.2016.7751849
https://doi.org/10.1073/pnas.1319030111
https://doi.org/10.1080/13562517.2020.1863354
https://doi.org/10.1109/FIE.2018.8659264
https://doi.org/10.1109/FIE.2018.8658447
https://www.semanticscholar.org/paper/Educating-great-T-shaped-engineers-Gerson-Ramond/9efa989e049dcbba865a1e9b387bf85c22081333
https://www.semanticscholar.org/paper/Educating-great-T-shaped-engineers-Gerson-Ramond/9efa989e049dcbba865a1e9b387bf85c22081333
https://doi.org/10.1002/tl.37219966805
https://doi.org/10.1080/03043797.2011.565116
https://doi.org/10.1109/EDUCON45650.2020.9125107
https://doi.org/10.1111/j.1471-1842.2009.00848.x
https://doi.org/10.3390/su13158495
https://doi.org/10.1016/j.ijer.2020.101586
https://doi.org/10.3390/su13179867
https://doi.org/10.3390/su13179867
https://doi.org/10.1080/22054952.2020.1713522
http://hdl.handle.net/2117/91304
http://hdl.handle.net/2117/91304
https://doi.org/10.1177/14697874241230459
https://doi.org/10.5821/conference-9788412322262.1392
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjee.20588&mode=

DOULOUGERI ET AL. J EE 1103

*Huettel, L., Gustafson, M. R., Nadeau, J. C., Schaad, D., Barger, M. M., & Linnenbrink-Garcia, L. (2015). A grand challenge-based framework
for contextual learning in engineering: Impact on student outcomes and motivation. Paper presented at the ASEE Annual Conference and
Exposition, Seattle, WA. https://doi.org/10.18260/p.23389

*Jensen, M. B., Utriainen, T. M., & Steinert, M. (2018). Mapping remote and multidisciplinary learning barriers: Lessons from challenge-based
innovation at CERN. European Journal of Engineering Education, 43(1), 40-54. https://doi.org/10.1080/03043797.2017.1278745

Jonassen, D. H. (2014). Engineers as problem solvers. In A. Johri & B. M. Olds (Eds.), Cambridge handbook of engineering education research
(pp. 103-118). Cambridge University Press. https://doi.org/10.1017/CB09781139013451.009

Kamp, A. (2016). Engineering education in the rapidly changing world: Rethinking the vision for higher engineering education. TU Delft, Faculty
of Aerospace Engineering.

*Kohn Radberg, K., Lundqvist, U., Malmqvist, J., & Hagvall Svensson, O. (2020). From CDIO to challenge-based learning experiences—
Expanding student learning as well as societal impact? European Journal of Engineering Education, 45(1), 22-37. https://doi.org/10.1080/
03043797.2018.1441265

Kolmos, A. (2012). Changing the curriculum to problem-based and project-based learning. In K. Yusof, N. Azli, A. Kosnin, S. Yusof, & Y.
Yusof (Eds.), Outcome-based science, technology, engineering, and mathematics education: Innovative practices (pp. 50-61). IGI Global.
https://doi.org/10.4018/978-1-4666-1809-1.ch003

Kolmos, A., Bagelund, P., & Spliid, C. M. (2019). Learning and assessing problem-based learning at Aalborg University. In M. Moaellem, W.
Hung, & N. Dabbagh (Eds.), The Wiley handbook of problem-based learning (pp. 437-458). John Wiley & Sons. https://doi.org/10.1002/
9781119173243.ch19

Kolmos, A., & de Graaff, E. (2014). Problem-based and project-based learning in engineering education: Merging models. In A. Johri & B. M.
Olds (Eds.), Cambridge handbook of engineering education research (pp. 141-160). Cambridge University Press. https://doi.org/10.1017/
CB09781139013451.012

Krajcik, J. S., & Shin, N. (2014). Project-based learning. In R. K. Sawyer (Ed.), The Cambridge handbook of the learning sciences (2nd ed.,
pp. 275-297). Cambridge University Press. https://doi.org/10.1017/CB09781139519526.018

Krippendorff, K. (2004). Reliability in content analysis—Some common misconceptions and recommendations. Human Communication
Research, 30(3), 411-433. https://doi.org/10.1093/hcr/30.3.411

*Lara-Prieto, V., Arrambide-Leal, E. J., Garcia-Garcia, R. M., & Membrillo-Herndndez, J. (2019). Challenge based learning: Competencies
development through the design of a cable transportation system prototype. Paper presented at the IEEE 11th International Conference on
Engineering Education. Kanazawa, Japan. https://doi.org/10.1109/ICEED47294.2019.8994958

*Lasso-Lopez, O., Gonzalez-Espinoza, C., Lozoya, C., Venzor-Mendoza, A., Déavila-Villalobos, A., & Royo-Noble, C. (2020). Implementing an
IoT energy monitoring system using the challenge-based learning model. Paper presented at the IEEE Conference on Technologies for Sus-
tainability (SusTech), Santa Ana, CA. https://doi.org/10.1109/SusTech47890.2020.9150523

Leijon, M., Gudmundsson, P., Staaf, P., & Christersson, C. (2022). Challenge based learning in higher education—A systematic literature
review. Innovations in Education and Teaching International, 59(5), 609-618. https://doi.org/10.1080/14703297.2021.1892503

*Lépez-Fernandez, D., Salgado Sanchez, P., Fernandez, J., Tinao, I., & Lapuerta, V. (2020). Challenge-based learning in aerospace engi-
neering education: The ESA concurrent engineering challenge at the technical university of Madrid. Acta Astronautica, 171, 369-377.
https://doi.org/10.1016/j.actaastro.2020.03.027

*Lovell, M., Brophy, S., & Li, S. (2013). Challenge-based instruction for a civil engineering dynamics course. Paper presented at the ASEE
Annual Conference and Exposition, Atlanta, GA. https://doi.org/10.18260/1-2-19295

Malmgqvist, J., Radberg, K. K., & Lundqvist, U. (2015). Comparative analysis of challenge-based learning experiences. Paper presented at the
11th International CDIO Conference. Chengdu, China. https://research.chalmers.se/en/publication/218615

Mann, L., Chang, R., Chandrasekaran, S., Coddington, A., Daniel, S., Cook, E., Crossin, E., Cosson, B., Turner, J., Mazzurco, A., Dohaney, J.,
O'Hanlon, T., Pickering, J., Walker, S., Maclean, F., & Smith, T. D. (2021). From problem-based learning to practice-based education: A
framework for shaping future engineers. European Journal of Engineering Education, 46(1), 27-47. https://doi.org/10.1080/03043797.
2019.1708867

*Martinez, M., & Crusat, X. (2017). Work in progress: The innovation journey: A challenge-based learning methodology that introduces innova-
tion and entrepreneurship in engineering through competition and real-life challenges. Paper presented at the IEEE Global Engineering
Education Conference. Athens, Greece. https://doi.org/10.1109/EDUCON.2017.7942821

*Maya, M., Garcia, M., Britton, E., & Acuiia, A. (2017). Play Lab: Creating social value through competency and challenge-based learning.
Paper presented at the 19th International Conference on Engineering and Product Design Education. Oslo, Norway. https://www.
designsociety.org/publication/40398/PLAY+LAB%3A+CREATING+SOCIAL+VALUE+THROUGH+COMPETENCY+AND+CHALLE
NGE-BASED+LEARNING

McGowan, V. C., & Bell, P. (2020). Engineering education as the development of critical sociotechnical literacy. Science & Education, 29(4),
981-1005. https://doi.org/10.1007/s11191-020-00151-5

*Membrillo-Herndndez, J., & Garcia-Garcia, R. (2020). Challenge-based learning (CBL) in engineering: Which evaluation instruments are best
suited to evaluate CBL experiences? Paper presented at the IEEE Global Engineering Education Conference. https://doi.org/10.1109/
EDUCON45650.2020.9125364

*Membrillo-Hernandez, J., Munoz-Soto, R. B., Rodriguez-Sanchez, A. C., Diaz-Quinonez, J. A., Villegas, P. V., Castillo-Reyna, J., & Ramirez-
Medrano, A. (2019). Student engagement outside the classroom: Analysis of a challenge-based learning strategy in biotechnology engi-
neering. Paper presented at the IEEE Global Engineering Education Conference. Dubai, U.A.E. https://doi.org/10.1109/EDUCON.2019.
8725246

RIGHTS L1 N Hig

85U8017 SUOWILLIOD @A 118D 3|qeol [dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} AIqIT8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" AB| 1M Ae.ql1|Bul [UO//:SANL) SUORIPUOD PUe SWia | 8188 *[¥20z/0T/2z] Uo AriqiTauliuo A8|Im ‘UsAoypuia A1sieAun [eoluuyoe L Aq 8850288 (/00T 0T/I0P/w0d A8 |im Areiq1juljuo//:sdiy ol pepeojumod ‘v ‘202 ‘08868912


https://doi.org/10.18260/p.23389
https://doi.org/10.1080/03043797.2017.1278745
https://doi.org/10.1017/CBO9781139013451.009
https://doi.org/10.1080/03043797.2018.1441265
https://doi.org/10.1080/03043797.2018.1441265
https://doi.org/10.4018/978-1-4666-1809-1.ch003
https://doi.org/10.1002/9781119173243.ch19
https://doi.org/10.1002/9781119173243.ch19
https://doi.org/10.1017/CBO9781139013451.012
https://doi.org/10.1017/CBO9781139013451.012
https://doi.org/10.1017/CBO9781139519526.018
https://doi.org/10.1093/hcr/30.3.411
https://doi.org/10.1109/ICEED47294.2019.8994958
https://doi.org/10.1109/SusTech47890.2020.9150523
https://doi.org/10.1080/14703297.2021.1892503
https://doi.org/10.1016/j.actaastro.2020.03.027
https://doi.org/10.18260/1-2--19295
https://research.chalmers.se/en/publication/218615
https://doi.org/10.1080/03043797.2019.1708867
https://doi.org/10.1080/03043797.2019.1708867
https://doi.org/10.1109/EDUCON.2017.7942821
https://www.designsociety.org/publication/40398/PLAY+LAB%3A+CREATING+SOCIAL+VALUE+THROUGH+COMPETENCY+AND+CHALLENGE-BASED+LEARNING
https://www.designsociety.org/publication/40398/PLAY+LAB%3A+CREATING+SOCIAL+VALUE+THROUGH+COMPETENCY+AND+CHALLENGE-BASED+LEARNING
https://www.designsociety.org/publication/40398/PLAY+LAB%3A+CREATING+SOCIAL+VALUE+THROUGH+COMPETENCY+AND+CHALLENGE-BASED+LEARNING
https://doi.org/10.1007/s11191-020-00151-5
https://doi.org/10.1109/EDUCON45650.2020.9125364
https://doi.org/10.1109/EDUCON45650.2020.9125364
https://doi.org/10.1109/EDUCON.2019.8725246
https://doi.org/10.1109/EDUCON.2019.8725246
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjee.20588&mode=

1104 | JEE DOULOUGERI &r aL.

*Membrillo-Herndndez, J., Ramirez-Cadena, M. d. J., Caballero-Valdés, C., Ganem-Corvera, R., Bustamante-Bello, R., Benjamin-
Ordofiez, J. A., & Elizalde-Siller, H. (2018). Challenge based learning: The case of sustainable development engineering at the
Tecnoldgico de Monterrey, Mexico City campus. In M. E. Auer, D. Guralnick, & 1. Simonics (Eds.), Teaching and learning in a digital
world (pp. 908-914). Springer International Publishing. https://doi.org/10.1007/978-3-319-73210-7_103

*Membrillo-Herndandez, J., Ramirez-Cadena, M. d. J., Martinez-Acosta, M., Cruz-Gémez, E., Mufioz-Diaz, E., & Elizalde, H. (2019).
Challenge based learning: The importance of world-leading companies as training partners. International Journal on Interactive Design
and Manufacturing, 13(3), 1103-1113. https://doi.org/10.1007/s12008-019-00569-4

*Membrillo-Herndndez, J., Ramirez-Cadena, M. d. J., Ramirez-Medrano, A., Garcia-Castelan, R. M. G., & Garcia-Garcia, R. (2021). Imple-
mentation of the challenge-based learning approach in academic engineering programs. International Journal on Interactive Design and
Manufacturing, 15(2), 287-298. https://doi.org/10.1007/s12008-021-00755-3

*Mora-Salinas, R., Torres, C. R., Castillo, D. H., Gijon, R. C. R., & Rodriguez-Paz, M. X. (2019). The i-semester experience: Undergraduate
challenge-based learning within the automotive industry. Paper presented at the IEEE Global Engineering Education Conference. Dubai,
U.A.E. https://doi.org/10.1109/EDUCON.2019.8725200

Nichols, M., & Cator, K. (2008). Challenge based learning white paper. Apple.

O'Mahony, T. K., Vye, N. J., Bransford, J. D., Sanders, E. A., Stevens, R., Stephens, R. D., Richey, M. C., Lin, K. Y., & Soleiman, M. K. (2012).
A comparison of lecture-based and challenge-based learning in a workplace setting: Course designs, patterns of interactivity, and
learning outcomes. Journal of the Learning Sciences, 21(1), 182-206. https://doi.org/10.1080/10508406.2011.611775

*Palma-Mendoza, J. A., Rivera, T. C., Solares, I. A., Campos, S. V., & Velazquez, E. (2019). Development of competencies in industrial engi-
neering students immersed in SME's through challenge based learning. Paper presented at the IEEE International Conference on
Engineering, Technology and Education, Yogyakarta, Indonesia. https://doi.org/10.1109/TALE48000.2019.9225932

*Papageorgiou, K., Hassi, L., Bragés Bardia, R., Charosky Larrieu-Let, G., Leveratto, L., & Ramos Castro, J. J. (2021). Prototyping the future
of learning: Reflections after seven iterations of challenge-based innovation (2014-2020). CERN IdeaSquare Journal of Experimental
Innovation, 5(1), 5-10. https://doi.org/10.23726/cij.2021.1290

Paulus, T., Woods, M., Atkins, D. P., & Macklin, R. (2017). The discourse of QDAS: Reporting practices of ATLAS.ti and NVivo users with
implications for best practices. International Journal of Social Research Methodology: Theory & Practice, 20(1), 35-47. https://doi.org/10.
1080/13645579.2015.1102454

Pawley, A. L. (2017). Shifting the “default”: The case for making diversity the expected condition for engineering education and making
whiteness and maleness visible. Journal of Engineering Education, 106(4), 1-3. https://doi.org/10.1002/jee.20181

Pepin, B., & Kock, Z. (2019). Towards a better understanding of engineering students’ use and orchestration of resources: Actual student study
paths. Paper presented at the 11th Congress of the European Society for Research in Mathematics Education. Utrecht, the Netherlands.
https://www.scopus.com/record/display.uri?eid=2-s2.0-85107183270&origin=inward&txGid=796cf51e585a5c8eadfba72053{f77d6

*Pepin, B., & Kock, Z. (2021). Students' use of resources in a challenge-based learning context involving mathematics. International Journal
of Research in Undergraduate Mathematics Education, 7(2), 306-327. https://doi.org/10.1007/s40753-021-00136-x

*Portuguez Castro, M., & Goémez Zermeiio, M. G. (2020). Challenge based learning: Innovative pedagogy for sustainability through
e-learning in higher education. Sustainability, 12(10), 4063. https://doi.org/10.3390/su12104063

Prince, M. (2004). Does active learning work? A review of the research. Journal of Engineering Education, 93(3), 223-231. https://doi.org/10.
1002/j.2168-9830.2004.tb00809.x

Prince, M., & Felder, R. M. (2006). Inductive teaching and learning methods: Definitions, comparisons, and research bases. Journal of Engi-
neering Education, 95(2), 123-138. https://doi.org/10.1002/].2168-9830.2006.tb00884.x

*Quweider, M. K., & Khan, F. (2016). Implementing a challenge-based approach to teaching selected courses in CS and computational sciences.
Paper presented at the ASEE Annual Conference and Exposition, New Orleans, LA. https://doi.org/10.18260/p.25589

*Ramirez-Mendoza, R. A., Cruz-Matus, L. A., Vazquez-Lepe, E., Rios, H., Cabeza-Azpiazu, L., Siller, H., Ahuett-Garza, H., & Orta-
Castafion, P. (2018). Towards a disruptive active learning engineering education. Paper presented at the IEEE Global Engineering Educa-
tion Conference. Tenerife, Spain. https://doi.org/10.1109/EDUCON.2018.8363373

Ravesteijn, W., De Graaff, E., & Kroesen, O. (2006). Engineering the future: The social necessity of communicative engineers. European
Journal of Engineering Education, 31(1), 63-71. https://doi.org/10.1080/03043790500429005

Redish, E. F., & Smith, K. A. (2008). Looking beyond content: Skill development for engineers. Journal of Engineering Education, 97(3),
295-307. https://doi.org/10.1002/j.2168-9830.2008.tb00980.x

Rijk, C. (2019). TU/e education in 2030. Eindhoven University of Technology.

*Rodriguez-Chueca, J., Molina-Garcia, A., Garcia-Aranda, C., Pérez, J., & Rodriguez, E. (2020). Understanding sustainability and the circular
economy through flipped classroom and challenge-based learning: An innovative experience in engineering education in Spain. Environ-
mental Education Research, 26(2), 238-252. https://doi.org/10.1080/13504622.2019.1705965

Rogers, P., & Freuler, R. J. (2015). The “T-shaped” engineer. Paper presented at the ASEE Annual Conference and Exposition, Seattle, WA.
https://peer.asee.org/the-t-shaped-engineer

*Santos, A. R., Sales, A., Fernandes, P., & Nichols, M. (2015). Combining challenge-based learning and scrum framework for mobile application
development. Paper presented at the ACM Conference on Innovation and Technology in Computer Science Education. Athens, Greece.
https://doi.org/10.1145/2729094.2742602

Stevens, T. M., Day, I. N. Z., den Brok, P. J., Prins, F. J., Assen, H. J. H. E., ter Beek, M., Bombaerts, G., Coppoolse, R., Creemers, P. H. M.,
Engbers, R., Hulsen, M., Kamp, R. J. A., Koksma, J. J., Mittendorff, K., Riezebos, J., van der Rijst, R. M., van de Wiel, M. W. J., &

RIGHTS L1 N Hig

85U8017 SUOWILLIOD @A 118D 3|qeol [dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} AIqIT8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" AB| 1M Ae.ql1|Bul [UO//:SANL) SUORIPUOD PUe SWia | 8188 *[¥20z/0T/2z] Uo AriqiTauliuo A8|Im ‘UsAoypuia A1sieAun [eoluuyoe L Aq 8850288 (/00T 0T/I0P/w0d A8 |im Areiq1juljuo//:sdiy ol pepeojumod ‘v ‘202 ‘08868912


https://doi.org/10.1007/978-3-319-73210-7_103
https://doi.org/10.1007/s12008-019-00569-4
https://doi.org/10.1007/s12008-021-00755-3
https://doi.org/10.1109/EDUCON.2019.8725200
https://doi.org/10.1080/10508406.2011.611775
https://doi.org/10.1109/TALE48000.2019.9225932
https://doi.org/10.23726/cij.2021.1290
https://doi.org/10.1080/13645579.2015.1102454
https://doi.org/10.1080/13645579.2015.1102454
https://doi.org/10.1002/jee.20181
https://www.scopus.com/record/display.uri?eid=2-s2.0-85107183270&origin=inward&txGid=796cf51e585a5c8eadfba72053ff77d6
https://doi.org/10.1007/s40753-021-00136-x
https://doi.org/10.3390/su12104063
https://doi.org/10.1002/j.2168-9830.2004.tb00809.x
https://doi.org/10.1002/j.2168-9830.2004.tb00809.x
https://doi.org/10.1002/j.2168-9830.2006.tb00884.x
https://doi.org/10.18260/p.25589
https://doi.org/10.1109/EDUCON.2018.8363373
https://doi.org/10.1080/03043790500429005
https://doi.org/10.1002/j.2168-9830.2008.tb00980.x
https://doi.org/10.1080/13504622.2019.1705965
https://peer.asee.org/the-t-shaped-engineer
https://doi.org/10.1145/2729094.2742602
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjee.20588&mode=

DOULOUGERI ET AL. J EE 1105

Vermunt, J. D. (2024). Teacher professional learning and development in the context of educational innovations in higher education: A
typology of practices. Higher Education Research and Development, 43(2), 437-454. https://doi.org/10.1080/07294360.2023.2246412

Sukacke, V., Guerra, A. O. P. d. C,, Ellinger, D., Carlos, V., Petronieng, S., Gaizitiniené, L., Blanch, S., Marba-Tallada, A., & Brose, A. (2022).
Towards active evidence-based learning in engineering education: A systematic literature review of PBL, PjBL, and CBL. Sustainability,
14(21), 1-31. https://doi.org/10.3390/su142113955

Thomas, J., & Harden, A. (2008). Methods for the thematic synthesis of qualitative research in systematic reviews. BMC Medical Research
Methodology, 8, 45. https://doi.org/10.1186/1471-2288-8-45

*Torres-Barreto, M. L., Castafio, G. P. C., & Melgarejo, M. A. (2020). A learning model proposal focused on challenge-based learning. AEE
Journal, 8(2), 1-23. https://peer.asee.org/a-learning-model-proposal-focused-on-challenge-based-learning

Tranquillo, J. (2017). The T-shaped engineer. Journal of Electrical Engineering & Technology, 30(4), 12-24.

*Valencia, A., Bruns, M., Reymen, I. M. M. J., & Pepin, B. E. U. (2020). Issues influencing assessment practices of inter-program challenge-
based learning (CBL) in engineering education: The case of ISBEP at TU/e Innovation Space. Paper presented at the SEFI 48th Annual
Conference. Twente, the Netherlands. https://www.sefi.be/wp-content/uploads/2020/11/Proceedings-DEF-nov-2020-kleiner.pdf

van den Akker, J. J. H. (2003). Curriculum perspectives: An introduction. In J. J. H. van den Akker, W. A. J. M. Kuiper, & U. Hameyer
(Eds.), Curriculum landscapes and trends (pp. 1-10). Kluwer Academic Publishers.

van den Beemt, A., van de Watering, G., & Bots, M. (2023). Conceptualising variety in challenge-based learning in higher education: The
CBL-compass. European Journal of Engineering Education, 48(1), 24-41. https://doi.org/10.1080/03043797.2022.2078181

van den Beemt, A., Vazquez-Villegas, P., Gémez Puente, S., O'Riordan, F., Gormley, C., Chiang, F.-K., Leng, C., Caratozzolo, P.,
Zavala, G., & Membrillo-Herndndez, J. (2023). Taking the challenge: An exploratory study of the challenge-based learning context in
higher education institutions across three different continents. Education Sciences, 13(3), 3. https://doi.org/10.3390/educsci13030234

Vermunt, J. D. (2021). The role of guiding research in the realization of sustainable innovations in higher education. Keynote address given at
the Annual Dutch Educational Research Days, Utrecht (online).

Zin, W. H. W. M., Williams, A., & Sher, W. (2017). Introducing PBL in engineering education: Challenges lecturers and students confront.
The International Journal of Engineering Education, 33(3), 974-983.

AUTHOR BIOGRAPHIES

Karolina Doulougeri is an Assistant Professor at Eindhoven University of Technology, Eindhoven School of Edu-
cation. She specializes in innovative pedagogies and student learning. Her current research focuses on challenge-
based learning, with particular emphasis on students’ self-regulated learning and socially shared and co-regulation
processes in collaborative learning contexts. Her research aims to provide theoretical and practical insights for the
effective design, implementation, and research of CBL in higher education.

Jan D. Vermunt is an Emeritus Full Professor of Learning Sciences and Educational Innovation at Eindhoven Uni-
versity of Technology, Eindhoven School of Education. His expertise area are the learning sciences, with a focus on
teaching and student learning in higher education, and teachers’ learning and professional development. Current
research interests include effective ways to support personal learning pathways, developing innovative teachers, pro-
moting deep and self-regulated learning, and new pedagogies for challenge-based learning.

Gunter Bombaerts is an Assistant Professor in Ethics of Technology at Eindhoven University of Technology. He
focuses on socio-technical energy-, sustainability- and Al-systems, using several theories from system thinking over
Buddhist ethics to Foucauldian analysis. He is also the coordinator of the User-Society-Enterprise program at TU/e.
He is involved in and publishes about education innovations projects on challenge-based learning and ethics. He is
active in the Ethics SEFI SIG.

Michael Bots is a Program Manager Challenge-based Learning and policy officer on education in the staff office of
the Executive Board of Eindhoven University of Technology (TU/e) in the Netherlands. He has a background in
educational science and change management and is specialized in managing large-scale learning innovations in
higher education. His current focus is on managing the development of challenge-based learning at TU/e and the
redesign of bachelor and master programs.

RIGHTS L

85U8017 SUOWILLIOD @A 118D 3|qeol [dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} AIqIT8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" AB| 1M Ae.ql1|Bul [UO//:SANL) SUORIPUOD PUe SWia | 8188 *[¥20z/0T/2z] Uo AriqiTauliuo A8|Im ‘UsAoypuia A1sieAun [eoluuyoe L Aq 8850288 (/00T 0T/I0P/w0d A8 |im Areiq1juljuo//:sdiy ol pepeojumod ‘v ‘202 ‘08868912


https://doi.org/10.1080/07294360.2023.2246412
https://doi.org/10.3390/su142113955
https://doi.org/10.1186/1471-2288-8-45
https://peer.asee.org/a-learning-model-proposal-focused-on-challenge-based-learning
https://www.sefi.be/wp-content/uploads/2020/11/Proceedings-DEF-nov-2020-kleiner.pdf
https://doi.org/10.1080/03043797.2022.2078181
https://doi.org/10.3390/educsci13030234
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjee.20588&mode=

DOULOUGERI ET AL.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Supporting Information section at the end of this article.

How to cite this article: Doulougeri, K., Vermunt, J. D., Bombaerts, G., & Bots, M. (2024). Challenge-based
learning implementation in engineering education: A systematic literature review. Journal of Engineering
Education, 113(4), 1076-1106. https://doi.org/10.1002/jee.20588

APPENDIX

CODING SCHEME FOR ANALYSIS OF INDIVIDUAL STUDIES

Descriptive characteristics
of each study

« Type of publication

» Country

« Type of study

» Methods used

« Field of engineering

» Duration of CBL experience

« Number of participants

RIGHTS L

To answer RQ 1: Coding of
implementation CBL

« Challenge characteristics
» Rationale

« Aims/ learning objectives
« Teacher role

« Grouping

« Learning activities

« Materials/resources

+ Time

» Location

« Assessment

To answer RQ 2: Coding of CBL
implementation difficulties

« Teachers’ experienced difficulties

« Students’ experienced difficulties

85U8017 SUOWILLIOD @A 118D 3|qeol [dde 8Ly Aq peusenob ae sapoie YO ‘8sh JO Sa|n 10} AIqIT8UIUO AB]IM UO (SUONIPUOD-PUR-SWBIAL0D" AB| 1M Ae.ql1|Bul [UO//:SANL) SUORIPUOD PUe SWia | 8188 *[¥20z/0T/2z] Uo AriqiTauliuo A8|Im ‘UsAoypuia A1sieAun [eoluuyoe L Aq 8850288 (/00T 0T/I0P/w0d A8 |im Areiq1juljuo//:sdiy ol pepeojumod ‘v ‘202 ‘08868912


https://doi.org/10.1002/jee.20588
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjee.20588&mode=

