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Collaborative Learning in Engineering Design
Education: A Systematic Literature Review
Gitte van Helden , Barry T. C. Zandbergen, Marcus M. Specht , and Eberhard K. A. Gill

Abstract—Contribution: This article presents a comprehensive
overview of characteristics of educational designs of collaborative
engineering design activities found in literature and how these
characteristics mediate students’ collaboration.

Background: Engineers have to solve complex problems that
require collaboration. In education, various collaborative engi-
neering design activities have been implemented to prepare
students for these professional practices. According to cultural
historical activity theory (CHAT), educational activities can be
described in terms of interrelated elements, i.e., subject, object,
tools, rules, division of labor, and community, that influence
learning outcomes. A key issue is how these elements medi-
ate students’ collaborative efforts and how they contribute to
learning.

Research Questions: 1) How is collaborative learning imple-
mented in engineering design education? 2) How do the elements
of CHAT and their interrelations mediate collaborative learning?
and 3) What is the evidence that the implementation of collabo-
rative learning contributed to the achievement of desired learning
outcomes?

Methodology: A systematic literature review following
preferred reporting items for systematic review and meta-
analyses protocols guidelines was conducted, including 111
articles published between 2011 and 2021. CHAT was used as
analytical framework.

Findings: Collaborative learning was implemented in engineer-
ing design activities to develop technical as well as nontechnical
skills. For the CHAT elements, it was found that establishing
a common object, rules for collaboration, and division of labor
are essential for effective collaboration and can be enhanced
through digital technologies (tools) and support from a commu-
nity, for example, educators. Finally, results showed that there is
evidence that described implementations contribute to learning.
However, this evidence needs to be interpreted with care, due to
methodological issues in some included articles.

Index Terms—Activity theory, cooperative learning,
educational technology, knowledge gain, team-based learning.

I. INTRODUCTION

THE PROBLEMS that engineers face are growing increas-
ingly complex [1]. Successful problem solving in engi-

neering requires a skill set that includes not only technical
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skills but also personal and interpersonal skills and awareness
of the economical, societal, and environmental context [2],
[3], [4]. To prepare students for contemporary and future
engineering practices, educational institutes increasingly make
use of engineering design exercises that are collaborative in
nature, to address not only technical, and personal skills,
but also the interpersonal skills needed to allow multidisci-
plinary teams to solve complex problems [5]. Historically,
collaborative learning has been broadly defined as “a situa-
tion in which two or more people learn or attempt to learn
something together” [6, p. 1] and was presented as an alter-
native to traditional lectures. There are numerous variations in
how collaborative learning can be implemented in engineering
design activities. The extent to which learning objectives are
achieved greatly depends on the characteristics of the edu-
cational design [7], [8], [9]. A well-established theoretical
framework for identifying and analyzing the characteristics
of an (educational) activity is cultural historical activity the-
ory (CHAT) [10]. According to CHAT, the development and
outcome of educational activities can be described and under-
stood through six interrelated elements: 1) subject; 2) object;
3) tools; 4) rules; 5) division of labor; and 6) community.
Until now, there is no comprehensive overview of how these
elements and their interrelations contribute to the achievement
of learning outcomes.

This article addresses this gap by conducting a systematic
literature review on the implementation of collaborative learn-
ing in engineering design education. The aim is to: 1) describe
variations of CHAT elements in the implementation of collab-
orative learning in engineering design activities; 2) describe
how these variations and their interrelations mediated collabo-
rative learning; and 3) present an overview of the evidence that
the described implementations contributed to the achievement
of learning objectives. Conclusions will inform practitioners
on how to design educational activities to prepare students
for professional engineering practice of the future and pro-
vide researchers with an overview of the state-of-the-art and
suggestions for future research.

II. THEORETICAL FRAMEWORK

A. Engineering Design Competencies

Contemporary challenges, including rapid technological
development, globalization, and a need for sustainable solu-
tions, create complex engineering problems [1]. Educational
institutions face the challenge of adequately preparing their
engineering students for this changing landscape. As a result,
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there has been growing attention for what skills engi-
neers need within the context of the 21st century [4], [5]
and how these skills can be trained through educational
activities [7], [8].

1) Learning Objectives: Educational institutions aim to
prepare their students for designing solutions for complex
engineering problems. That is, design is inherent to engineer-
ing and is considered the feature that distinguishes learning
engineering from, for example, learning mathematics or sci-
ence [11], [12]. The Accreditation Board for Engineering and
Technology (ABET) defines engineering design as “a process
of devising a system, component, or process to meet desired
needs and specifications within constraints. It is an iterative,
creative, decision-making process in which the basic sciences,
mathematics, and engineering sciences are applied to convert
resources into solutions” [2, p. 4]. Although the engineering
design process involves the application of technical knowl-
edge, also a broad range of nontechnical skills is needed for
successful problem solving, as engineering problems typically
“are embedded in a ‘soft context”’ [5, p. 174]. Over the past
decades, multiple initiatives were launched with the purpose of
mapping the skills required for engineering practices [2], [3].
In this review, it was decided to focus on conceiving design-
ing implementing operating (CDIO) [3], as this initiative is
widely distributed and applied [13]. CDIO was launched in
2001 and presented a comprehensive taxonomy with learn-
ing goals for undergraduate engineering education. Currently,
the CDIO syllabus distinguishes the following four areas for
development: 1) disciplinary knowledge and reasoning; 2) per-
sonal and professional skills and attributes; 3) interpersonal
skills; and 4) conceiving, designing, implementing, and oper-
ating systems in the enterprize, societal, and environmental
context [14].

2) Learning Activities: It is clear that skills, such as
collaboration, cannot be taught through traditional talk-and-
chalk lectures. Educational institutions often adopt pedagog-
ical approaches, such as collaborative learning, cooperative
learning, problem-based learning, project-based learning, and
challenge-based learning [15], [16], [17], to create engineer-
ing design activities that are collaborative in nature. However,
adopting these collaborative pedagogies does not necessar-
ily lead to the achievement of the desired learning objec-
tives. There are numerous design variations possible together
determine the extent to which learning objectives can be ful-
filled [5], [8]. For example, group size, cultural background, or
available tools influence how a learning activity develops. This
makes it difficult to uncover what (combination of) characteris-
tics within a learning activity contribute(s) to the achievement
of learning objectives [7], [17].

Until now, some systematic literature reviews have been
conducted that provided insight in the implementation of col-
laborative learning in engineering design activities. They either
focus on possible variations in the implementation of collabo-
rative pedagogies [18] or intended learning outcomes and team
behavior [19], [20]. A key issue that remains is how variations
in the implementation of collaborative learning mediate stu-
dents’ design processes and thus lead to the achievement of
learning objectives.

Fig. 1. Activity system.

B. Cultural Historical Activity Theory

When implementing collaborative learning in engineering
design activities, one creates a complex environment in which
students’ behavior is mediated by a variety of social and mate-
rial resources [21]. Mediation in this context refers to the
process in which individuals and their socio-material environ-
ment mutually shape each other [22]. For example, a tool does
not only influence the practice of an individual, but the tool
itself also develops through an individual’s enactment, as new
affordances for action are discovered and created. In order to
grasp why an educational activity develops in a certain way, it
is essential to understand the mediational structure that under-
lies this activity. CHAT [10] provides a suitable framework for
analyzing complex learning situations, that helps to understand
how an activity is mediated by social and material resources.

According to CHAT, an activity is driven by a collective
motive (object) [23]. The actions that individuals (subjects)
undertake when working towards this shared object cannot be
understood without taking the entire activity system (Fig. 1)
into account. The actions of a subject are mediated by dif-
ferent social and material elements. First, tools refers to the
means that are used while acting on the object, for example,
the use of a conferencing tool that allows teams to collabo-
rate in distributed settings. In addition to this, an activity is
mediated by implicit and explicit cultural rules, for example,
design processes and standards. Furthermore, the division of
labor mediates the activity, for example when each individ-
ual in an engineering team is assigned a role with associated
tasks and responsibilities. Finally, there is mediation by oth-
ers that share the same object (community), such as educators
who share students’ object of learning a certain skill. These
elements are highly interrelated, and thus the outcome of an
activity is influenced by variations within elements as well as
the connection between elements.

C. Current Study and Research Questions

Collaborative engineering design activities are implemented
by educational institutions to prepare students for the chal-
lenges of the 21st century. These activities can provide them
with valuable learning opportunities. However, it is not clear
how the socio-material environment mediates students’ col-
laborative processes and contributes to achieving learning
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Fig. 2. PRISMA flow diagram.

outcomes. This article addresses this gap by answering the
following research questions: 1) How is collaborative learn-
ing implemented in engineering design education? 2) How do
the elements of CHAT and their interrelations mediate col-
laborative learning? and 3) What is the evidence that the
implementation of collaborative learning contributed to the
achievement of desired learning outcomes?

III. METHOD

A. Research Protocol

For this systematic literature review, PRISMA were fol-
lowed [24]. The selection process consists of four phases:
1) identification; 2) screening; 3) eligibility; and 4) inclusion,
which will be described in the subsequent sections (Fig. 2).

1) Identification: To identify a relevant body of literature,
the following search string was used: “collaborative learn-
ing” or “cooperative learning” or “team learning” or “group
learning” and “engineering” and “design” and “orchestration”
or “instructional design” or “pedagogical” or “pedagogy” or
“problem-based” or “challenge-based” or “project-based.” A
systematic search was conducted using the databases Scopus,
Web of Science, and ERIC on February 11th, 2021. A date
range was set from 2010 onward. The search led to a total of
643 records of which 514 remained after removing duplicates.

2) Screening, Eligibility, and Inclusion: The following
exclusion criteria were formulated: 1) document is not written
in English; 2) document is not peer-reviewed; or 3) docu-
ments does not contain a full article. Documents included
should: 1) involve data collection; 2) address collaborative
efforts between two or more students; 3) involve solving an
engineering design problem; and 4) be in the context of higher
education. Articles were excluded when one or more exclusion
criteria were met or not all inclusion criteria were met. All doc-
uments were screened on the title, keywords, and abstract and
eligibility by the first author. When doubts arose about whether

an article should be included, this article was discussed with
the second and third author and a joint decision was made.
During the screening phase, 302 articles were excluded based
on title, keywords, and abstract. The full text of seven arti-
cles was not available online and could not be retrieved. The
eligibility of the remaining 205 articles was assessed through
full-text screening and 94 articles were excluded. This led to a
final body of literature of 111 articles, of which 57 are journal
papers and 54 are conference papers.

B. Qualitative Synthesis of Included Studies

1) Analytical Framework: CHAT was used as the frame-
work underlying the qualitative synthesis of included
studies. CHAT used before in other literature reviews
(see [25], [26], [27]). Still, their focus was on variations within
one element of an activity system. In this review, also the
relation between elements is explicated, to reveal how these
interrelations mediate collaborative learning.

2) Qualitative Synthesis: For the qualitative synthesis, all
included articles were coded. The validity of the qualitative
synthesis was increased by using the approach of “negoti-
ated consensual validation,” following the example of [28].
This means that all articles were initially coded by the first
author using ATLAS.ti. Next, the result of the coding process
was shared with the second and third author of this arti-
cle, who raised issues and suggested alternative interpretation.
Discussion continued until consensus among authors was
reached. To answer the research questions, the coding process
focused on: 1) implementation; 2) mediation; and 3) outcomes.

For implementation, the goal was to distinguish possible
implementations within each element of CHAT. First, a top-
down coding process was done, using six overarching codes:
“subject,” “object,” “tools,” “rules,” “division of labor,” and
“community.” Each quote that revealed how an element was
implemented in an educational activity was coded. For exam-
ple, the quote “Meanwhile, they collaborate with the help of
digital tools, such as Skype and Google Drive.” [29, p. 41] was
coded as “tools.” Next, for each element, a bottom-up anal-
ysis was performed, in which differences in implementation
were clustered thematically. For example, from all the quotes
on “community,” three different parties were distinguished,
namely: 1) educators; 2) peers; and 3) external parties. The
thematic clustering evolved through weekly meetings in which
the first three authors of this article iteratively developed the
coding scheme and jointly resolved issues and uncertainties by
discussing examples for each subcode. One issue that emerged
was that the distribution in themes for the “object” category
was very broad and it was difficult to come to an agreement
on the thematic clustering. To ensure validity, it was decided
to use the four areas of the widely adopted CDIO taxonomy as
subcodes for “object” to cross check the authors’ interpretation
of learning objectives. All subcodes are shown in Table I,
codes A–F.

For mediation, all quotes in the result, conclusion, and
discussion section that revealed how characteristics of an edu-
cational activity mediated students’ collaborative processes
were coded as “mediation.” The next step was to connect
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the mediational processes to variations in the CHAT ele-
ments. This coding process was again executed by the first
author, followed by repeated discussion sessions with the
second and third author in which consensus was reached.
It was found that some mediations occurred as a result of
an interrelation between two or more elements. For exam-
ple, the quote “Students from cultures with a high power
distance may feel uncomfortable working autonomously on
projects.” [30, p. 259] provides insights into how the charac-
teristics of a subject in combination with certain rules mediate
an activity and was coded “mediation subject” and “media-
tion rules.” When a quote had two tags, this was considered
to be an interrelation between two elements. In the result sec-
tion, interrelations between elements are indicated by using
italics. Fig. 3 provides an comprehensive overview of all
interrelations that were identified.

For outcomes, evidence that the described implementations
contributed to learning outcomes was mapped. For this “data
type” was coded. Second, all quotes in the conclusions that
revealed evidence that the course design (i.e., implementation)
contributed to learning outcomes were coded “evidence for
learning.” A bottom-up thematic clustering was made of the
data sources and evidence for learning that were found (see
Table I, code G), using an approach similar to the one followed
for codes A–F.

IV. RESULTS

This section provides the results obtained with respect to the
different CHAT elements organized in Sections IV-A–IV-F.
For each section, first the variation of implementa-
tion within each element is described, followed by how
these variations mediated students’ collaborative processes.
Section IV-G shows an overview of the outcomes of described
implementations.

A. Object

Object refers to the collective motive to engage in an activ-
ity. In an educational context the object is to learn, as such
the focus is on the learning objectives of included studies.

1) Implementation: Out of the reviewed studies, 63 explic-
itly addressed one or more learning objectives. These objec-
tives were found to cover all four areas from the CDIO
taxonomy. In Table II, an example for each area is given.

2) Mediation: Only few articles provided insights into how
the object of the activity mediated students’ collaborative
processes. However, it was clear that students coming to a
shared understanding of the learning task at hand, was essen-
tial for high-quality collaboration [35], [36], [37], [38]. When
the projects’ object remained vague, this often came with dif-
ficulties with establishing productive rules for collaboration
and division of labor, as it was more difficult to organize col-
laborative efforts without a shared overarching goal in mind.
Additionally, students’ (subjects) motivation was enhanced
when they were able to select a project that aligned with their
personal object [39], [40].

3) Summary: Studies claimed to address learning objec-
tives that cover the four areas of the CDIO taxonomy. Only

TABLE I
THEMATIC CLUSTERING OF IMPLEMENTATION

TABLE II
LEARNING OBJECTIVES MAPPED TO CDIO AREAS

few reported on the mediational process associated with these
objects. It was shown that a common object is essential for
successful collaboration.

B. Subject

Subjects refers to the individuals that engage in an activity.
This section will focus on study participants’ characteristics.
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1) Implementation: In most of the studies, students worked
in small groups that ranged from two to five members. Three
studies reported on students who worked in a large project
group that was divided into multiple smaller subgroups that
each had their own responsibilities [41], [42], [43]. When
creating teams, characteristics of students were taken into
account, including disciplinary background [29], [34], [38],
[44], [45], [46], [47], [48], [49], [50], [51], [52], [53], [54],
[55], [56], [57], [58], [59], [60], [61], [62], [63], [64], [65],
[66], [67], [68], experience or academic ability [34], [40], [41],
[42], [45], [46], [60], [61], [69], [70], [71], [72], [73], [74],
nationality or cultural background [29], [30], [34], [38], [44],
[48], [59], [69], [71], topic of interest [41], [75], [76], [77],
gender [34], [45], [69], [71], and personality [44], [78]. Many
studies deliberately created diverse teams. Only when it came
to students’ topic of interest, it was desired to have students
with similar preferences.

2) Mediation: Few articles reflect on how group size medi-
ated collaborative learning, but there is some evidence that
small group sizes have benefits. This made dividing tasks
less challenging (division of labor) [79] and made it eas-
ier for educators (community) to flexibly adapt to students’
needs [50], [80] and control interactions among students [60].

Considerably more studies elaborated on how diversity
within teams affected collaborative processes. Differences
among students can elicit conflicts, as everyone holds
their specific set of explicit or implicit rules [29], [30],
[38], [54], [64], [81]. Conflicts can be due to mismatches
in cultural norms (e.g., collectivist and individualist cul-
tures) [30], formal cultural practices (e.g., metric system) [64],
disciplinary background (e.g., design processes and stan-
dards or work ethic) [38], [54], and personality traits of
individuals [29], [54]. Conflicts can negatively affect collab-
oration during a project. However, they also caused valuable
opportunities for learning [30], [64], [78]. Working in diverse
teams helped students to practice professional communica-
tion [54], [65], to understand each other [78], to acknowl-
edge complementary characteristics [38], to understand how
disciplines are interlinked [58], and to improve students’
confidence in working with colleagues from different disci-
plines [64]. To establish successful collaboration in diverse
teams, it was essential that everyone works toward the same
goal (object) [38] and that each student understands how his
or her role (division of labor) is relevant in achieving this
goal [49]. Educators (community) can play an important role
in facilitating collaboration in diverse teams [81].

3) Summary: Working in large or diverse was generally
more challenging. Especially working in diverse groups led
to problems in collaboration, but also to valuable learning
opportunities. Establishing a common object and division of
labor that made each team member feel valued, contributed to
successful collaboration.

C. Tools

Tools are the means that subjects use when work-
ing toward the object. Although domain-specific engineer-
ing tools, such as simulation software, are often used in

engineering design education, the focus is on tools for
collaboration.

1) Implementation: The included studies described the
implementation of (digital) tools with different functionali-
ties. First, there were tools that enabled collaboration. Digital
spaces afforded synchronous and/or asynchronous communi-
cation through written text, audio and/or video (e.g., discussion
boards and conferencing tools), online storage of files and
documents (e.g., DropBox), and co-creation of shared knowl-
edge objects (e.g., shared text editor). Collaboration could
also be enabled through offering dedicated physical spaces
for co-located collaboration, such as makerspaces or labora-
tory environments [36], [42], [45], [48], [56], [57], [62], [82],
[83], [84], [85], [86], [87], [88], [89], [90], [91], [92], [93],
[94], [95], [96], [97], [98], [99], [100]. Second, tools can sup-
port (parts of) students’ collaborative processes. Some tools
supported team creation by assigning students to teams ran-
domly or based on student characteristics (subject) [40], [77],
[81], [90]. Moreover, tools were used to embed a sequence
of activities in a digital environment, to guide students into
engineering design or problem solving processes (rules) [72],
[101], [102], [103], [104] or scripts, to facilitate productive
collaborative interactions [105], [106]. In addition to this,
some tools assisted students in dividing tasks and responsibil-
ities among team members (division of labor), for example,
through assigning roles [102], [104]. Furthermore, there were
tools for establishing and managing connections (community)
among peers [68], [70], [77], [103] and between students and
educators [101].

The form in which these tools were implemented differs. In
most studies tools were preselected. However, in some stud-
ies students were allowed to select their own preferred set
of tools [29], [43], [94]. Often multiple of the functionalities
described in the previous paragraph were combined. This can
be done by offering a selection of separate tools that each sup-
port different functionalities [30], [38], [47], [64], [65], [68],
[107], or the use of an integrated environment for digital col-
laboration [43], [70], [72], [77], [101], [102], [103], [104],
[106], [108], [109], [110].

2) Mediation: Digital tools focused on enabling collabora-
tion were mostly implemented in settings with (partial) remote
collaboration. Trust among team members, which is essential
for successful collaboration, was more difficult to establish
during remote collaboration [38], [64]. On the other hand, it
was found that some students felt safer expressing disagree-
ment in virtual settings [111] and students valued the flexibility
to work from any time and location [112].

Some tools provided additional support for collaboration.
Results show that the embedding of rules through scripts,
scaffolds, or prompts positively impacted collaborations and
elicited effective collaborative behavior [101], [106], [110].
The addition of visualizations of collaborative processes pro-
moted reflection [105]. Additionally, [101] created the oppor-
tunity to request early feedback from educators (community)
on meetings with external customers. This led to improved
and more consistent communication during meetings with cus-
tomers. Finally, it was shown that in collaborative interactions,
tools became seamlessly integrated with students’ (subjects)
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bodily resources (e.g., gestures and utterances) and thus are
an important resource for collective meaning making [99].

The extent to which tools were adopted was highly influ-
enced by students’ experiences and preferences (subjects).
That is, the learning space is not predefined by educators (com-
munity), but co-constructed by students who flexibly use and
transform the tools at hand [94]. When students are famil-
iar with a tool, they can make effective choices on what,
when, and how to use it [38]. New tools can hold numerous
functionalities and identifying and using these new capabil-
ities can be challenging [108] or can even be experienced
as overwhelming [64]. For students to adopt new tools, it
is important that the tools meet their needs and that it is
clear how the tools can contribute to achieving their goals
(object) [57], [64], [102]. When this was not the case, stu-
dents did not use certain functionalities as intended, rejected
tools, or searched for alternatives themselves [57], [109]. In the
example of [109], only tools for asynchronous collaborations
were provided. Students felt there was a need for synchronous
collaboration and started using conferencing tools. These self-
chosen tools created the advantage that students were already
familiar with the tools. A downside was that the lecturer had
no access to these tools, and thus could not see students’
discussions to provide feedback [109].

3) Summary: Implemented tools differed in function and
form and were used to enable communication as well as to
support collaboration. There were examples in which tools
successfully supported positive collaborative behaviors, such
as embedding rules for collaboration, and promoting feedback
processes (community). However, the extent to which tools
were adopted was heavily influenced by subjects’ characteris-
tics, such as previous experiences, perceived usefulness, and
preferences.

D. Rules

There are various implicit and explicit rules that influence
students’ collaborative learning. In addition to this, students
can formulate rules for collaboration themselves.

1) Implementation: Different types of rules were imple-
mented in the design of learning activities. First, educational
theories were leveraged to design learning activities. With
two exceptions, all articles referred to educational literature.
Most used were references to pedagogical approaches that are
characterized by being hands-on and student-centered: project-
based learning (55), collaborative learning (37), problem-based
learning (31), cooperative learning (22), and active learn-
ing (20). Less often studies referred to educational theories
on cognition, instructional design, assessment, digital tool-
ing, motivation, or regulation. Second, engineering processes
and standards were embedded to structure students’ activ-
ities. Often similar phases were followed: problem selec-
tion/exploration, requirement definition, generating solutions,
analyzing solutions, design of a solution, and the evaluation
of a designed solution. Occasionally, the design phase is split
into a conceptual and detailed design phase [46], a proto-
typing phase [50], [75], [113], or a launch, maintenance, or
re-evaluation phase [60], [75], [87]. This sequential outline

of the design process does not mean that the activities stu-
dents engaged in followed a linear path, as iterations or smaller
problem solving cycles were embedded within each phase of
a design sequence.

2) Mediation: Many of the pedagogical approaches that
were implemented were hands-on and learning-centered. The
freedom associated with these pedagogical approaches was
often perceived as motivating and engaging by students [31],
[58], [85]. Moreover, educators are no longer the primary
source of information, which required students to search for
and critically assess resources [114], [115]. However, for some
students (subjects) the ill-structured and uncertain nature of
pedagogies such as problem- or project-based learning elicited
feelings of discomfort and insecurity [104], [114], [115].
Collaborative problem solving could be structured by making
phases of the problem solving process explicit, which students
used to regulate their collaborative workflow [114].

Still, there were some indications that implemented engi-
neering design processes fostered students understanding of
engineering design sequences [116] and the pros and cons of
different design processes [117]. Moreover, it provided oppor-
tunities for the practical application of domain-specific content
within a realistic setting [41], [85].

Multiple studies pointed out that, when working toward a
shared object, it is essential for a team to create rules that
guide collaborative efforts [50], [118], [119]. It is important
to note that students were not always able to establish produc-
tive collaboration themselves and consequently, action should
be taken to support students [35], [36], [38], [103]. Tools or
educators (community) can guide students to direct the cre-
ation or adoption of collaborative rules. However, imposing
rules on students can cause the feeling that autonomy is taken
away [50].

3) Summary: Rules embedded in the design of a learning
activity stem from educational theory as well as from engineer-
ing design processes and standards. Typically, the implemented
pedagogical approaches were open-ended and ill-structured,
which can lead to insecurity for students. Even more, in this
type of activity, it is essential to come up with a set of rules
to structure collaboration in this uncertain environment. This
did not always evolve naturally, but tools and community can
provide support.

E. Division of Labor

The division of labor refers to the way that tasks and
responsibilities are divided among the subjects in an activity.

1) Implementation: A much used strategy to implement
division of labor, was to assign or let students choose roles
that determined the tasks and responsibilities of an individ-
ual within the team [38], [41], [42], [43], [47], [50], [74],
[76], [78], [91], [102], [104], [119], [120], [121], [122]. A
second strategy was the so-called “jigsaw” approach, in which
group members researched different pieces of information that
should be integrated to solve a problem [80], [90], [116],
[123], [124]. Third, in multidisciplinary teams (subject), the
complementary nature of disciplines determined the tasks that
should be executed by an individual [48], [57], [59], [60],
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[63], [64], [65], [67], [112]. Finally, some studies introduced
a distinction between individual and team phases. This was
implemented by having a phase of individual background
research and idea generation followed by collective execution
of a design based on these individual perspectives [37], [40],
[42], [62], [71], [75], [77], [92], [111], [114], [125] or by end-
ing a collaborative effort with an individual reflection [69],
[98], [126].

2) Mediation: Collaboration was facilitated when interde-
pendency was created, which means that subjects needed each
other in order to solve a problem [37], [38], [64]. Dividing
roles was a useful strategy for students to better collaborate,
as it helped to explicate the responsibilities of each individ-
ual [114]. In jigsaw, interdependency was created as students
performed research on one topic on their own, and then,
taught group members about their topic [116]. Also, indi-
vidual research phases made sure students found new ideas
that could be discussed later in collaborative sessions [90].
In all strategies, students developed their own unique exper-
tise or perspective they could bring into discussions with their
team and provided opportunities to learn from each other [90],
[114], [116].

Interdependence also caused difficulties. When students
work in teams, they often alternate between individual and
collaborative work. The process of coming back together
(i.e., convergence) was perceived as difficult by students [29].
Students working alone rather than cooperatively can be due to
not having a clear shared goal (object) in mind [36]. Moreover,
when rules for collaboration were not in place, difficulties,
such as delays, emerged when tasks were dependent on each
other [71]. In order to support students, coaches (community)
should not only be focused on individual and collaborative
phases but also on the transition between those phases [29].

Work is not necessarily equally divided among team
members and some students took advantage of their peers’
efforts [54], [71], [118]. Unequal distribution of work was
found to be a characteristic of low achieving teams [118].
A possible solution for avoiding so-called “free riders” is to
implement rewards for individual contributions [72].

3) Summary: Approaches, such as role division or jigsaw,
were used to facilitate division of labor by creating interde-
pendency. This stimulated collaboration, if work was fairly
distributed.

F. Community

Community refers to the ones who share and work toward
the same objects as the subject within an activity.

1) Implementation: Educators were involved in all exam-
ples and generally took a coaching rather than a directive
role. There were variations in the extent to which students
were given freedom, but this was often not explicitly spec-
ified in papers. Second, peers were involved through peer
assessment [34], [62], [69], [71], [78], [81], [83], [84], [89],
[92], [95], [103], [105], [106], [113], [119], [127] and role
playing [66], [87], [117]. Also, there were interactions with
parties from outside of the university environment, for exam-
ple, industry partners or experts that acted as a customer,

provided workshops or attended presentations to give feed-
back [30], [40], [46], [47], [51], [53], [55], [60], [61], [71],
[76], [81], [88], [98], [101], [113], [116], [119], [125], [128],
[129], potential users of a product [65], [75], site visits [60],
[98], [128], or competitors [55], [130], [131].

2) Mediation: When coaching, educators made use of scaf-
folding [46]. Process related scaffolding was more effective
than content related scaffolding [33]. Scaffolding was used
to successfully enhance aspects of students’ collaborative
design processes (rules), including establishing dialogues in
teams [116], overcoming anxiety when working on ill-structured
problems [79], communicating with stakeholders [101], mediat-
ing ideas and proposals [132], bridging multiple disciplines [60],
and solving difficulties when collaborating [59]. Furthermore,
educators positively influenced students’ motivation by provid-
ing feedback on group processes, helping to make decisions,
and establishing a positive relationship [39]. Reported negative
influence of educators included unclear communication about
project goals (object) leading to confusion [133] and difficulties
with balancing between providing structure and freedom, as
subjects have different preferences. Limited guidance can lead
to feelings of uncertainty, the perception that their educator
is not interested, or interference with the cultural rule that it
is impolite to not wait for instructions [30], [39]. However,
students can also perceive limited guidance as a sign of empow-
erment and ownership of their process [39] and too much input
from the educator can lead to a tendency to use the educators’
ideas rather than formulating their own.

Students learned from each other through peer assessment
or teaching. This had a positive impact on students’ collabora-
tive process when used as an opportunity to collect feedback
for grounding decisions [62], enhanced motivation to improve
work to impress each other [62], [115], and helped to cre-
ate a stronger community feeling [62]. There were also some
drawbacks involving peer assessment and peer teaching. When
students did not take peer assessment seriously, it could lead to
feedback of lower quality [83]. In addition, there are cases in
which students removed novel ideas from their product during
peer assessment activities because they were afraid their peers
would “steal” their ideas [62]. This meant they did not get
feedback on all aspects of their product. Finally, during peer
teaching, some students felt too insecure or underequipped to
take on the role of expert and teach their fellow students new
content [57], [123].

Third parties also affected students. Having a customer dur-
ing an engineering design project created opportunities for
students to learn engineering practices (rules) [43], [117],
involving a customer from industry enhanced students’ moti-
vation [53], [61] and gave them an opportunity to create a
network [80], and feedback from a customer helped students
to improve the quality of their work [53]. When involving
external parties for feedback, it was important to clearly com-
municate assessment criteria and not only pay attention to the
product but also to the process to avoid a sense of unfair judg-
ment [81]. Involving users of the developed product helped
students to better understand their target audience [65]. For
site visits, it was recommended that students first do research
and think of questions before the visit [98].
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3) Summary: The involvement of educators, peers, and
external was beneficial to various aspects of students’ collabo-
rative processes. Clear communication and a safe environment
are required to avoid negative consequences.

G. Outcome

In this section, the outcome of the implementations and
mediations described in previous sections is outlined. First, the
quality of data collection and analysis is discussed. Second,
the evidence for the achievement of learning outcomes is
presented.

1) Quality of Data Collection and Analysis: Out of the
111 included studies, 73 made use of self-report surveys to
collect data. Other sources for data collection were course
grades (27), interviews and/or focus groups (14), reflective
statements (9), students’ work (6), pass and/or dropout rate
(7), audio and/or video (5), observations (3), log data (2), and
time investment (1). Notably, 41 articles included conclusions
that were anecdotal or could not be traced back to a data
source. The term “qualitative research” was sometimes used
when presenting anecdotal results, while qualitative research,
just like quantitative research, has a collection of rigorous
methods that should be respected in order to reach valid and
reliable conclusions. Furthermore, information on the process
of data collection and analysis was missing and many stud-
ies did not provide a solid interpretation of the data they
presented. For example, survey data was presented as aver-
ages from Likert scales, which is difficult to interpret without
statistical analysis. Finally, only few studies related (educa-
tional) literature used in the theoretical framework to their
findings.

2) Evidence for Learning: Whereas some articles present
insights into mediating processes, for example by focusing
on the interplay between a student team and their environ-
ment, others evaluate the outcomes of learning activities. The
results of these evaluations were consistently positive about
their implementation of collaborative learning in engineering
design education. Self-report measures revealed that students’
perceived gain, satisfaction with (features of) the implementa-
tion, and motivation and/or engagement were generally high
or higher compared to traditional course designs. Moreover,
measures of students’ performance, such as grades, pass rates,
and observed behavior, presented evidence that implementa-
tions contributed to learning. A complete overview of evidence
can be found in Table III. Several articles placed a critical
note at their implementation, but still only one article consid-
ered their implementation unsuccessful due to organizational
aspects [84].

V. DISCUSSION

How Is Collaborative Learning Implemented in Engineering
Design Education? It was found that collaborative engineering
design activities are used to foster a broad range of tech-
nical and nontechnical skills. The way these activities are
implemented varies greatly. This systematic literature review
presents an overview of design options that were found in

TABLE III
EVIDENCE FOR LEARNING

literature (Table I), that mediate students’ collaborative efforts
in different ways.

How Do the Elements of CHAT and Their Interrelations
Mediate Collaborative Learning? The elements that are
present in a collaborative engineering design activity together
mediate the development of an activity. This systematic lit-
erature review contributes to the body of knowledge by
distinguishing mediational patterns that were described in
literature. A consistent finding was that for successful collabo-
ration it is essential to clarify the common object and establish
rules for collaboration and division of labor in order to work
toward this object. These behaviors did not always emerge
naturally, but the socio-material environment could support
students’ collaborative efforts. The community, for example,
educators, could provide process related scaffolds to guide
students toward desired collaborative behaviors. Also, tools
could promote collaboration, for example, through the embed-
ding of scaffolds, prompts, or scripts. However, the extent to
which this support is successful depends on student (subject)
characteristics. Students may react differently to certain super-
vision styles. Moreover, the extent to which tools are adopted
depends on previous experience, preference, and perceived
usefulness.

In Fig. 3, an overview is presented of all interrelations found
in included studies. For each combination of CHAT elements,
at least one interrelation was found with exception of tools
and object, which might indicate that this interrelation has not
been sufficiently explored.

What Is the Evidence That the Implementation of
Collaborative Learning Contributed to the Achievement of
Desired Learning Outcomes? With one exception, all stud-
ies presented positive evaluations with regard to the imple-
mentation of collaboration in engineering design education.
Together, they present evidence that this type of educa-
tional activity can be used to achieve intended learning
outcomes. However, the majority of conclusions are based
on self-report surveys filled in by students or anecdotal data,
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Fig. 3. Cross-table o the interrelations between CHAT elements. For each interrelation the associated reference is presented. The first row and last column
of this cross-table were removed as they presented the object–object and community–community crossing.

which may present a skewed picture. Even more, many
studies showcase an implementation of collaborative learn-
ing in an engineering design course and conclude that this
implementation “works,” or “works better” than a tradi-
tional implementation (e.g., lectures). Still, few articles engage
deeply with literature from educational science and pro-
vide insights into why this particular design works well.

Thus, the question to be answered in the future is not
whether the implementation of collaboration is possible or
beneficial in a specific context, but how the (combination
of) elements in an educational activity affect collaborative
learning in engineering design education and how these ele-
ments can be leveraged to promote students’ collaborative
processes.
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Theories that forefront the socio-material nature of collab-
orative design activities, such as CHAT, can help to answer
these questions. Also, the included studies offer some promis-
ing alternative theoretical perspectives. For example, [94] uses
an ecological perspective to understand the interplay between
students and their environment and [99] proposes to use an
embodied interaction analysis, in order to understand how
students’ bodily engagement with their environment shapes
collaborative meaning making. The theoretical perspectives
mentioned in this paragraph might guide engineering educa-
tion researchers in investigating how design solutions evolve
collaboratively as a result of the complex interaction between
students and the socio-material environment.

VI. CONCLUSION

In this systematic literature review, an overview was pro-
vided of variations in implementations of collaborative learn-
ing in engineering design activities. Furthermore, an overview
was given of how these implementations mediated collabora-
tive learning. These insights can help practitioners to reflect
on their practice and make evidence-informed decisions when
creating collaborative engineering design courses in their own
context.

Finally, it was shown that there is evidence that the imple-
mentation of collaborative learning in engineering design
activities led to the achievement of learning objectives.
However, as most studies rely on self-report surveys and
methodological issues arose, conclusions should be interpreted
with care. In addition, most studies state whether an imple-
mentation “works” in a specific context, but not why this
implementation works. Future research should be aimed at
investigating how the socio-material environment mediates stu-
dents’ collaborative efforts and how this can be leveraged to
promote skills that are needed for 21st century engineering
practices.
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