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The integration of making activities into engineering curricula has the potential to increase students’ self-efficacy and

allows for participation in problem-solving, design and fabrication activities. In this study, we discuss the authenticity of

the learning environment of cornerstone design courses that have integrated making activities as a central theme. We

conducted fourteen interviews with seven students in two different teams during their learning experience in a second-year

cornerstone design course with a making curriculum. Drawing from our interviews and observations of the students, we

discuss the authenticity of the learning environment and students’ experiences within it.We also discuss the challenges that

students go through as they are completing their projects and the implications for engineering instructors who are

interested in integrating making activities into their courses. We describe how situating formal design courses in a

makerspace environment offers students an authentic design experience, with opportunities to develop and practice

authentic engineering skills and to solve problems that are similar to workplace problems. It also helps students increase

their confidence in their design and problem-solving skills and exposes them to multiple topics and disciplines.
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1. Introduction

Engineering, like any other professional occupa-

tion, has a social body of knowledge that is created

through a complex landscape of practices and

people – including regulations, management, pro-

fessional practitioners, researchers and theorists –

that inform and influence each other [1]. Engineer-
ing education as a practice needs to be aligned with

the 21st-century requirements of engineers, as they

need to be trained to be able to adapt to work in a

global economy with constant and rapid changes

[2, 3]. These changes include the rapid technological

innovations that are empowering individuals,

organizations and states [3, 4]. However, these

innovations also present complex challenges, dis-
continuities and tensions [5]. Engineers today need

to possess strong analytical, communication and

planning skills; they also need to be knowledgeable

of business and management principles to solve

problems in an original and creative way [2, 6, 7].

In response to these challenges, engineering educa-

tors have been developing innovative teaching

approaches that introduce students to the engineer-
ing profession in engaging andmeaningful ways [8].

Methods include experiential learning opportu-

nities, cooperative, project-based and problem-

based learning, and the infusion of design through-

out the curriculum [8, 9]. These innovations in

teaching aim to help students construct and apply

knowledge and skills that will help them solve

interdisciplinary, complex real-world problems
throughout their career [10–12].

The introduction of maker activities and maker

pedagogies in engineering education is an especially

promising innovation in teaching [13–15]. Integrat-

ing making activities into formal educational set-

tings helps to create learning environments that

place learners at the center of the learning process

as they turn from passive consumers of knowledge

into producers. Making activities also help increase
students’ self-efficacy [14] and interest in science,

technology, engineering and mathematics (STEM)

fields [16]. Moreover, making activities provide a

powerful context to introduce real-world problems

into the engineering curricula [13] and integrate the

socio-emotional and disciplinary dimensions of

learning [16]. Furthermore, the incorporation of a

maker curriculum in engineering education also
gives students an opportunity to participate in

problem-solving, programming, design and fabrica-

tion activities [14] and exposes them to design-based

activities that teach digital literacy and design

thinking, which in turn supports students’ ability

to deal with failure and engage in the reflection and

iterative processes that are integral to design pro-

jects [17].
Despite the enthusiasm for the integration of

making activities into education and the growing

body of research on the opportunities making

activities provide for engineering education, there

has been little research on the development of

making programs in engineering, and there remains

a need for a more in-depth analysis of students’

learning experiences with making activities in
formal educational contexts [14, 18]. This paper
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explores whether the introduction of a maker pro-

gram in a cornerstone engineering course can offer

an authentic learning experience of engineering

design.We start by describing the course and setting

where students learn. We then present a qualitative

analysis of the authenticity of the learning environ-
ment and illustrate ideas and considerations for

designing authentic learning approaches for teach-

ing engineering design.

2. Background

2.1 Authentic Learning

Authentic learning is a pedagogical model that has

been conceptualized as an approach to design and

promote effective and engaging learning environ-

ments [19, 20]. The theoretical foundations for

authentic learning are found in situated cognition

or situated learning [21, 22] and legitimate periph-

eral participation [23]. Unlike learning theories that
define knowledge as an integral, self-sufficient con-

struct that is independent of the situations in which

it is learned and used [24], situated learning theory

argues that learning and cognition are inextricable

from the environment. From this perspective,

knowledge is emergent and fundamentally situated

in activity [22]. Knowledge is provisional, mediated

and socially constructed [25], [26] and is embedded
in ‘‘doing’’ rather than accumulated [27]. In this

view of learning, ‘‘knowing’’ is a ‘‘relation among

communities of practice, participation in practice,

and the generation of identities as part of becoming

part of ongoing practice’’ [15, p. 157].

Activities within an authentic learning environ-

ment are coherent, meaningful and purposeful

activities of the domain or culture [22]. They reflect
the complexity of knowledge and its construction

and practice in real life [20, 28]. An authentic

learning environment must offer opportunities for

learners to construct knowledge collaboratively,

explore multiple roles and perspectives, access

expert performances, reflect on what they are learn-

ing, find mentorship and guidance, and articulate

their ideas [20, 28]. These learning environments
open opportunities for learners to cultivate skills

that are difficult to cultivate on their own, such as

the judgement to recognize reliable and unreliable

information, patience to follow longer arguments,

creative ability to recognize relevant patterns in

unfamiliar settings, and flexibility to work across

disciplinary and cultural boundaries to generate

innovative solutions [28]. Moreover, authentic
learning environments also enable students to prac-

tice critical thinking, problem-solving and public

speaking skills [29]. Examples of authentic learning

approaches include personalized learning, project-

based learning and community-based learning [29].

Standards of authentic learning and achievement

stem from a belief that education should extend

beyond the transmission of isolated facts and skills

to enabling the development of in-depth under-

standing and complex problem-solving skills that

are valuable to both students and society [30].
Wehlage, Newmann and Secada [31] developed

standards for pedagogy and achievement as a

research tool to guide school reform. They defined

authentic achievement as ‘‘intellectual accomplish-

ments that are worthwhile, significant, and mean-

ingful’’ [30, p. 23]. Their vision for authentic

achievement entails the construction of knowledge

through disciplined inquiry using prior existing
knowledge and striving for in-depth understanding

to produce discourse and products that have value

beyond success in school.

In the context of engineering education, authentic

learning models have been used to replace tradi-

tional approaches – which expose students to

simple, unrealistic hands-on activities as part of a

guided engineering challenge – with authentic
approaches that provide opportunities for student

to use industry-quality materials, tools and

resources to solve authentic engineering problems

[32]. The use of authentic learning models in engi-

neering design courses also provides ideal opportu-

nities to engage students in authentic engineering

communication through meaningful assignments

and emphasis on the situations that engineering
students might encounter in the workplace [33].

Moreover, in engineering education, authentic

learning models are used to provide students with

multiple opportunities that promote deliberate

practice and allow students to practice their skills

on authentic tasks [11].

2.2 Making as a Vehicle for Authenticity

The interest in improving the design component of

engineering curricula coupled with a societal inter-

est in the design and fabrication of physical objects

with the rise of the maker movement has been

driving engineering schools to invest inmakerspaces

for engineering students to learn, work and share

[13]. These spaces provide a collaborative and
interdisciplinary learning environment [34, 35]

where students engage in design, prototyping, test-

ing and/or manufacturing of artifacts rapidly, while

using engineering knowledge, technology and tools

[36]. Makerspaces provide engineering schools with

an opportunity to infuse design throughout the

curriculum by supporting project-based learning

in a space where a learning community and
resources are readily available on campus [34].

Makerspaces also have the potential to expose

engineering students to concepts of technology

acceleration, entrepreneurship, manufacturing and
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programming and tohelp them improve their design

and practical skills through the practice of engineer-

ing knowledge and skills [34, 35]. Wilczynski,

Zinter, Wilen [34] proposed that many historical

design education challenges – such as teaching

practical engineering skills in a collaborative, inter-
disciplinary environment, improving engineering

students’ design skills, increasing their confidence

in their skills, and improving and increasing the

design component in engineering curricula – can be

addressed when formal engineering design courses

are hosted in academic makerspaces.

Making as a pedagogical approach lies in learn-

ing theories of constructionism and constructivism.
Constructionism [37] suggests that learning is sup-

ported through the construction of physical objects;

constructivism suggests simply that knowledge is

constructed through activity [16, 38]. Although

there is no consensus on what counts as making in

an educational context [18], for the purpose of this

article, making activities are defined as a class of

activities focused on designing, building, modifying
and/or repurposing material objects, for playful or

useful ends, oriented towardmaking a ‘‘product’’ of

some sort that can be used, interacted with, or

demonstrated [39]. The current published literature

on making educational programs can be classified

into three main categories: making as means for

entrepreneurship and/or community activity,

making as STEM pipeline and development of
workforce skills, and making as educational prac-

tice for inquiry-based learning [16].

In their literature review ofmaking and tinkering,

Vossoughi andBevan [16] synthesized findings from

published literature on making and noted three

ways that making can be valuable for education.

First, making programs can be designed to encou-

rage students to participate in STEM-related pro-
grams by supporting new intellectual dispositions,

identities and future trajectories; by connecting

making to existing familiar practices; andby turning

students from being passive consumers of knowl-

edge to becoming active producers. Second, making

programs can support young people’s learning and

development by contextualizing STEM concepts

and practices inmeaningful activities; by cultivating
opportunities for interdisciplinary learning envir-

onments; and by encouraging students to assume

intellectual risk and embrace failurewhile tinkering,

designing and solving a problem and helping them

rebrand that ‘‘failure’’ as essential to the iterative

and experimental process ofmaking. Third, making

programs can help create a supportive community

of learners by encouraging collaboration and the
sharing of tools and ideas, as well as by creating an

environment where the roles of experts and novices

are fluid.

A few studies have described the integration of

making activities into engineering curricula. One

study explored howmaking activities are integrated

into courses at the faculty of engineering at Arizona

State University. In a robotics course, students

created a robot using a kit they purchased, and in
an engineering statistics course, students created

physical or media-focused artifacts that could pro-

vide context to their understanding of practical

statistics [40]. In an interesting approach to the

integration of making activities into engineering

curricula, Texas A&M University at Qatar has

integrated making activities into its technical writ-

ing component of the curriculum by asking students
to develop a prototype in an area of engineering

design using rapid prototyping tools and to com-

plete several writing and communication assign-

ments, in an effort to provide problem-based

assignments that make the technical writing course

more relevant and prepare students for their cap-

stone course [41].

The purpose of this article is to explore the use of
making activities as a vehicle for designing an

authentic learning approach to teaching and learn-

ing in engineering design in the first – and second-

year levels of an engineering program.We provide a

case study description of the cornerstone design

program at the University of Ottawa, Ontario,

and the approach we use to introduce engineering

students from various disciplines to engineering
design. We also explore students’ learning experi-

ence in the course through a qualitative study that

identifies what students learned in the course and

what challenges they faced, in hopes of improving

the program and assessing the value of integrating

making activities into the engineering curriculum.

3. Centre for Entrepreneurship and
Engineering Design (CEED) Facilities

Making activities are integrated into the engineering

curriculum at the University of Ottawa via the

Centre for Entrepreneurship and Engineering

Design (CEED), which is housed in the STEM

building and features seven facilities. They include
an academic makerspace with digital and physical

prototyping tools, a machine shop with traditional

prototyping tools, the Manufacturing Training

Centre (MTC), theMakerLab (makerspace training

and design course lab space), training centers for all

types of equipment, and collaborative spaces.

Undergraduate students of all years and graduate

students have free access to all CEED facilities to
gain knowledge and skills as they work on personal

projects and school projects. The spaces are open to

all students of the University during the week, and

the makerspace is open to the local community as
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well on Sundays. The makerspace is open eight

hours a day; its staff started as undergraduate

students but now include graduate students and

recent alumni. The term ‘‘academic makerspace’’

is often used to describe university campus maker-

spaces and distinguish them from industry, com-
munity, andK-12 makerspaces [42]. The University

of Ottawa established its own makerspace to pro-

vide a physical location that would cultivate social

networks that support curricular and extracurricu-

lar activities, foster collaboration and peer-learn-

ing, offer an experiential learning environment [42],

increase students’ self-efficacy through engagement

with fabrication technologies [43], and provide a
learning environment that blends traditional and

digital skills with arts and engineering and that has

multiple entry points for participants that lead to

innovative combinations and uses of disciplinary

knowledge, helping to break down disciplinary

boundaries [44, 45]. These aspects of the maker-

space contribute towhat setsmaking activities apart

from traditional hands-on projects with prototyp-
ing. Originally launched in 2014 with a few pieces of

technology that included 3D printers, Handibots1

(CNC handheld routers), a few hand tools and

computers, the makerspace has since grown to

more than four times its original size as it has

added new equipment and moved to a newly con-

structed STEM building.

4. Design of Making Cornerstone Design
Courses at the University of Ottawa

Based on the rapid growth of makerspaces in

educational institutions, and aiming to seize the

potential benefits that the maker movement can

bring to engineering curriculum at the undergradu-
ate level, cornerstone design courses with a making

curriculum as a central theme were developed at the

first- and second-year levels at the University of

Ottawa. The courses were designed to provide

students with a hands-on, team-based introduction

to engineering design where they are tasked with

tackling a problem, identifying its constraints,

establishing the corresponding criteria, and adher-
ing to the criteria and constraints to enact a design

process for creating a practical solution to the

problem [32].

The courses were introduced initially in 2016 as

electives for students of all engineering disciplines in

the faculty. The first-year course is a hands-on,

team-based introduction to engineering design for

first-year engineering and computer science stu-
dents. Topics covered in the course include design

thinking, engineering design process, prototyping,

engineering economics, safety, ethics and project

management. The second-year course is a hands-on,

team-based introduction to product development

and management principles and their impact on

social and economic aspects of engineering practice.

The course covers topics such as creativity and

innovation, product development process, engi-

neering project management, market evaluation
and identification, engineering economics, and tech-

nology entrepreneurship.

Students in both courses are required to work

with a client from the local community to devise an

engineering solution for a problem the client is

facing and engage in a process of multiple iterations

to produce a functioning final prototype by the end

of the course that meets the client’s needs. Students
registered for the first-year course are divided into

three sections, each with a different project, such as

building a zero-net-energy greenhouse, creating a

hydroponic system or creating a robot for water

sampling. Students registered for the second-year

course are required to solve an accessibility problem

facing a client from the local community, such as

creating a hand sanitizer for a client with limited
motor control, a device to teach children with

disabilities how to skate, a snow removal device

that can be installed on awheelchair for a client with

cerebral palsy, a portable lightweight ramp, a por-

table wheelchair curtain, an assistive feeding device,

a wheelchair robotic arm, or smart curtains for

windows in long-term care residences.

The theme for the first-year course changes
almost every semester and is different between

sections. The theme for the second-year course is

always accessibility. Clients are diverse, ranging

from individuals to organizations like hospitals,

and all have different needs. Students in the

second-year course have more choice with their

projects, as teams pick their top three choices and

then the professor assigns the projects. Students in
the second-year course are also required to meet

with their client outside campus. All of the projects

situate the students in a learning environment where

they need to find an engineering solution for a

problem faced by their clients and produce a final

prototype that corresponds to the clients’ needs,

taking into consideration the financial and time

constraints.
Students also have to participate in a weekly lab

session at the University of Ottawa’s makerspace

that aims to integrate making activities into the

engineering curriculum, encourage students to par-

ticipate in an environment with diverse learning

arrangements [45] and facilitate their entry into

the students’ maker community of practice (CoP)

that has formed within the makerspace since its
opening. Labs are divided into two portions. In

the first portion, students are introduced to various

rapid prototyping and engineering tools. Labs are
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held in the makerspace, where students are intro-

duced to technologies such as sheet metal proces-

sing, SolidWorks, 3D printing, Arduino, printed

circuit board (PCB) design, soldering and mobile

app development. At the end of the first portion of

the labs, a chariot race is organized as a fun activity
at the makerspace, where students demonstrate the

functionality of their small chariots. In the second

portion of the labs, students work on developing

their prototypes. Although these courses have been

designed to offer authentic learning opportunities, it

was not clear whether, or to what extent, students

benefit frommaking as a pedagogical approach.We

wanted to contribute to the literature on making by
providing observations on what happens in a learn-

ing environment that uses making as a pedagogical

approach.

5. Current Study

5.1 Research Question

This study explores whether the introduction of

making projects and activities into engineering

design courses creates conditions that open possi-
bilities for authentic learning. Further, we seek to

understand the challenges that students face in

courses based on making activities.

5.2 Method

In qualitative research, the researcher is the data
collection instrument [23, p. 247]. Hence, prior to

the discussion of the methods used in the study in

detail, the reader deserves to know the identity,

interests and motivations of the first author of the

paper who conducted the interviews. The researcher

in this study is a PhD candidate at the University of

Ottawa focusing on the impact of the maker move-

ment on engineering education. As a doctoral
candidate, his prior research in establishing maker-

spaces in engineering schools and their impact on

forming student-maker communities of practice led

to his interest in providing more information about

how engineering educators can integrate making

programs into their curriculum and in providing

an in-depth understanding of students’ learning

experiences in courses that have successfully inte-
grated a making program into undergraduate engi-

neering courses.

In the following sections, we describe how the

participants were selected and how the data were

collected and analyzed.

5.2.1 Participant Selection

We used stratified random sampling to select infor-

mation-rich cases, as this allowed us to get an in-

depth understanding of the students’ learning

experiences in the course under study. This sam-

pling strategy divides a population into sub-popula-

tions, and then a random sample is selected from

each sub-population [47]. The sample design was

constructed to represent the diversity of the engi-

neering student population at the University of

Ottawa, with teams were selected to be diverse in
terms of their engineering discipline, gender and

academic achievement as measured by the students’

self-reported cumulative grade point average

(cGPA).

Initially, we administered a survey in the second

week of the semester to all students in one lab

section (n = 18) that asked students their name,

gender, previous engineering design course experi-
ence, identification as makers, year of study, and

engineering discipline. Of the 18 students, we

decided to follow seven students (female = 3;

male = 4) who belonged to two student-teams out

of the four teams in this particular lab section. We

limited our sample to teams in one lab section

because different lab sections have different teach-

ing assistants and project managers, and we wanted
tomake sure the instruction teamwas consistent for

all the participants of the study.

The participants selected for this group were

chosen to represent the engineering disciplines

available at the faculty. We chose students from

both genders, from the first- and second-year pro-

grams and from different engineering disciplines.

We also considered students’ identification as
makers to understand the experience of those who

identify as makers and those who don’t. We also

wanted to make sure our sample varied in terms of

academic performance to understand if the learning

experience in the course is similar for students with

high and average academic achievement. We con-

ducted our interviews and discussions with students

during their lab hours in the makerspace.

Team Mystique:

The first teamwe followedwas working on a project

as part of the Make-a-Wish foundation, a program

that aims to realize wishes for children with critical

illnesses. The team was asked to create a guitar that

would allow a girl who is paralyzed on one side to

learn how to play the guitar. The technologies
involved in creating the device included microcon-

trollers, programming, computer-aided design

(CAD) and 3D printing. The students knew each

other, and all four of the team members were high-

achieving students who told us they chose to work

together because they trusted each other to commit

to the project work.

� Lisa (all names are pseudonyms): a second-year

civil engineering students who had taken the first-

year cornerstone design course in her first year of
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study at the faculty of engineering. Lisa did not

share her cumulative grade point average (cGPA)

with us. Lisa registered for the course because she

had enjoyed the first-year cornerstone course and

because her friends were going to take the course,

so she could pick her own teammates.
� Dean: a third-year software engineering students

who had also taken the first-year cornerstone

design course in his first year of study at the

faculty of engineering. Dean reported a cGPA

of 9.40 out of 10. Dean had not completed his

second-year elective course, and so he chose this

one as an elective because he had enjoyed the first-

year capstone design course and he wanted to
work with John, since they had worked together

in the previous cornerstone course. His learning

goals were that he wanted to develop his electro-

nics and programming skills with hands-on

experience.

� John: a second-year civil engineering student who

had taken the first-year cornerstone design course

in his first year of study at the faculty of engineer-
ing. He reported a cGPA of 8.00 out of 10. John

wanted to improve his technical skills, learn how

to put things together and improve his CAD

skills.

� Nora: a first-year engineering student who had

transferred from the faculty of sciences to engi-

neering this year and registered for both corner-

stone design courses at the same time. Nora did
not share her cGPA with us. Nora had no

expectations walking into the course. She did,

however, want to learn about 3D printing and

about designing and creating an object.

Students generally indicated they registered for this

course because they had enjoyed their first-year

cornerstone design course and because they walked

into the course knowing they would be able to work

together. Nora, who had just started her first seme-

ster in engineering school and had registered for

both first-year and second-year cornerstone design
courses, indicated that her motivation to take the

course was because it was part of her program.

Team Sunday Funday:

The second team we followed was working on

creating a wheelchair assist device that would help
a wheelchair user to self-propel herself using the

device instead of using her arms. The technologies

involved in creating the device included microcon-

trollers, programming, and 3D printing/machining.

The students chose each other because they were

friends.

� Oscar: a second-year civil engineering student

who had taken the first-year cornerstone design

course in his first year of study at the university

and reported a cGPAof 7.8 out of 10. SinceOscar

had already taken the first-year cornerstone

design course, he knew what he was signing up

for. He expected to learn a lot and thought the

course would teach him to ‘‘put yourself in other
people’s shoes.’’

� Tim: a second-year civil engineering student, who

had taken the first-year cornerstone design course

in his first year at the faculty of engineering. Tim

reported that his cGPA was 6.8 out of 10.

� Anna: a second-year mechanical engineering stu-

dent. She hadnever previously participated in any

design course. Anna did not share her cGPAwith
us.

Students had two options to choose from as their

elective course for this semester, and they chose this

course over Engineering Economics because they

thought they would learn a lot while helping some-

one. They also indicated that they didn’t like the

scheduling of the other offered course, which had a

three-hour evening lecture.

5.2.2 Data Collection & Analysis

We collected the data reported in this study over the

course of the fall semester of the 2018–2019 aca-

demic year. The first author conducted seven semi-
structured interviews with each team. The semi-

structured nature of the interviews allowed for

conversations between the interviewer and the par-

ticipants that helped them reflect on their experi-

ences in the course and discuss how their projects

were progressing. The total time for these interviews

was 100minutes for TeamMystique and 80minutes

for Team Sunday Funday. Interviews were audio-
recorded in the campus makerspace. Interviews

were transcribed verbatim in the same week they

were conducted. Interview transcripts were shared

with the students in each team, and the students

were offered the opportunity to make changes or

omissions after receiving the transcripts.

In-depth interviewing was chosen as the data

collection method for the study because it offers
open-ended, in-depth exploration of an aspect of life

that is of interest to the researchers and that the

interviewee has substantial experience with and

insight into [48]. Our goal was to collect data that

could help explain a phenomena in a bounded

context [49]. Written consent was obtained from

all participants in the study. The interviewer used

several tactics to encourage the participants’ hon-
esty and to ensure willing participation, such as

asking participants if they would be willing to be

interviewed throughout the semester and informing

them that the interviews would be audio-recorded.

They were also made aware that they could with-
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draw from the study at any time. Moreover, the

interviewer had no institutional power over the

participants, such as being amember of the course’s

instruction team or being introduced to the students

by amember of the course’s instruction team. These

tactics helped ensure that only those who were
genuinely willing to participate in the study and

offer data freely were included in the study [50].

Initially, the interviewer built rapport with the

participants and introduced the study objectives to

them. In the first interviewwith each team, we asked

participants to describe their project choice andhow

they formed their groups, which allowed students to

talk about their personal learning objectives, moti-
vation to work on the project and past experiences

in a collaborative learning environment. Through-

out the semester, we asked students in every inter-

view what they thought about their progress in the

course, day-to-day activities related to the project,

interactions with the client and the course’s instruc-

tion team, plans for the project, team dynamics and

lessons learned from their project experience.
Asking about these themes in every interview

allowed the students to describe their learning

experiences as they were going through each phase

of the design process. In the last interview with each

team, we asked students about the final feedback

they had received from the course’s instruction

team, their intent to continue working on the

project, the lessons they had learned from the
course, their identification with engineering design

andwhat recommendations they had to improve the

course.

Through the semi-structured interviews, the

interviewer asked follow-up questions to students’

responses to uncover more details about individual

students’ experiences, objectives, challenges, activ-

ities and feelings. The interviewer often repeated the
students’ answers back to them to ensure the

accuracy of the data and to help participants

provide more information about their experience.

5.2.3 Data Analysis

Based on the nature of the study question, grounded

theory was used as the qualitative analysis strategy
[51]. We were seeking to explain and reach a higher

level understanding of the engineering students’

learning experience in design courses with making

projects, and grounded-theory methods allow for

systematic yet flexible guidelines for collecting and

analyzing qualitative data to construct theories

grounded in the data [51]. Since we were trying to

assess the authenticity of the learning experience
that can result from the integration of making

activities into a formal engineering education set-

ting, we wanted to allow the ways and processes in

which students learn emerge from the data rather

than make assumptions about their learning pro-

cess.We conducted the data analysis using NVivo1

software and kept notes on the software, onMicro-

soft Excel1 spreadsheets and on paper.

Grounded-theory researchers collect data and

analyze it simultaneously from the initial phases of
research [48]. We interviewed students every week

and simultaneously analyzed the data. After every

two interviews, debriefing sessions with a professor

of engineering design at the University of Ottawa

were conducted to ensure credibility [50], analyze

the data, discuss our initial findings, adjust research

questions and/or introduce new questions accord-

ing to ideas and themes that were emerging from the
interviews collected.

Grounded-theory coding consists of at least two

phases: an initial phase that involves a close reading

of the data collection and analysis, remaining open

to all the possible theoretical directions indicated by

the reading of the data, and a focused coding phase,

where the researcher synthesizes and explains larger

segments of data [52]. To analyze the data, we
created a ‘‘start list’’ of codes after the first week

of interviews from our conceptual framework and

research questions [52]. The start list of codes

consisted of codes related to criteria for authentic

achievement from Wehlage, Newmann and Secada

[31], elements of an authentic learning environment

from Herrington, Reeves, and Oliver [21] and gen-

eral skills we hypothesized the students would be
honing in their project experience. Initially, we used

structural coding by applying either a content-based

or conceptual phrase to segments of data that

related to research questions [53, 54]. We then

followed up with initial coding where we used

process and In Vivo coding to break down the

interview transcripts into discrete parts and com-

pare them for similarities and differences [54]. We
then proceeded with coding the data inductively,

creating sub-codes and modifying those on the

original list. To transition to the second phase of

the coding process, we performed code mapping,

where we reorganized codes into a select list of

categories, and similar codes were merged to

create three central themes:

� Authentic achievement codes: We created this

category to understand how students constructed

new knowledge and used existing prior knowl-

edge in completing their project, as well as how

they articulated concepts and ideas they were

learning and what values they assigned to their

learning experience (i.e., construction of new
knowledge: skills, research, etc.; value: experien-

tial learning, help someone, etc.; disciplined

inquiry: articulation, in-depth understanding,

etc.).
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� Impact of the learning environment on students’

skills codes: We created this category to capture

all codes that could indicate students’ improve-

ment in technical and soft skills. The codes

captured in this category included attributes

related to problem-solving and design skills (i.e.,
ideation, dealing with uncertainty, meeting

design constraints, reflection, collaborative and

peer learning).

� Challenge codes: We inductively created chal-

lenge codes to capture students’ perceived chal-

lenges in this learning environment (i.e., time

management, stress and communications with

the client).

We constantly refined the codebook as we analyzed

the interview transcripts.After establishing our final

codebook we conducted a test of inter-rater relia-

bility according to Miles & Huberman [52, p. 64].

We invited a researcher who wasn’t a part of this

study and new to the codebook to independently

code two randomly selected interviews (14% of the
data); inter-coder reliability was 84.8%. During the

last phase of the analysis process, we created cate-

gories of categories to gain insights into our findings

and identify patterns and connections in the data.

After updating the conceptual framework of the

study, we summarized the study codes and findings

and discussed them during debriefing sessions. We

revised our findings, identified patterns and themes
anddiscussed the findings in the context of engineer-

ing design education. We stopped data collection at

the end of the semester before the final exam of the

course.

5.3 Findings

In the findings, we discuss elements of the students’

authentic achievement, the impact of the learning

environment on their design and problem-solving

skills, and challenges they faced while working on

their projects. Our analyses are organized by ele-
ments of authenticity in learning experiences. We

report on evidence of authenticity of the students’

learning experience and its impact on students’

skills, challenges the students experienced through-

out the course and differences between student

teams.

5.3.1 Authenticity of the Learning Experience

Situating an introductory engineering design course

in amaking context provided studentswith a unique

and rich learning experience that allowed them to
explore various topics from different backgrounds.

Through independent and collaborative learning

activities, students practiced skills, learned new

concepts and improved their level of expertise with

a particular technology of interest to them. Team

Mystique’s making project exposed them to topics

including programming, mechanical systems, com-

puter-aided design (CAD) and the design ofmusical

string instruments and electronics. Team Sunday

Funday’s project exposed them to mechanical sys-

tems. This experience allowed the students to learn
about new concepts, strive for profound under-

standing of these concepts and communicate their

ideas and conclusions by creating original physical

objects.

The context and the activities that students were

situated in helped thempractice technical skills such

as sketching, 3Dmodeling and printing, using CAD

software, programming, designing PCBs and work-
ingwithmachining tools. These technical skills were

not limited to the course’s makerspace workshops,

as students also had to learn to use extra digital and

physical fabrication tools that could help them

develop their prototypes. Moreover, throughout

the course, students practiced concepts and skills

they had learned in school. Students used software

skills they had learned in previous courses to create
sketches and build prototypes. Anna from Team

Sunday Funday used her knowledge of mechanical

elements design and CAD software from a course

she took on mechanical design in the previous

semester to make her designs. Dean from Team

Mystique used his knowledge of C and Java Script

programming languages to build software for his

team’s product.
We observed that making activities encouraged

students to engage in collaborative and peer learn-

ing. Students in both teams worked together to

research, brainstorm, discuss and sketch multiple

concepts in the ideation phase. Team Mystique

divided their final concept into subsystems and

assigned each subsystem to a team member,

although the students still helped each other
design their respective subsystems. As students

were designing their subsystems and making their

prototypes, they had to consider the compatibility

of their designs with their team members’ designs.

On the other hand, Team Sunday Funday worked

collectively on their prototypes but didn’t follow a

particular work distribution system. Students often

met during the week at a convenient time and
worked on their project, often assigning tasks at

their meetings.

‘‘Everyone has a system, and we are all kind of helping
with each other’s systems. It’s not like we go off to the
corner and do s***.We come back , andwe brainstorm
together, and we try to work as a group, and we try to
talk about the input systems together a lot. A lot of that
comes to me as well, since I am programming for the
group, so everything has its inputs and outputs through
the Arduino, except for the one cord component, so I
have been doing a lot of throwing out ideas and trying
to give the perspective of the programmer – what
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avenue they are going to take for their designs of the
subsystems.’’

– A conversation with Dean (Team Mystique) about
his team’s work distribution strategy.

Teammemberswhoweremore experiencedwith the

use of making technologies trained novice students

to use tools in themakerspace and helped themwith

their designs. For example, students in Team Mys-

tique taught each other 3D modeling in CAD,

programming and electronics. Lisa and Dean

helped Nora learn how to create a design in CAD

software and 3D print an item. Dean also helped
John with wiring electric motors. Students also

often exchanged knowledge related to their engi-

neering disciplines with other team members from

different disciplines. Project managers – students

who work at the makerspace and have taken the

course before and demonstrated excellent leader-

ship and technical skills – also helped students with

information on creating their prototypes, such as
knowledge about mechanical systems and config-

urations, options for materials and tools to use, and

where the students could source the materials

required to complete their prototype. They also

helped students deal with the stress caused by

approaching deadlines and moderated students’

expectations of their final prototype. It should be

noted that students felt they needed to have a
physical item or a concept before they could reach

out to their project manager for information or

help.

The activities that students had to engage in to

complete their making project allowed them to play

multiple roles, as they had to participate in activities

where they had to identify and think as interviewers

when they met with their client, programmers,
designers, leaders and team members, engineers

and problem-solvers. Students also had multiple

opportunities to demonstrate their ideas and arti-

facts to their peers, instructors and clients using

sketches, CAD models, physical prototypes and

presentations.

The values students assigned to their projectwork

were not limited to academic success in the course.
Students said they registered for the course because

they considered would offer valuable experience for

their career by providing them with real experience

in design work and access to practical engineering

activities where they have to ‘‘make’’ physical

objects, not just create conceptual designs or solve

traditional problems. Another value that students

assigned to their project was the help they felt they
were providing to their client by solving their

problem. Team Mystique was motivated to share

their design with others online so that it could be

reproduced. For Team Mystique, completing the

project and creating a guitar for their client –Nora’s

sister – had a personal value, as they weremotivated

to realize her dream; they felt they had raised her

hopes and they had to deliver on their commitment

to the extent that they pledged to work and improve

their product after the end of the semester.

Interviewer: ‘‘Why did you guys register for this
course?’’

Oscar: ‘‘Because you choose between this course and
[Engineering] Economics, and in this course, you learn
a lot and you are helping someone at the same time, so
it’s a win-win.’’

– A conversation with Oscar (Team Sunday Funday)
about the reasons he registered for the course.

We observed that introducingmaking activities into

this cornerstone design course and situating the

course in a makerspace setting provided elements

of the authentic learning environment framework

[19]. First, making activities can help instructors

construct authentic context and infuse authentic

tasks into their curriculum. Second, making and
learning in a makerspace environment is collabora-

tive and offers students opportunities for mentor-

ships and scaffolded learning. Making in a

makerspace environment can also help instructors

construct a learning environment for students with

different levels of expertise, because making tech-

nologies offer makers multiple entry points to the

technology. Third, making projects force students
to adoptmultiple perspectives to complete a project:

students need to plan and organize tasks, source

materials, communicate with individuals from dif-

ferent backgrounds, and encourage other students

to share and articulate their ideas and designs with

peers and the world. Fourth, a learning environ-

ment based on making activities offers instructors

unlimited opportunities to adopt various authentic
assessment techniques, such as client, peer and

project manager evaluations.

5.3.2 Impact of the Authenticity of Experience

The making activities that students engaged in

throughout the project allowed them to practice

skills in a real engineering setting. We observed
that students constructed meaning related to the

engineering design process, problem-solving and

teamwork.

5.3.3 Living the Design Process

The design problem that students in both teams

were working to solve was an ill-defined problem of
a real client with an accessibility need from the local

community around the university. Students had to

empathize with their client’s needs to define a

problem statement, listen to their client to under-

stand their needs, and uncover design constraints
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elated to their client’s requirements, their team

budget, the time frame of the course, and their

own technical abilities and expertise.

Students developed their concepts at the begin-

ning stages of the project collaboratively, as each

member in both teams developed their own sketches
and ideas first before the members came together to

consolidate their ideas to develop final concepts.

Students in both teams then discussed their final

concept with their client in their second client meet-

ing. The ideation strategies that students used

included research, benchmarking other existing

solutions and ideas online, watching videos, talking

with their client and consulting with their project
managers. Students sketched their ideas and created

a first prototype that was used as a demo to gain

feedback on their ideas from their client, then later

used to further develop their ideas. They continually

redefined their conceptual design as they gained

more understanding of the problem and their

design constraints.

Interviewer: ‘‘How did you guys come up with this
concept?’’

John: ‘‘It was a variety of things.Whenwe first heard of
the project, we researched. We were studying videos of
other things that people have come up with and read
articles, andwe said, ‘OK,we can take some of that and
adapt it for this particular situation.’ Plus, our own
ideas – such as the foot – were adapted from stuff we
have seen from other projects that were not related. So,
it was an amalgamation of a bunch of different things
we have seen before.’’

–A conversationwith John (TeamMystique) about his
conceptual design.

Prototyping was heavily present in students’ discus-

sions of their learning experience. Students con-

stantly created prototypes to visualize and think

about the details of their final prototype; to com-
municate ideas between each other or with the

client; to understand how all the elements of their

designs fit together; and to keep track of the ele-

ments of their designs and their specifications.

As students were going through the continuous

process of refining their designs, they reflected on

the importance of the conceptual design phase,

considering the manufacturability of their designs
and the evolutionary nature of design. At the final

stages of the project, students noted that they had

realized there was a relationship between the time

and significance they awarded to their ideation and

conceptual design phase and the number of itera-

tions they had to go through later in the design

process.

Interviewer: ‘‘What are the lessons learned from last
week?’’

Lisa: ‘‘To not look down on evolutionary design and
just to always be flexible.’’

. . .

Interviewer: ‘‘When you say we should have done
better planning , what would you have fixed?’’

Dean: ‘‘I think we could have seen some of the pivots
that we had to make just by being a bit more proactive
there, and I think this is a bit my fault as much as
anyone if not more.’’

Lisa: ‘‘I want to add to that. We were exceptionally
haphazard with the design criteria and conceptual
design deliverables. We were like, ‘we know what we
are doing we will make s*** up to make it look like we
did research and stuff,’ where really our research was
for show and for the deliverable. I feel like we could
have caught some of these issues if we had taken those
two specific deliverables a little more seriously.’’

– A conversation with team Mystique about their
reflections on their design process.

The making nature of the project also exposed

students to the ambiguity inherent in design think-

ing [8, 55]. Students indicated that at the beginning
of the design process, sources of uncertainty came

from missing information – either from their client

or because they felt they lacked the knowledge to

build a solution for their client’s problem. The latter

contributed to students’ lack of confidence in their

skillset to meet the client’s needs at the beginning of

the project and also increased students’ feelings of

uncertainty. At later stages of the design process,
sources of uncertainty originated from sourcing

materials to create prototypes and students’ percep-

tion of their ability to meet design deadlines. Stu-

dents coped with uncertainty by constantly seeking

information, trusting each other and developing

conceptual designs that could easily be modified to

accommodate changes.

‘‘We don’t have a lot of solid relevant skills and
experience, and our uncertainty is really in ‘can we
physically execute this?’Who knows?Who knows if we
will figure it out? But probably, yes.’’

–Dean (TeamMystique) describing why hewas feeling
uncertain at the beginning of the project.

5.3.4 Solving an Authentic Problem

The learning experience helped students practice

and improve their problem-solving skills by forcing

them to encounter and solve unfamiliar problems.
This helped them become more comfortable with

taking risks and coping with ambiguity by actively

defining the problem, seeking information, adapt-

ing to changes, managing stress and using subject

knowledge to create solutions.

This approach of providing the students with the

autonomy to define their problem, to frame their

own project’s scope and to constantly revise their
concepts and designs – all while gathering feedback

from their project manager and their client –

increased students’ confidence in their problem-

solving skills. Engaging students in making activ-
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ities to create a product that solves a client’s real

problem encouraged them to empathize with the

user of their design, which helped them to define

their problem, gather feedback and work to inte-

grate it back into their designs. It also allowed

students to improve their communications skills
by learning to communicate their ideas with both

technical and non-technical individuals. The inter-

action with a real client also motivated students to

persist to complete their project and find a solution

for their client’s problem.

The nature of the making project also allowed

students to develop and practice activities that are

similar to those practiced by engineers – that is,
activities that are complex and both technical and

social. Students recognized that solving a problem is

a process that requires research, creativity, itera-

tion, teamwork, planning and reflection. Students

conducted research throughout the course to

explore existing solutions, set specifications, find

answers to the smaller technical questions they

were encountering, fill knowledge gaps, learn
about the use of certain engineering tools, and

search for materials that could be used to make

their prototypes. They also constantly used sketch-

ing, digital and physical engineering tools to visua-

lize concepts and create prototypes to present to

their class, to their client and for their final Design

Day presentation. We noticed that students with

different levels of expertise had suitable entry points
to technologies in themakerspace that allowed them

to contribute to their team projects. For example,

Nora had never built or tinkered with any 3D

models, so she used TinkerCAD1, an entry-level

browser-based platform for 3D modeling known

for its simple interface, while Lisa, who had prior

experience with 3D modeling and CAD, used the

more advanced software Fusion3601. Both stu-
dents were able to contribute to their team’s project

in a useful way. Other activities that students

engaged in included preparing for meetings and

presentations with the clients and the project man-

ager, developing concepts and specifications, sol-

ving problems, planning, writing reports as part of

the course’s requirements, procuring supplies and

navigating design constraints.
As students created their prototypes, they were

constantly observing, testing and creating relation-

ships between concepts they knew. They were also

learning how to solve their client’s problem. John, a

second-year civil engineering student from Team

Mystique, had to learn about simple electric motor

systems to help his team build their second proto-

type. He researched types of motor systems and
learned how to calculate the required power of the

electric motor. As he learned about electric motors,

he had to test his design and assess its suitability

with other subsystems that his teammates were

designing. Moreover, as students applied the con-

cepts they were learning, they were constantly

challenged to develop a deeper understanding of

these concepts and domains of knowledge. Dean

from TeamMystique initially thought he was going
to use codes available on GitHub – an online soft-

ware development tool – developed by other soft-

ware developers and tweak them slightly to run his

team’s guitar. However, when he came to customize

the code to his application, he realized there were

too many computational libraries involved to run

the code he had found on GitHub on his operating

system, which in turn encouraged him to learnmore
about data transfer between an Arduino micropro-

cessor and a Microsoft or Linux operating system.

Another observation was that students con-

stantly reflected on their progress, the scope of

their project, how they were managing their time

and the learning environment, and how the course

compared with other courses. Reflection was also a

critical element in Team Sunday Funday’s efforts to
complete their project, as they fell behind in the

design process and the course’s deadline, and

noticed they were not spending as much time work-

ing on their project due to other commitments and

priorities. As a result of their reflection on their

performance, they increased the time they were

spending on the project, and one of the team

members stepped up to assume leadership of the
team. Member of TeamMystique reflected on their

collective and individual performances: they

reflected on their own progress against their

team’s project plan and the course’s deadlines,

each team member’s weekly contribution, the tech-

nical problems facing the team, their performance in

each of the design processes, and the evolution of

their design from concept to final prototype.

5.3.5 Challenges

Although situating this cornerstone design course in

amakerspace environment helped students improve

many of their soft and technical skills, students still

faced several challenges in this learning environ-

ment. These challenges can be classified in four
categories: time management, stress, makerspace

challenges, and challenges related to communica-

tions with the client. Table 1 shows the coding for

the challenges that students faced throughout the

course, together with the frequency of times a

student or group of students raised the challenge,

the number of students who experienced the chal-

lenge, and the number of interviews in which the
challenges were discussed.

Students in both teams struggled with managing

the time they had to complete their projects. Due to

the multidisciplinary nature of the learning envir-
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onment, students in each team were in different

engineering disciplines and years of study, which
meant that each had adifferent course programwith

different course loads. Some students were regis-

tered for six courses, while others were registered for

four courses only. Therefore, in each team, each

student ranked their project differently on their

priority list. Some students had more time to ded-

icate to working on the project, while others were

occupied with assignments and midterms in other
courses.Most complaints came from students in the

second-year civil engineering program about their

struggle to find time to work on their project

because they were occupied with requirements in

other courses. Moreover, students in both teams

thought the course load in this engineering design

course was heavy.

Factors that delayed students in their iterative
process of creating and improving their prototypes

included the following: procurement of materials

and parts to create their prototypes due to shipping

delays or searching for a local supplier for a parti-

cular item; long wait times to use makerspace tools

at the end of the semester, as many faculty of

engineering students use themakerspace equipment

and tools for other courses; and the need to ‘‘learn
while making,’’ as students had to learn new tech-

nical skills and concepts and solve unfamiliar pro-

blems before they could start creating or assembling

an item.

Another challenge for students was experiencing

high levels of stress. Students said they were stressed

because they felt overwhelmedwith the heavywork-

loadof the project andother courses.Theywere also
stressed about the uncertainty associated with sol-

ving engineering design problems, particularly find-

ing information and resources to solve problems.

Deadlines also caused students a lot stress, specifi-

cally the final deadline – students’ presentation on

DesignDay. Iterations late in the prototyping phase
also caused stress because students felt theywere not

going to be able to deliver a product for their client.

Finally, meeting the client’s expectations and

having a functional prototype by Design Day were

also sources of stress for the students. Table 2

presents the coding for each factor that contributed

to students feeling stressed, together with the fre-

quency of times a student or group of students
raised the challenge, the number of students who

experienced the challenge, and the number of inter-

views in which the challenges were discussed.

‘‘I am gettingmore afraid. I am feeling the time crunch,
seeing the days count down. Doomsday is approach-
ing. I think, at this point, my biggest fear is less some-
thing won’t be ready for Design Day – because I am
sure we can bring something out . . . to present. We are
all competent people, and he [Dean] did sales all
summer. The thing that I am more worried about is
that if this isn’t totally functional by Design Day, I am
worried that we are all going to be too busy, too
distracted, etc., to get this to a point where the client
really wants, and we kind of got her hopes up a lot
throughout this whole process. And I am worried that
we are not going to present her with something that is
what she wants. . . . And nothing is worse than letting
down a child.’’

– A conversation with Lisa (TeamMystique) about the
reasons she is feeling stressed.

Situating the course in a makerspace also presented

the students with several challenges, such as the

limited operating hours of the makerspace, as
students wanted to spend many hours working on

their projects in the last two weeks of the semester

but the makerspace had to close at 8 p.m. Students

also faced logistical difficulties with sourcing mate-

rials and parts. As well, students faced difficulties

with accessing the makerspace equipment and tools
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Table 1. Frequency of students’ challenge themes that emerged from interviews with the students

Challenge code Frequency
No. of students who
experienced this challenge No. of interviews out of 14

Time management 20 7 8

Stress 33 7 8

Makerspace challenges 11 7 5

Communication with the client 3 3 2

Table 2. Frequency of factors that contributed to feelings of stress, as expressed in the interviews

Challenge code Frequency
No. of students who
experienced this challenge No. of interviews out of 14

Workload 6 6 5

Uncertainties 3 4 3

Deadlines 9 7 6

Expectations 6 5 5



at the end of the semester, because the demand to

use the makerspace’s resources rose due to the

increasing number of courses that had integrated

the makerspace into their curriculum, which led to

many of the faculty’s students using the space for

course work, in addition to ongoing personal pro-
jects.

Furthermore, students experienced challenges

with communicating their ideas with their clients.

Because the theme for course projects was accessi-

bility, some clients had a disability that made

communicating ideas with the client or gathering

information and feedback from the client challen-

ging and required the presence of a third party who
had a close relationship with the client to facilitate

the communication process.

5.3.6 Differences Between Teams

Throughout the study, we observed several differ-

ences between the two teams in how they executed
their projects. These differences were present in

students’ motivation towards the project, in strate-

gies used in each of the project’s design phases, in

team dynamics and in time management.

The project selection process for each team was

different, since Team Mystique had proposed their

own client and had a personal connection to the

client’s problem, while Team Sunday Funday
selected their project from a list proposed by the

course’s instruction team. The difference in how

each team selected their project affected the level

of motivation for the project. Team Mystique felt

very motivated to solve their client’s problem and

expressed interest in continuing to work on their

prototype after the semester, going so far as to post

their design online in the hopes that it would be
improved by a wider community of designers. On

the other hand, Team Sunday Funday didn’t

express interest in continuing to work on the project

after the semester and indicated that their project

wasn’t high on their priority list because they had

other courses in their engineering program that

needed their attention. Another factor that

detracted from Team Sunday Funday’s interest in
continuing to work on the project after the semester

was that they thought there were already available

products in the market that might solve the client’s

problem.

Through the design phases, each team adopted

different work strategies. During the conceptual

design phase, Team Mystique developed one con-

cept that was ambitious and didn’t consider the
design constraints of the project, while Team

Sunday Funday developed two concepts to present

to their client. During the prototyping phase, Team

Mystique developed several prototypes and com-

municated with their client frequently. Each

member of Team Mystique was responsible for

developing their own prototype for the subsystem

they were responsible for, while Team Sunday

Funday started the prototyping phase later in the

course due to their focused attention on other
courses.

These differences in how each team completed

their project were also a product of differences in the

dynamics of each team and how they managed their

project and time. Team Mystique selected a leader

by the second week of the course and developed a

project plan that had more aggressive deadlines

than the course’s deadlines. The leader, Dean, was
a third-year software engineering student whose

role included helping everyone with their designs,

assigning tasks to each teammember, following the

team’s progress and designing his own subsystem.

Conversely, Team Sunday Funday did not pick a

leader or follow a plan to complete their project.

Midway through the project, as students were

struggling to create their prototypes, one student
naturally emerged as the leader and started organiz-

ing the team’s tasks. The students in Team Sunday

Funday also struggled with breaking down tasks

into smaller ones and with prioritizing their tasks. It

should be noted that all of the students in Team

Sunday Funday were from the second-year pro-

gram, and this might have been a factor in them

not assigning a leader for their team.

6. Discussion

We discuss the implications of the findings of this
study for understanding how integrating a making

program into an introductory engineering design

course can create the conditions for an authentic

learning environment. We also discuss the implica-

tions of our findings for the design of authentic

learning environments for teaching engineering

design.

6.1 Authenticity of the Learning Experience

Authenticity of the learning environment is dis-
cussed in engineering education literature in four

main categories: context authenticity, task authen-

ticity, impact authenticity and personal/value

authenticity [56]. Ethnographic studies on profes-

sional engineers have defined engineering design as

a social process that goes beyond the work of a

creative engineer at a workstation to include many

stakeholders, such as production and marketing
personnel, purchasing and finance professionals,

clients and contractors [57, 55]. Through the

making experience in this course, students had to

participate in activities where they had to commu-

nicate with the user of their product to understand
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their needs and define their problem. They also had

to draft a budget for their project and secure an

approval from their projectmanager, procuremate-

rials and parts from suppliers independently, create

multiple prototypes, plan schedules andmilestones,

and distribute tasks among each other. These activ-
ities exposed students to a learning experiencewhere

their work was not limited to technical activities

such as drafting technical drawings and reports;

rather, their work extended to multiple organiza-

tional activities of ongoing reconciliation, persua-

sion, negotiation and management [58, 59].

Students’ realization of the importance of the

problem definition phase and conceptual design
phase to the success of their design project was an

indication of their progression from novice

designers to more experienced ones. Throughout

the course, students in both teams continued to

gather information and redefine their problem and

scope of work. Both of these observations point to

similarities with expert performances in engineering

design [60]. Moreover, we noticed that situating
students in a learning environment with authentic

tasks and contexts gave them an opportunity to

spend hours practicing their skills and reflecting on

their work and what they were learning, something

that in turn helps students proceed towards more

advanced performance.

For Team Mystique, the object of design itself

heavily influenced the structure of the design pro-
cess and the division of labor within the team. The

product was divided into multiple subsystems,

which were allocated to team members depending

on each members’ expertise, engineering discipline

and learning objectives. This allowed each student

to take accountability for their own design process

while working collectively with the other team

members to make sure all the systems were compa-
tible. The outcome of the student’s authority over

their design process was a noticeable high level of

motivation and enjoyment of the learning experi-

ence and the project work. In TeamMystique, each

student came upwith a brand name for their system,

and they all agreed on a product name. For Team

SundayFunday, the delay they experienced inmeet-

ing their deadlines, especially at the beginning of the
project, was partly due to their failure to break

down their product into smaller systems, organize

tasks accordingly and distribute tasks between the

team members.

The multidisciplinary nature of the making pro-

jects and of the student teams meant that students

were exposed to different worlds of technical spe-

cializations and, therefore, to knowledge, modes of
thinking, dialects, metaphors, instruments and

crafts beyond their engineering discipline in order

to solve their client’s problem.Moreover, similar to

howengineers progress fromnovices to professional

engineers through peripheral participation (by first

participating in simpler tasks, guided by senior

colleagues) in the workplace [61], first-year students

and novice makers were guided by students with

more experience with making technologies, by
senior students and by project managers in the use

of equipment and tools in the makerspace, in

scaffolded learning of 3D modeling and CAD, and

in learning engineering concepts that were new to

them.

The making projects also challenged students

with three main types of design constraints:

human constraints, such as the client’s needs and
ability to communicate them with the students;

technical constraints, such as those faced by John

while designing and selecting electric motors for his

subsystems and by Dean as he was designing soft-

ware to be compatible with his teammates’ subsys-

tems; and cost constraints, such as those

experienced by both teams as they chose between

options and trade-offs for their designs. Moreover,
as students were making their prototypes, they

realized these constraints can often be solved

through negotiation. Given that Team Mystique

had to create multiple iterations of their designs

through the course of the project, they ran out of

budget and had to negotiate with the course instruc-

tor for extra funding for their project. This is a true

characterization of engineering design constraints:
although they might be numerous and wide-ran-

ging, they are constantly reconstructed [57, 62].

Students also engaged in authentic design tasks

when they used sketches and prototypes to commu-

nicate ideas, gain understanding and solve pro-

blems. Studies on professional engineering

practices describe the way engineers use sketches

on both paper and CAD interfaces to grapple with
ideas and communicate with others [58]. Students in

both teams used hand sketches to develop initial

conceptual designs and moved to using CAD

models, 3D printed physical prototypes or models

made out of cardboard to visualize their designs,

solve problems they were facing during the design

process, figure out how elements of their design fit

together, visualizemodifications to their design, and
communicate ideas with their client and project

manager and gather feedback from them. The

availability of 3D printers and other rapid proto-

typing equipment in the makerspace empowered

students to transform their designs to three-dimen-

sional reality in a matter of hours after creating

them on CAD software [63], allowing students to

progress quickly on the design of their final product.
The introduction of making activities into the

engineering curriculum therefore also contributes

to preparing engineering students for changes in the
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engineering profession stemming from the use of

new technologies in engineering work, such as the

increasing use of computational technologies [58]

and the increasing use of rapid prototyping tech-

nologies, which have a strong impact on productiv-

ity by accelerating product development [64–66].
Another observation about the making projects

that students had to complete is that they resembled

workplace projects in the sense that they were ill-

structured and complex. Also, they had multiple

possible solutions, vague constraints that included

non-technical constraints, distributed knowledge

and unclear goals [61]. Students were challenged

with a product design problem where they had to
work both independently and collectively to direct

and monitor their own learning and identify the

knowledge they needed to solve the problem and

make their final prototype. Based on this learning

environment, it is our observation that the maker

movement has the potential to connect and prepare

engineers of the future to work with and for con-

stituents rather than corporations on some of the
planet’s biggest problems, including climate change,

sustainable energy and famine [58].

Themaking projects gave students of a glimpse of

the impact that the engineering profession has on

society.We also observed that learning projects that

offer personal and value authenticity, as in the case

of Team Mystique, provided more opportunities

and motivation for learning, because students were
motivated to complete their project primarily to

improve their client’s quality of life. Our observa-

tion is in line with the argument from Wang et al.

[56] that projects that are close to the students’ own

life, answer personal questions that the students’

have, or satisfy the students’ or their community’s

needs deliver authentic education most effectively.

6.2 Implications for the Creation of Authentic

Learning Environments for Engineering Design

We found that the making nature of the projects

entailed important elements that are necessary to

construct an authentic learning environment for

engineering design, such as access to the interdisci-

plinary and multidisciplinary nature of engineering
design, as well as engagement in social and organi-

zational activities that are the core of engineering

design and offer an adequate level of ambiguity to

familiarize students with navigating design pro-

blems as future engineers.

Jeff Herrington’s [19] framework for designing

authentic learning environments outlines nine ele-

ments that are necessary in any authentic learning
environment: authentic context, authentic tasks,

access to expert performances, access to multiple

roles and perspectives, collaborative learning,

reflection, articulation, scaffolding and authentic

assessment. Our findings lead us to elaborate on a

few of these elements to help engineering educators

construct authentic engineering design learning

experiences.

First, an authentic engineering design context

must provide students with an ill-defined design
problem with unclear constraints that can help

students familiarize themselves with the inherent

ambiguity feature of engineering design projects.

Moreover, the presence of a real client, an object of

design, the possibility for multiple solutions and the

students’ authority to decide on the learning path

they want to follow to reach a solution are all

essential for fostering an authentic engineering
design context for the learning environment.

Second, the tasks that students participate in

should not be limited to technical activities.

Rather, they should extend to other organizational

activities, such as breaking down a project into

smaller tasks and distributing the workload

among team members.

Third, to facilitate effective collaborative learn-
ing, there should be a clear distribution of roles

among the student team members. This can be

achieved easily if there is diversity in the level of

expertise and backgrounds within the team. In a

previous studywe conducted to compare the impact

of team formation methods on student achieve-

ment, we found that the choice of team formation

method – self-assignment or instructor assignment –
did not have an impact on student academic

achievement in the course [67]. Therefore, we

recommend that instructors form student teams

keeping diversity of expertise and background in

mind.

A new element that we perceived as essential to

constructing an authentic engineering design learn-

ing and that is a characteristic ofmaking activities is
access to interdisciplinary and multidisciplinary

learning opportunities [44, 68]. Given that design

is a social activity that includesmultiple participants

– each with different technical backgrounds that

have distinct language and instruments – authentic

learning environments must introduce students to

this intrinsic feature of engineering design [57].

Moreover, the learning environment should pro-
vide opportunities where students can explore the

roles of many stakeholders involved in an engineer-

ing design project, such as project managers, sup-

pliers, contractors, clients and investors.

6.3 Stress as a Main Challenge

One of the main challenges facing students in this
learning environment was constantly feeling

stressed. The relationship between stress and a

designer’s creativity is complex. Low-stress-

inducing situations have been found to contribute
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to increases in creative performance, while high-

stress-inducing situations contribute to decreases in

creativity; moreover, contexts that are character-

ized as uncontrollable decrease creative perfor-

mance [69]. Also, mental effort at low and medium

stress levels is stronger than mental effort at higher
stress levels [70]. Sources of stress in the course

under study can be classified into two main

groups: sources related to workload and sources

related to the students’ perception of their ability to

provide a useful prototype to their client. Nguyen&

Zeng [37, p. 76] argued that students’ stress is

positively related to workload and negatively

related tomental capacity – workload being defined
as tasks assigned to a student, and mental capacity

being defined as students’ own knowledge and skills

required to complete the tasks assigned to them.

How students react to their workload differs from

one student to another and depends on each stu-

dent’s particular circumstances; similarly, since

learning within a making context involves an array

of different topics and multiple participants with
different backgrounds, different skills and varying

levels of expertise, student stress levels will vary.

Byron, Khazanchi, and Nazarian [69] found that

some stress is necessary to induce creativity. But for

learning environments where making is central,

ensuring that students have a sense of control over

their workload and their mental capacity is vital to

ensuring that students go through a positive learn-
ing experience where stress does not hinder their

creativity. Although the course in this study used

scaffolding strategies to help students develop the

skills required to complete their prototypes, more

consideration should be given to the workload in

such a learning environment and to balancing that

workload with students’ workload in other courses.

6.4 Authentic Achievement in Engineering Design

Courses

Student achievement in this authentic engineering

design learning experience depended on several

factors that expanded beyond the standards for

authentic achievement of Wehlage, Newmann and

Secada: construction of new knowledge, disciplined
inquiry and value beyond school [31]. We observed

that students’ capability to deconstruct the design

project into smaller subsystems and to further break

down tasks was essential to their progress and

success. Also, their ability to plan, organize and

prioritize tasks was essential to their ability to meet

deadlines. Moreover, students’ ability to distribute

tasks and roles among one another and assign a
leader to the team who could take the lead on

managing the project and help organize tasks was

crucial to their achievement and enjoyment of their

learning experience. Furthermore, their ability to

manage their time on the project and to manage

their time between this cornerstone design course

with its making activities and other academic com-

mitments was vital for them to be able manage their

stress level and enjoy their project work.

These observations lead us to argue that a new
element should be added to the disciplinary inquiry

element of the conceptualization of authentic

achievement. Wehlage, Newmann and Secada [31]

defined disciplined inquiry as cognitive work that

relies on the use of a prior knowledge base, strives

for in-depth understanding of the subject knowl-

edge and communicates ideas and thoughts in an

elaborate manner. This definition fails to capture
the social and organizational nature of the design

process. For students to accomplish an authentic

achievement in engineering design, they have to

learn to navigate the uncertainty of the social and

organizational facets of the design process. In an

authentic engineering design learning environment,

students have to demonstrate an ability to organize,

plan and prioritize activities in a multidisciplinary
design project.

6.5 Implications for Integrating Making Activities

into Engineering Design Courses

Our findings suggest several implications for engi-

neering design instructors who might be interested

in incorporating making projects into their curricu-
lum. First, we note that the presence of a leader and

a work distribution structure between the team

members played a vital role in students’ authentic

achievement. Although a leader did emerge even-

tually for Team Sunday Funday, the presence of a

leader from the start of Team Mystique’s design

process helped them to achieve their learning goals

and better manage their time and project. The
presence of an obvious leader in Team Mystique

can be attributed to many factors, including the

diversity in engineering disciplines among team

members, years of study spent in engineering

school and the familiarity of the team members.

We think ensuring a diverse team in terms of both

disciplinary knowledge and level of expertise would

ensure peer learning and mentorship and a better
distribution of roles among team members.

Second, proper scaffolding in time and project

management that is situated as part of the functions

of the authentic activity should be offered to stu-

dents to ensure that they capitalize on the learning

opportunities of the making activities and to sup-

port an authentic engineering design experience.

Also, encouraging students to start their design
process as early in the semester as possible and to

spend adequate time in the ideation and conceptual

design phases would give them adequate time for

their prototyping phases.
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Third, in a multidisciplinary learning environ-

ment with participants from different engineering

disciplines and years of study, instructors should

consider the students’ workload and emphasize the

importance of their learning over delivering a final

functional prototype. Even though the product of
the design in design courses is important, so too is

learning the various skills, such as teamwork, com-

munications, problem-solving and the ability to

follow a design methodology [72]. In students’

discussions of the challenges they were facing, they

emphasized the product and sense of accountability

to the client as a source of stress. While this can be

seen as an advantage of incorporating making
projects into engineering design courses – because

it situates students in a more authentic situation

than that of capstone design courses where students

still recognize the instructor as the ultimate final

authority in the learning environment [73] and

because time is a limited resource within a seme-

ster-long course – instructors should communicate

and stress the importance of the students learning
critical skills over delivering a functional final pro-

totype, as this would help regulate students’ stress

and help them focus and reflect on their learning.

Fourth, during our discussions with the students

about recommended improvements for the course,

they indicated they were interested in and enjoyed

learning practical skills. We recommend that

instructors expose students to as many making

technologies as possible and that this exposure be

situated in an authentic context. This would moti-

vate student to learn and train them to use different

tools to create their prototypes, thus reducing the
demand for 3D printers.

7. Conclusion

In this article, we described students’ learning

experiences in an engineering design course that

was situated in a makerspace environment and
had making activities as a central theme. We

found that the integration of making activities into

engineering design courses offers students an

authentic design experience that exposes them to a

diverse set of topics and increases their confidence in

their design and problem-solving skills. Making

activities also give students opportunities to per-

form in ways similar to what will be expected of
them as professionals. The integration of making

activities also has the potential to steer undergrad-

uate engineering curricula to offermore contempor-

ary images of the engineering profession that is

creative, collaborative and more oriented towards

agendas of social good.

References

1. E. Wenger-Trayner, M. Fenton-O’Creevy, S. Hutchison, C. Kubiak and B. Wenger-Trayner, Learning in Landscapes of Practice:

Boundaries, identity, and knowledgeability in practice-based learning, Routledge, New York, 2015.

2. National Academy of Engineering, The Engineer of 2020, National Academies Press, Washington, DC, 2004.

3. National Intelligence Council, Global Trends 2025: A Transformed World, Washington, DC, 2008.

4. C. Baillie, Enhancing creativity in engineering students, Engineering Science and Education Journal, 11(5), pp. 185–192, 2002.

5. National Intelligence Council, Global Trends. Paradox of Progress, Washington, DC, 2017.

6. L. Jamieson and J. Lohmann, Creating a Culture for Scholarly and Systematic Innovation in Engineering Education. Phase 1 Report,

American Society of Engineering Education, Washington, DC, 2009.

7. G. Tryggvason and D. Apelian, Re-engineering engineering education for the challenges of the 21st century, IEEE Engineering

Management Review, 37(1), 2009, p. 38.

8. C. L. Dym, A. M. Agogino, O. Eris, D. D. Frey and L. J. Leifer, Engineering Design Thinking, Teaching, and Learning, Journal of

Engineering Education, 94(1), pp. 103–120, 2005.

9. K. A. Smith, S. D. Sheppard, D.W. Johnson, and R. T. Johnson, Pedagogies of Engagement: Classroom-Based Practices, Journal of

Engineering Education, 94(1), pp. 87–101, 2005.
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