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Preface to ”Towards Excellence in Engineering Education”
Engineers play different contextual roles in industry and academia, not only by teaching but by 

mentoring, supervising and training students. Engineers are educators who are expected to provide 
their students with authentic learning experiences that are relevant to contemporary concerns, 
and to produce engineers who are responsible, insightful, work independently, have favorable 
problem-solving skills, and can apply and adapt their knowledge to new and unexpected situations.

This book from Education Sciences focuses on important issues in engineering education. 
In this Special Issue entitled “Towards Excellence in Engineering Education” we invite educators 
and researchers from engineering universities to discuss and share their experiences. What makes 
engineering education different to other educational disciplines? What are the challenges faced by 
engineering education and how should the educational system and curriculum be designed to cope 
with the high-speed development of technology?

This book highlights 11 papers that cover a diverse range of topics of engineering education, 
mainly focusing on lecturers’ personal experiences in engineering education shared through teaching 
portfolios, assessment styles and teaching methods. E-learning in engineering education is also 
covered in this book as many lecturers in the engineering field use technology to select, design, 
deliver, administer, facilitate, and support learning. Examples include computer-based, web-based, 
and mobile learning.

The book covers curriculum in engineering education that offers rigorous analysis of theoretical 
principles as well as intensive hands-on experience. The engineering curriculum can be divided into 
three branches, namely engineering science, systems, and design and professional practice.

Here, the authors present some of their contributions and the experiences they used to assess 
engineering students. The academics share the modern teaching methods they use in engineering 
education, for example, active classrooms, flipped classrooms, problem-based learning and many 
more that are suitable to the nature of engineering disciplines.

This book highlights engineering education for community engagement. EPICS (engineering 
projects in community service) is an educational program that combines ideas surrounding teaching 
and learning with the community. Teams of students participate with local and global community 
organizations to address human, community, and environmental needs.

Khmaies Ouahada

Special Issue Editor
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Abstract: A course evaluation is a process that includes evaluations of lecturers’ teaching performances
and their course material moderations. These two procedures are usually implemented, whether
officially by the faculty of engineering or by lecturers’ own initiatives, to help identify lecturers’
strengths and weaknesses and the ways forward to improve their performances and their qualities
of teaching. This paper presents different ways of implementing these two criteria from students’
and professionals’ perspectives. Official questionnaires from the faculty of engineering, personal
questionnaires using Google surveys, Moodle and special designed forms have been used for
moderation and evaluations. The process of evaluation is the core of a feedback procedure followed
by universities in order for them to monitor the teaching quality of their staff. Satisfactory results
show that such a process can improve the lecturers’ teaching performances, courses material quality,
students’ satisfaction and performances, and finally the pass rate of the class.

Keywords: education; engineering; evaluation; survey; feedback; moderation; pass rate; module

1. Introduction

Engineers play different contextual roles in industry and academia. In the latter, they not only teach
students, but are also regarded as mentors and expected to extend open door policies to their students.

The teaching practice should be informed by the lecturers’ working environment, namely the
Faculty of Engineering, and their professional statuses as educators in the 21st century. Lecturers should
be motivated by the importance of providing students with authentic learning experiences which are
relevant to contemporary concerns, and place high value on developing responsible engineers who are
insightful, can work independently, have good problem solving skills, and can apply and adapt their
knowledge to unexpected and new situations.

It is known that the evaluation [1] of lecturers’ teaching quality is usually conducted for two
reasons; the improvement of practice, since more experience can be built up from the received feedbacks;
and the faculty of engineering promotion, which is subject to the university policy for staff promotion
as proof of teaching evaluation should be required. Also, the evaluation can be conducted by students
or professionals—either colleagues or visiting experts appointed by the faculty of engineering. In the
case of students’ evaluations, the most important benefit lecturers can gain is feedback to help them
refine their courses and teaching practices to provide students with better learning experiences [2–4].

The question here is: how important is the evaluation in the improvement of the low passing
rate of the offered courses [5]. Although the evaluation’s impact on the students’ success cannot be
demonstrated clearly, it can assist lecturers to improve their teaching style and upgrade their course
materials, which usually have direct impact on students’ performances. It can be seen that evaluation
processes can accurately identify the lecturers’ strengths as well as areas in which they need to improve.

Usually, a course can be defined into four major parts; the prescribed textbooks, lecture notes,
tutorials, and the practicals. Another important item can be useful to make the course easier to follow

Educ. Sci. 2019, 9, 122; doi:10.3390/educsci9020122 www.mdpi.com/journal/education1
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and more comprehensive is the study guide. Study guides are very important in the organization of
the course. They are the road map and can be seen as contracts between lecturers and their students.

Prescribed textbooks are usually the official books for the course. Lecturers, after obtaining faculty
approval, list these books as essential for reading and reference. These books will help students to
focus better and supplement lecture notes, creating better chances of student success in the course.

Lecturers are advised to avoid recommended classic textbooks due to their outdated contents
and applications. These books were basically designed for students who had very limited access to
computers and digital information. Modern engineering textbooks should be user-friendly, with new
and modern applications inspired from the modern engineering world. Tutorials in these textbooks
ought to be designed to solve real-life problems using pedagogical approaches that help students
understand the course through their own studies and revisions.

In order to give students greater variety and inspire them to think out-of-the-box and not to rely
on what is prescribed to them, lecturers could also recommend textbooks written by different authors
and prescribed by other universities. The recommended textbooks will not replace lecturer-prescribed
textbooks but give a chance to students to expand their horizons through exposure to something
different. Usually, these textbooks are provided to students in the form of e-books for no extra expense.

Good design and presentation of lecture notes or course slides, despite the brevity of the latter,
play an important role in making lectures very easy to understand and comprehensive. Succinct and
well-summarized lecture notes help lecturers cope with the limited time allocated per session. Lecture
notes facilitate revision for students.

Lecture notes should be designed and prepared in an attractive manner and the layout of the slides
helps students psychologically follow the content when lecturers are busy presenting. The slides should
have an easy logical flow and should be judiciously interspersed with some proverbs, photographs,
or cartoons in line with the context of the lecture.

This added entertainment aspect could also include information related to the content of the
course gleaned from famous researchers or well-known scientists and gives quality to the design of the
slides. The extra information provides inspiration to students and assists them to see the course from a
real-word perspective.

There is a famous quote from Socrates: I cannot teach anybody anything, I can only make them
think. This quote describes the philosophy behind tutorials at engineering faculties. The main purpose
of a tutorial is to give students a chance to develop their individual capacities to think deeply about
engineering problems and thereby build their confidence.

Tutorials also encourage teamwork among students when they meet in small groups and discuss
specific topics related to the subject matter of the course. Engineering tutorials which involve group
work are appealing since they provide opportunities for students to practice and develop collaborative
skills [6]. In a tutorial class, the lecturer will encourage interaction and participation in the discussion.

As tutorials are very important in mediating the course by helping students grasp the unclear
concepts, the lecturer should link the problems given in tutorials to the theory in the lecture notes.
Solutions to the most important problems should also be made available to students to enhance their
understanding of the lecture material.

The overall goal of engineering education is to prepare students to practice engineering [7].
Therefore, practicals in engineering education play an important role in developing skills that will
assist students to be ready for the professional engineering environment.

Engineering faculties consider laboratories as an essential part of undergraduate programs.
Laboratory work is an established part of courses in engineering education that intends to produce
skilled and highly competent engineers for industry. This enables students to integrate easily and
quickly into industry.

Practicals enable students to link theoretical concepts learned in class to real-life applications.
For example, practicals designed for the Signals and Systems and Telecommunications course constitute
either software programming projects or hardware build projects or a combination of both.
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The architecture of the proposed procedure for improvement of low class pass rate is depicted in
Figure 1. Feedback is the core of the system. The teaching and course material evaluations are means
to provide feedback about the course quality and thus help lecturers to improve and upgrade what is
necessary in order to provide students with a better educational environment which will lead to better
class pass rates.

Figure 1. System architecture of the proposed procedure.

Google’s survey service simplifies communication between lecturers and students and summarizes
the collected data based on students’ opinions and views. Figure 2 is one of the surveys [8–10]
administered to students regarding teaching expertise and course material. Lecturers also use
Moodle [11,12] to reach a decision when it comes to meeting and test dates. This help create sort of a
cloud-community that maintains open and flexible access and communication between lecturers and
students even beyond physical universities.

The paper is organized as follows. In Section 2, different evaluation processes are presented.
Section 3 covers the process of moderation of the course material from the students’ perspective and
professional academics’ perspective. Finally, a conclusion summarizing the achievements which led to
the improvement of the class pass rate is presented in Section 4.
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Figure 2. Google Survey for teaching excellence evaluation.
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2. Teaching Evaluation

Teaching evaluations are usually conducted for two reasons; to improve practice and to assist in
the faculty promotion process. However, the most important benefit lecturers can gain is feedback
to help them refine their courses and teaching practices to provide students with better learning
experiences [13]. Teaching evaluation is important in the refining of the teaching excellence of any
lecturer. Another important reason for teaching evaluation is the improvement of class pass rate and
thus the faculty’s throughput. Although evaluation cannot be directly linked to throughput, it can
assist lecturers to improve their teaching styles and upgrade course materials, which invariably impact
on students’ performances.

Taking this into consideration, lecturers should conduct three types of evaluations, namely students’
evaluations, peer evaluations by colleagues, and evaluations by international guests and experts.

2.1. Students’ Evaluation

Students benefit equally from proper classes and from research, and lecturers should be well
prepared on both fronts. Descriptions and evaluations of both types of teaching evaluations are
described below.

2.1.1. Students Observe Lecturers (SOL)

Students Observe lecturers (SOL) is an application designed and developed by the author in
order to give students the ability to observe the lecture flow and send comments live to the lecturer in
order to adjust their lecture’s speed and flow. The designed App is installed on both the lecturer’s
and the students’ computers. Students’ numbers and their computers’ IP addresses are considered
in the App in order to secure the communication between students and lecturers within the class
session. Many students are shy by nature and do not have the courage to ask a lecturer in the middle
of the lecture. Also, some students are afraid to ask questions or to stop a lecturer to ask questions.
The author, from his teaching experience, has realized that some students lose focus in the middle of
the lecture due to disruption or the speed that the lecturer follows. To take control and give students
the chance to slow down or catch up with the lecture, an application was designed and installed on the
computers of each student in which they can click on different option to evaluate the flow of the lecture.
Results will appear instantaneously on the screen of the lecturer’s computer, who should check it from
time to time to get an idea about the flow and the response from the students. Figures 3 and 4 show
samples of the proposed SOL App.

 
Figure 3. Students observe lecturers (SOL) feedback to the lecturer.
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Figure 4. SOL students’ comments.

2.1.2. Course Evaluation

Teaching evaluations from students have two major goals. The first is to assess the performance
and teaching quality of lecturers and to provide them with insight on what they are doing well and
how they need to improve. The second is to develop students’ responsibilities towards their faculty
through taking part in the evaluation process in order to improve teaching quality in the faculty.

Considering the above, lecturers should conduct surveys in which students participate
anonymously to evaluate their lecturers’ courses. In this paper, the author, who is lecturing a
third year course on signal processing (SIG3B01), has conducted a survey which was based on a
questionnaire which elicited students’ overall opinions of the course, and specifically of the related
course material such as slides, tutorial, practicals, and prescribed textbooks. Other questions were
related to their opinions about the type of assessments and practicals on offer, and to the way in which
their marks are calculated. Figure 5 shows the students’ evaluation of the courses that he teaches.

 

Figure 5. Students’ evaluation of the SIG3B01 module.

2.1.3. Research Evaluation

In the author’s experience, effective teaching is predicated on guidance and research; students
need to be trained in both research methods and problem solving to be considered properly educated.
The following are examples from different categories of students whom the author has had the pleasure

6
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of supervising in undergraduate, masters, and doctoral degrees. Figures 6 and 7 are samples of their
personal evaluations to his research supervision.

 

Figure 6. Research evaluation by undergraduate final year project student.
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Figure 7. Research evaluation by Master’s student.
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2.2. Peer-Teaching Evaluation

A lecturer-to-lecturer evaluation is a means of obtaining accurate information about a colleague
based on the fact that an evaluation from someone with experience in the same field and who knows the
lecturer’s work, ethic, and behavior would result in an ultimately more useful and accurate evaluation.
This also has the potential to develop lecturers’ working practices and help them understand the points
of view of their colleagues [14–16].

Other benefits of lecturer-to-lecturer evaluation is the building of good working relationships
between colleagues which will create a best practice environment throughout the university.

A few colleagues from different departments, universities, and different countries were invited to
evaluate the author’s teaching, as shown in Table 1.

Table 1. Peer-teaching evaluators.

Course
South African Universities

International University
Author’s University Local University

SIG3B01

A colleague from another
department, Civil

Engineering Science,
University of Johannesburg,
was invited to evaluate the

author’s teaching
performance.

A colleague from another
university, School of

Electrical Engineering,
University of the
Witwatersrand,

Johannesburg, was invited to
evaluate the author’s

teaching

A colleague from an
international university

Duisburg-Essen University
Germany, was invited to

evaluate the author’s
teaching

2.2.1. Local-Teaching Evaluation

Considering the benefits of peer teaching evaluation mentioned above, the author asked colleagues
from different schools in his university and other colleagues from other universities to evaluate his
teaching performance and to provide feedback.

The author has chosen the heads of departments from schools of electrical engineering and civil
engineering and asked them to attend his lectures to evaluate his teaching styles and his course
material. He also asked the head of the Department of Electrical and Electronic Engineering Technology
and the head of the Department of Civil Engineering Science from his university, the University of
Johannesburg. A questionnaire evaluating the quality of his teaching was given to them. A similar
questionnaire was given to another colleague from another university in South Africa at the School of
Electrical Engineering at the University of Witwatersrand.

The reasons behind his choices were simple. Firstly, he needed feedback from a colleague in the
same field of expertise and same school who is familiar with his curriculum and internal policies,
as was the case with the Department of Electrical and Electronic Engineering Technology. Secondly,
he also needed the opinion of someone who was from the same faculty but from a different school
with different curricula, as was the case with the Department of Civil Engineering Science.

Thirdly, he needed an evaluation by a colleague from another university with different curricula
and engineering programmes but from the same field of expertise, as was the case with the School
of Electrical Engineering at the University of Witwatersrand. A sample of the questionnaire and
evaluation form is presented in Figure 8.

9
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2.2.2. International Teaching Evaluation

In line with the earlier explanation, lecturers should try to get an international evaluation regarding
their course materials and lecturing skills. In this context, the author took the opportunity to invite two
international professors on two different occasions to attend his lectures to get their opinions about his
teaching style, course material, and the teaching environment he provides to his students.

The author had the opportunity to invite a professor from Armenia. A sample of the questionnaire
and evaluation is presented in Figure 9.

 

Figure 9. Peer evaluation from VMware, Armenia.

2.2.3. Self-Teaching Evaluation

As academics, lecturers should acquire benefits from overseas institutions either via research
collaborations or by attending conferences. These are very important opportunities to gain exposure
to different professional environments and to develop communication skills through interactions
with academics from different parts of the world. Exploring opportunities to lecture at international
universities and to get feedback from their students and staff is also very important in the professional
career of an academic. The author had the opportunity to teach a course in 2014 as a visiting researcher
at the University of Duisburg-Essen in Germany. The faculty of engineering approached him to
design and lecture a Master’s degree course on Information Theory. Feedback from the University of
Duisburg-Essen about his teaching experience is presented in Figure 10.

11
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Figure 10. Evaluation letter from Duisburg-Essen University, Germany.

3. Course Material

This section discusses the university’s moderation philosophy and presents evidence of its practice.
Universities usually stipulate a formal moderation procedure. In this paper, the author has extended
this policy by approaching students and local and international colleagues to evaluate his courses for
the sake of enhancing his teaching expertise.

In his case, the author’s faculty curriculum comprises two types of modules or courses, namely
core/fundamental modules and exit-level modules. The Engineering Council South Africa (ECSA),
a watchdog for engineering curriculum quality, call final degree courses exit-level outcomes (ELO).
These courses are assessed and moderated twice in the exit level modules, both internally and externally
by someone from another university. This entails proper moderation of all the exam papers, module
content, and answer sheets. Non-exit-level modules can be moderated internally by colleagues as is
the case with the author’s own modules, which are third year modules. Files with all course material
evidence, called ECSA files, are prepared by lecturers and moderators are expected to inspect these for
evidence of course teaching.

12
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3.1. Students’ Moderation

3.1.1. Textbooks

The recommended textbook is a further benefit to students that provides an alternative solution
to students who could not afford buying the prescribed textbook in the first place. Although the
prescribed textbooks are available in the university’s libraries, many students are unable to access
them because of the limited copies in relation to the number of students registered for the course.

From experience, another way in which lecturers could help students, mostly those who are
struggling financially and cannot afford very expensive engineering textbooks, is for them to design
their own textbooks. In this regard, the author designed his own textbook and made it available to
his students on their blackboard, a website for course management. This e-book was inspired by the
recommended textbook and was intended to build a strong relationship between the slides of his
lecture notes and the prescribed textbook.

The author makes a direct link between the content of his slides used in class and the corresponding
content in the prescribed textbook. The result was very positive and students liked the idea and his
e-book became more readable and accessible to students than other available textbooks.

The author believes lecturers should always obtain feedback by getting their students to evaluate
lecturers’ initiatives and ideas. In this regard, he conducted a survey among his students to gauge their
responses to the prescribed textbook, the recommended textbook, and his own textbook. Figures 11–13
show the reaction of his students to these aspects.

 

Figure 11. Students’ Evaluation of the prescribed textbook.

 

Figure 12. Students’ evaluation of the recommended textbook.
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Figure 13. Students’ evaluation of the author’s proposed e-Book.

3.1.2. Lecture Notes

From the author’s experience in teaching, the author always designs his notes to be structured in
a manner that would promote a logical and elucidatory flow to help students who “get lost” in the
lecture and gives them a chance to catch up. This is achieved by inserting short problems in between
subsections, where students are asked to solve them. These questions will help students to understand
the previous slides’ contents and help others to catch up during the time reserved for such applications.
At the end of each lecture, an example ought to be given that summarizes all sections in the slides and
promotes clear understanding of the lecture.

Figure 14, results from a survey that was conducted among the author’s students, shows their
reactions, their opinions, and their ratings of the author’s lecture notes and slides.

 

Figure 14. Students’ evaluation of lecture notes.

3.1.3. Tutorials

From the author’s lecturing experience, the best way to teach students is to create a competitive
atmosphere among them and give prizes. Students love competing with each other, especially when
rewards are on offer. In order to help students arrive at the correct answers, the lecturer should ask
relevant questions. Brain-storming challenging questions makes students feel that they are in class not
just to take notes and leave, but to take part in finding solutions and being proud of that achievement.
Students should know that active participation in class and tutorials will ease their revision at home.

A survey was conducted among the author’s students to gauge their opinions and rating of his
tutorials. The results are shown in Figure 15.

14
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Figure 15. Student evaluation of tutorials.

3.1.4. Practicals

Lecturers should pay attention to the capacity of students to handle practicals [17–19].
It is very important to recognize that students come from different backgrounds and possess

different skills as a result of their secondary educational experiences. Many students come from
underprivileged places where it is hard and even impossible to get access to computers and thus
programming skills differ from one student to the other. The same is applicable to hardware practicals.

Based on the above, a practical that caters for different types of students will be fair for all of them.
In this regard, a survey was conducted among the author’s students to gauge their opinions on the
quality of his practicals and their preference of the type of practicals they prefer—hardware, software,
or a combination of both. Interestingly, although programming was the least preferable choice for
practicals, students accepted it with hardware implementation because they know that engineers ought
to improve their programming skills to be ready for industry.

Figures 16 and 17 respectively show, firstly, the ratings of his students regarding the quality of his
practicals and, secondly, their preferences regarding the three different types of practicals and their
best choices.

 
Figure 16. Students’ evaluation of the practicals.
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Figure 17. Students’ preferences for different types of practicals.

3.1.5. Class Tests

Reduced student workloads in a stress-free assessment atmosphere helps to improve throughput
rates. This can be achieved by designing assessment schemes which allow both students and lecturers
more time and flexibility to prepare for courses.

The department of Electrical and Electronic Engineering Science has changed its assessment
strategy from the traditional summative assessment model consisting of semester tests and exams to a
more fine-tuned outcomes-based continuous assessment model [20]. Each module is divided into a set
of outcomes which encompass key knowledge areas and can be regarded as a chapter with a common
theme. This system is considered to offer optimum efficiency for knowledge acquisition and serves
to demonstrate our students’ capabilities to pass all knowledge areas in each module. During the
course of the semester, students are given three small formative assessments for each module outcome.
To pass a module outcome, a student has to achieve a 50% mark in two of the assessments or a 70%
mark in one of the assessments.

The philosophy is that a student can fail one opportunity and use the experience gained to pass
subsequent assessments. The 70% threshold was instituted to allow students who have mastered
given outcomes the opportunity to demonstrate their knowledge once and then be able to focus on the
remaining work.

The author has been using outcome-based assessments since 2011. In 2015, he had the opportunity
to lecture three courses to third-year students, namely Signal and Systems (SST3A11) in the first
semester, and Digital Signal Processing (SIG3B01) and Telecommunications (TEL3B01) in the second
semester. After almost five years of using outcome-based assessments, the author decided in 2015 to
evaluate this assessment scheme and to develop an assessment scheme using different assessment
styles. This was done to avoid the heavy load caused by the outcome-based assessment and the types
of questions given to students.

In his first semester course, Signal and Systems, the author applied the departmental assessment
module, treating the practicals as outcomes on their own. The scheme for calculating student marks is
depicted in Table 2.

In the second semester of the SIG3B01 module, the author applied a different assessment scheme
from the one used with the SST3A11 module: he retained the three assessment opportunities to meet
the ECSA requirements but treated the practicals as one of the assessments. The reason for dropping
the number of assessments was because they create a heavy load on students, affect their results,
and therefore the throughput rate. Another modification was to give different varieties of assessment
that did not only focus on problem solving and derivation. He introduced a multiple-choice type
of assessment to cater for students who are not comfortable with problem solving as the only type
of assessment. Since different types of questions require different time allocations, he adjusted the
percentage of each assessment mark to the final mark. The final assessment weights are shown in
Table 3.
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Table 2. Scheme used for assessment of the SST3A11 module.

Assessments
Kind of

Assessment
Assessment Details

Assessment
Weight

Outcome Weight

Outcome A 25%

Assessment 1 Writing assessment Problem Solving and
Derivation 70% Exemption

0.7 Max 1 + 0.3
Max 2Assessment 2 Practical Problem Solving and

Derivation

Assessment 3 Writing assessment Problem Solving and
Derivation

Outcome B 25%

Assessment 1 Writing assessment Problem Solving and
Derivation

70% Exemption
0.7 Max 1 + 0.3

Max 2
Assessment 2 Practical Problem Solving and

Derivation

Assessment 3 Writing assessment Problem Solving and
Derivation

Outcome C 25%

Assessment 1 Writing assessment Problem Solving and
Derivation

70% Exemption
0.7 Max 1 + 0.3

Max 2
Assessment 2 Practical Problem Solving and

Derivation

Assessment 3 Writing assessment Problem Solving and
Derivation

Outcome D 25%

Practicals: Reports and Matlab programming

Final Mark

Average (Outcome A + Outcome B + Outcome C + Outcome D) 100%

Table 3. Structure used for assessments of the SIG3B01 module.

Assessments
Kind of

Assessment
Assessment Details

Assessment
Weight

Outcome
Weight

Outcome A 33%

Assessment 1 Writing assessment Multiple-Choice + Theory 30%

Assessment 2 Practical Report + Demonstration 30%

Assessment 3 Writing assessment Problem Solving and Derivation 40%

Outcome B 33%

Assessment 1 Writing assessment Multiple-Choice + Theory 30%

Assessment 2 Practical Report + Demonstration 30%

Assessment 3 Writing assessment Problem Solving and Derivation 40%

Outcome C 33%

Assessment 1 Writing assessment Multiple-Choice + Theory 30%

Assessment 2 Practical Report + Demonstration 30%

Assessment 3 Writing assessment Problem Solving and Derivation 40%

Final Mark

Average (Outcome A + Outcome B + Outcome C) 100%
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In the case of the TEL3B01 module, the author kept the same assessment style as for SIG3B01
but moved the practicals on their own—not as in the case of SST3A11—into a small project which
contributed a certain percentage to the final mark of the module. The idea behind this was to give
students a chance to do a separate project for submission at the end of the semester while taking
advantage of the practical allocated times to do revision or homework. This new model, to be consistent
with the ECSA’s assessment requirement, needed a third assessment. The author thus introduced a
quiz which carried a lower percentage to accommodate the rest of the assessment types. The final
assessment weights are shown in Table 4.

Table 4. Scheme used for the TEL3B01 module assessment.

Assessments
Kind of

Assessment
Assessment Details

Assessment
Weight

Outcome
Weight

Outcome A 35%

Assessment 1 Test Quiz 20%

Assessment 2 Test Multiple-Choice + Theory 30%

Assessment 3 Test Problem Solving and Derivation 50%

Outcome B 35%

Assessment 1 Test Quiz 20%

Assessment 2 Test Multiple-Choice + Theory 30%

Assessment 3 Test Problem Solving and Derivation 50%

Practical 30%

Practical Project
Report 30%

Hardware implementation 70%

Final Mark

0.35 × Outcome A + 0.35 × Outcome B + 0.3 × Practical 100%

The author conducted a survey among his students to gauge their preferences and to assess how
comfortable they were with each of the assessment types. He preferred not to rely on the results
only but wanted them to express their views on this matter to assist in improving the proposed
assessment schemes.

Figures 18–20 provide information on student choices and the type of scheme that helped to
improve their marks. Figure 18 illustrates that students prefer the assessments tool used for SIG3B01 as
the scheme that best suits an outcomes-based approach. From Figure 19, it is clear that the assessment
tool used with SIG3B01 is the one they feel comfortable with. Figure 20 shows that multiple-choice
assessment is the best tool to help students improve their marks.
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Figure 18. Student evaluation of module assessments schemes.

 
Figure 19. Student preferences for the assessment schemes.

 
Figure 20. Student preferences for different types of assessment.

3.2. Professional Moderation

This section offers an explanation of the author’s moderation philosophy in the context of
continuous evaluation of his course content by local as well as national and international colleagues,
at his request. Table 5 gives an overview of his approach, and the statistics that are offered as evidence
of his moderation.
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Table 5. Peer-module moderation.

Courses Course Material

Course Moderation

South African University International
University

Author’s University Local University

SIG3B01

• Lecture Notes

• Tutorial

• Practicals

• Textbook

Colleagues from other
departments were invited to

evaluate the lecturer’s
course material. The line

manager as the head of the
department (HOD) took part

in this process.

Colleagues from
other universities
were invited to

evaluate the
lecturer’s course

material.

Colleagues from
other countries and

international
universities were

invited to evaluate
the lecturer’s

course material.

The author has approached colleagues and academics from different departments, universities,
and countries to moderate his course material, as shown in Table 5. He tried to get a broader opinion
from academics from different backgrounds. He has asked colleagues from different departments of
his faculty of engineering. He has also asked the opinion from a line management perspective from his
head of department. He has approached colleagues from the University of the Witwatersrand, which
has very strong ties with industry, and the University of Pretoria, which has longer history than his
university. At the international level, he has approached academics from North Africa (Tunisia) and
from Europe and Asia (Italy and Oman).

The author has personally prepared a special moderation form, which was sent to the moderators
with his course containing his study guide, practical guide, lecture notes, tutorials, and his textbook.
Figures 21–23 are examples of moderation reports by academics from local and international universities.
These moderation forms were designed by himself with questions to moderate the course material as
explained earlier.

This kind of moderation is informed by his belief that lecturers should challenge themselves
to induce innovative thinking. It also builds self-confidence to know that your course material has
been subjected to expert evaluation and acknowledged by colleagues whom you respect both locally
and internationally.
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4. Discussion

In this section, we present the benefits of course moderation and teaching evaluation and their
effect on the students’ performance and class pass rate. The feedback obtained through students and
professionals is the key to improvement of teaching quality and class pass rate.

4.1. Course Evaluation

Students teaching evaluation has two major goals. The first is to evaluate the performance and
teaching quality of their lecturers and provide them with insight on what they are doing well and
how they need to improve. The second goal is to build within students’ responsibility towards their
university by taking part in the drive to improve teaching quality for the future enrolled students.

Taking into consideration the feedback from different surveys presented in the previous sections,
the author conducted a survey among students to evaluate the overall of his three courses he lectured,
Signal and systems (SST3A11), digital signals (SIG3B01) and analog telecommunications (TEL3B01).

Figures 24 and 25 are respectively students’ evaluation for analog and digital signals and systems.
The content of both courses is mainly on transforms and filters. It is clear from the figures that
students’ opinions/ratings are close for both courses, with a rate of higher than 90%. With regards
to TEL3B01 module which deals with analog modulations, the extensive theory makes the course
unattractive, different from Signals and Systems courses. Figure 26 shows students rating of more
than 80%. These results show how important is for lecturers take into consideration the feedback from
students and colleagues in order to improve his course.

 
Figure 24. Student evaluation of the SST3A11 module.

 

Figure 25. Student evaluation of the SIG3B01 module.
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Figure 26. Students evaluation of the TEL3B01 module.

4.2. Pass Rate

Asking students and colleagues to evaluate your course helps improve the course because
preparing a high-quality and friendly educational environment for students is one of the most
important factors in improving class pass rate. Students’ opinions and interaction with professionals
from local or international universities help make a course more fruitful. Providing more consultation
time and revision sessions to help students catch up with the course before examinations and helping
underprivileged students with free hard copies of lecture notes play significant roles in making the
course accessible to students.

The comparative results between the author’s modules SST3A11, SIG3B01, and TEL3B01 lectured
in 2015, and a summary of the benefit of the author’s teaching philosophy in improving the class pass
rates are presented in Figure 27.

 
Figure 27. Class pass rates of different modules.

Comparative results between the author’s modules in SIG3B01 and TEL3B01 lectured since
2010 summarizing the benefit of improving the author’s teaching skills and updating his teaching
philosophy in improving the class pass rates are presented in Figure 28.
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Figure 28. Class pass rate from 2010 to 2018.

5. Conclusions

The improvement of class pass rate was a result of the most important procedure any lecturer
should follow; receiving feedback. Feedback in education, whether from students or professionals,
helps tremendously in improving the teaching and learning skills of any lecturer. Feedback on the
teaching style and skills, teaching philosophy followed by the lecturer, and quality of the course
material contribute enormously to the improvement of the quality of the course, the quality of the
teaching environment, and thus the improvement of classes with low pass rates.
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Abstract: The field of engineering education has adapted different theoretical frameworks from
a wide range of disciplines to explore issues of education, diversity, and inclusion among others.
The number of theoretical frameworks that explore these issues using a critical perspective has been
increasing in the past few years. In this review of the literature, we present an analysis that draws
from Freire’s principles of critical andragogy and pedagogy. Using a set of inclusion criteria, we
selected 33 research articles that used critical theoretical frameworks as part of our systematic review
of the literature. We argue that critical theoretical frameworks are necessary to develop anti-deficit
approaches to engineering education research. We show how engineering education research could
frame questions and guide research designs using critical theoretical frameworks for the purpose
of liberation.

Keywords: critical theoretical frameworks; anti-deficit approach; engineering education research;
critical pedagogy

1. Introduction

While critical theoretical frameworks are being used to challenge social practices and belief
systems in engineering [1,2], there is a need to dig deeper into the consequences of research whose
foci and approach situate underrepresented students as “deficient”. Deficit perspectives prevent
many underrepresented students and educators from participating in important learning and teaching
activities, which further disadvantage students in fields such as engineering [3]. For example, deficit
perspectives discourage bilingual children living in high poverty communities from participating in
active learning opportunities [4,5].

Ironically, and unfortunately, researchers seeking to understand issues of inclusion, diversity,
and retention of underrepresented students could inadvertently ask research questions that focus on
the deficits of such populations rather than on their assets [6,7]. Despite deficit perspectives being
presented in the literature as lacking empirical validation, research around these beliefs continues to
pervade and results in unintended yet dismal consequences on educational practices [6–8].

At the foundation of these deficit perspectives lies the idea that students possess motivational
and cognitive deficits. Thus, research that analyzes underrepresented students through deficit-framed
questions may perpetuate the idea that these students, particularly students of color and from
minoritized groups, have several “needs” [9]. A deficit approach limits the type and forms of
interventions that could be tailored to the unique contexts and situated in societies that these students
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are a part of. To counter this deficit narrative in engineering, it is necessary to pose questions and design
studies that provide a better understanding of students’ constructed world [9], and how “students of
color persist and successfully navigate” [10] (p. 67) different engineering pathways.

Traditional scholarships have been normed by epistemological perspectives that have failed to
examine structures of domination and oppression in educational settings [11]. As such, there is a
need for more diversity in the methods and theoretical frameworks used in engineering education
to frame and design research studies that challenge deficit models and center on the assets of
underrepresented students rather than their deficits [12]. This study presents ways in which critical
theoretical frameworks can be used in fields like engineering education following Freire’s principles
of critical andragogy and pedagogy [13]. Engineering education was selected for this study due to
its recent inception into the research realm [14–18] and due to its normative, hegemonic (primarily
composed of white, male, and middle class), and reliance upon meritocratic ideologies [15,16,19–22].
In addition, the study outlines the characteristics of anti-deficit scholarship, and describes the
implications of connecting reflection, practice, and research to achieve transformative changes in
engineering education.

2. Positionality

Educators must reflect into their own biases and limitations and disengage from framing questions
that may potentially lead to unintentional promotion of deficit perspectives. Awareness through
reflection is the first step to engage in both pedagogical and andragogical research practices that counter
such perspectives [23,24]. Critical reflection, in particular, is crucial because it can uncover the power
dynamics that exist in engineering education, and can help to challenge hegemonic assumptions about
students [25]. Thus, researchers must frame questions in terms of power, privilege, and oppression,
while engaging in critical reflection [1,26].

The research team encompasses minoritized populations in engineering and engineering
education research whose asset-based approaches have helped them excel in engineering. As being
placed in positions of power and authority through their existing roles as university faculty at
research and teaching institutions, it is the authors’ belief that bringing to light this analysis will
further encourage future populations of underrepresented and minoritized populations in engineering,
via newly informed educational practices, to succeed and persist in the field.

The research team also posits that communities of color and other minoritized groups
(e.g., LGBTQ) deserve to be validated and acknowledged by the general and engineering education
community. These communities have a wealth of knowledge, skills, and practices that are very rich
and powerful [27]. Their meaning-making practices cannot and should not be silenced, sanctioned,
nor neglected [9,27]. A different worldview of engineering is not a “deficient” interpretation of
engineering [27], but a manifestation of the cultural, historical, and social richness of communities of
minoritized groups (including but not limited to people of color). Thus, asset-based approaches create
the bridges necessary to merge both the formal and informal spaces while acknowledging the lived
realities and embodied knowledge of students of color and other minoritized groups in engineering.

3. Theoretical Framework

3.1. Concientização and Praxis

Freire argued that reflection is necessary because it seeks to overcome the alienating and
dehumanizing situation of many individuals [28,29]. A lack of reflection prevents individuals from
forming the cognitive and motivational tools needed to liberate themselves from the conditioning and
historical factors that hinder their development [13,28,30]. Transformative changes cannot be achieved
unless there is a combination of action built upon reflection, or concientização [1,13], and a theory
merged with action, or praxis [1,13].
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Concientização involves three phases of what the individual goes through to achieve liberation:
(1) Magical, (2) naïve, and (3) critical. The magical phase is characterized by being in a state of
impotence where the individual is unable to do anything about their situation, which was created by
the system. As such, the individual is controlled by outside forces (the system or social structure that
they are part of) that are simply viewed as causality to the individual’s situation [23]. The naïve phase
is characterized by a meek understanding of one’s situation within the system but with the internalized
certainty that one is not capable of changing it. The individual accepts that there are aspects of their
life within their reach and others that are not within their reach. The critical phase involves uncovering
factors that make individuals different, and due to this distinction, they are able to understand the
ways in which the system can be unfair. During the critical phase, individuals realize that the system
can be transformed by removing oppressive ideologies and reclaiming power for the benefit of the
community [13,28].

For Freire, concientização was always inseparable from liberation. The liberation process is
characterized by dialogue [30] and concientização is the ability to hold the most critical possible view
of reality [23,28]. In the model presented in Figure 1, liberation is reached when there is a combination
of theory developed from reflection (e.g., scholarship), action guided by theory (e.g., praxis), and
action based on reflection (e.g., concientização). Liberation is also believed to be characterized by
radically transforming praxis, and should be understood as a pedagogical method of liberation of
oppressed people, although it can be generalized to all types of education and to all types of society,
poor or developed [23]. Thus, theory development that is done through reflection leads to scholarship;
action that takes into consideration the theory developed can evolve into praxis; and action based on
reflection develops into concientização.

Figure 1. Proposed critical consciousness approach by the authors; model was adapted and expanded
upon Freire’s principles of critical pedagogy [13].

3.2. Critical Theoretical Frameworks

According to Horkheimer [31], there is a distinction between traditional and critical theory.
Traditional theory seeks to only understand or describe society, while critical theory seeks to critique
and change society. Critical theory recognizes the complexity of social processes and its main task is
“to reflect upon the structures from which social realities and the theories that seek to explain it are
constructed” [32] (p. 139). Critical theory seeks not only to critique society but also to provide the
foundation to transform society as a whole [32]. From its origins in the Frankfurt School and its focus
on a criticism of modern social structures [32], critical theory has continued to grow and contribute to
the bases for inquiry in other fields such as sociology and education [33–35], pedagogy [13,28,30,36–40],
andragogy [41], and other areas including feminism, law, and social sciences [42–51].

30



Educ. Sci. 2018, 8, 158

Critical theories not only describe and critique complex social constructions, they also explore
the circumstances that lead to oppression. For instance, Critical Race Theory (CRT) emerged from
legal scholarship to provide an overview of the permeation of racism through the legal system [48].
Eventually, scholarship in education integrated CRT to examine and challenge the traditional
paradigms that exist in the educational system [37], and analyze how inequalities in schools are
the result of a racialized society [39]. CRT has been used as a framework to describe the experiences of
students of color in hegemonic spaces, to counter dominant paradigms and narratives, and to better
understand the role of agency and empowerment of the oppressed [11,52,53].

Thus, critical theories have been used to provide new perspectives and advocate for an approach
that is not primarily positivist or that uses methods to classify the social world in an objective way with
causal connection [53–55]. These theories illustrate the ways in which context, gender, culture, society,
and other factors can be studied through a critical lens, in order to achieve equity. The impact of critical
theories in engineering education could potentially address the problems of underrepresentation in the
field by challenging its uninterrogated and institutionalized norms. Nonetheless, using these critical
lenses to understand the experiences of underrepresented students in engineering could be detrimental
if praxis (the fusion of theory and action) and concientização (action based on reflection) are not
achieved [13]. Thus, understanding how to appropriately use critical theoretical frameworks could
help scholars and educators analyze the engineering climate, its impact on minoritized populations,
guide future research, and provide an opportunity to further improve the ways in which engineering
can become more inclusive instead of superficially diverse.

3.3. Anti-Deficit Framework

Harper [10] provided a framework that redefines how research questions in science, technology,
engineering, and math (STEM) research are framed. He argued that traditional scholarship
encompasses a considerable amount of emphasis on “understanding how [underrepresented students]
managed to acquire various forms of capital they did not possess upon entry” to different STEM
fields [10]. Harper sought to invert the logic of traditional research studies in STEM education by
asking questions such as “what do students of color have?”, rather than “what do students of color
need?”. In this way, asset-based approaches promote learning in meaningful and relevant ways while
challenging deficit-thinking models.

Aligned with Harper’s views, the authors of this paper posit that critical theoretical frameworks,
particularly in engineering education research, should explore how reflection, theory and action merge
to not only achieve concientização but also praxis. Furthermore, through an anti-deficit approach,
educators, students, researchers and their intended participant populations can experience liberation
from oppressive forces and their scholarship can serve as a tool to promote this freedom.

As illustrated in Figure 1, the integration of the three concepts of critical pedagogy (theory,
reflection, and action) presented by Freire [13] can help conceptualize a new approach to fields like
engineering education research. This model was built upon Freire’s conceptualization and synthesis of
critical pedagogy to show visually how scholarly work can be driven by critical theoretical perspectives.
At the intersection of theory and reflection is Scholarship—a state where the scholar has a deep
understanding of their reflexivity as a researcher and educator and uses critical theory to inform
and conduct research. At the intersection of reflection and action is Concientização—a state where
the scholar has a deep understanding of their reflexivity as a researcher and educator, and enacts it
not only in research but also in other forms of scholarly work (e.g., advocacy, programs, teaching,
service). At the intersection of theory and action is Praxis—a state where the scholar uses critical
theory to inform their scholarly work (e.g., research, advocacy, programs, teaching, service). At the
intersection of theory, reflection, and action is Liberation—a state where the scholar has reached critical
consciousness in all aspects (i.e., theory, reflection, and action) and enacts critical consciousness in all
aspects of their work.
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The following study describes how the authors investigated the ways in which engineering
education research that has used critical theoretical frameworks in their design has yet to detach itself
from research questions framed in a deficit-oriented manner. We focused on studies that utilized
critical theoretical frameworks since the foundation of this type of research is to critically analyze
how oppressive systems are created and to provide empowerment and liberation for those who are
marginalized [13,28,36,52,53].

4. Methodology

4.1. Research Design

This study is built upon larger and more comprehensive study conducted by the research
team [1,26,56]. The research team applied qualitative approaches, specifically Critical Discourse
Analysis [57], to the analysis of the literature, and applied an interpretive philosophical lens to the
findings [58,59]. As indicated by Fairclough [57], Critical Discourse Analysis “takes particular interest
in the relation between language and power” (p. 2). Part of using language in particular ways
through scholarship is to produce representations and social process and practices that shape specific
discourses [57]. Thus, Critical Discourse Analysis was used to assess how engineering education,
as an emerging field, has embraced the adoption and application of critical theoretical frameworks.
In addition, the intent of the analysis was to identify how the use of critical theoretical frameworks
guided the research directed primarily at minoritized populations.

4.2. Review Questions

The central review questions that guided this study included:

1. What are the common types of critical theoretical frameworks used to study underrepresented
populations in engineering education?

2. How are these critical theoretical frameworks used in within research methodologies for these
engineering populations?

4.3. Systemic Literature Review

A systematic literature review was conducted as recommended by Khan and colleagues [60]
where the authors derived from our formulated review questions, identified relevant studies, selected
studies that fit the inclusion criteria, appraised the quality of the research studies, and summarized
the evidence by use of an explicit methodology. Based upon our research questions, relevant studies
were identified through the following databases: ERIC, IEEE Xplore, Journal of Higher Education,
Journal of Engineering Education, ASEE PEER, Journal of Women and Minorities in Science and
Engineering, and the Journal of STEM Education. The descriptors “critical theory”, “underrepresented
minority”, “critical race theory”, “feminism”, “conciencia”, and “intersectionality” were used to locate
primary sources. These descriptors were also used in conjunction with other descriptors such as
“underrepresented populations”, “Latino”, “Hispanic”, “African American”, “Native American”, and
“women” as these are all underrepresented populations in engineering [61].

Several articles were identified as potential sources of information, but to assess their quality,
only articles that met the following inclusion criteria were reviewed: (1) Published between 2005 and
2016; (2) listed critical theoretical frameworks as one of the lenses for analysis; and (3) investigated
K-16 academic engineering education. The papers were divided into the types of critical theoretical
frameworks listed in the different manuscripts identified. In total, there were 33 articles reviewed
that represented a wide variety of critical theoretical frameworks. Of those 33 articles, only 28 clearly
identified the type of critical theoretical framework used. The other five articles simply indicated that
the frameworks used or developed were “critical”. Each article was reviewed by at least one of the
four authors in detail using an agreed-upon coding sheet.
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To summarize the evidence found in these identified articles, a coding sheet was developed
based on the characteristics significant to each study evaluated. These categories on the coding sheet
included identifying the purpose of the study, the research questions, the methods used, the type of
data collected, the population involved in the study, and relevant findings. Additionally, we used our
adapted Freirian critical consciousness model (Figure 1) to understand the ways in which the critical
theoretical frameworks were used in these publications. After reviewing the articles, we synthesized
the preliminary findings and patterns each author saw in their respective notes. The lead author
reviewed the notes and preliminary findings to guide the final review.

After the articles were analyzed, the authors developed a representative table of different ways
in which the articles framed the research questions. These representative examples were not taken
verbatim, but rather synthesized to illustrate how critical research in engineering education can reframe
deficit-oriented to anti-deficit questions, as indicated by Harper [10], when guided by critical theory.
In addition, we identified Freire’s principles of critical pedagogy [13] that were emphasized in the
studies to describe how critical theoretical frameworks in engineering education are primarily enacted.
In the Results section, we illustrate how we reframed representative research questions posed in the
engineering education research studies reviewed and the intersecting principles (theory, reflection,
and action) highlighted by the studies analyzed.

4.4. Limitations

While this study was conducted on work related to engineering education, it is possible that
the authors may have omitted research studies on “STEM” that may have included engineering
populations. Furthermore, it is recognized that by selecting publications from 2005 to 2016, we may
have omitted earlier studies in engineering. However, the focus of this work was to explore the
state-of-the-art of these types of studies in engineering education. Finally, we want to acknowledge
that some of the studies reviewed used more than one critical theoretical framework (e.g., Community
Cultural Wealth and Funds of Knowledge). However, within our inclusion criteria, we focused on
studies that used at least one critical framework and did not analyze the impact of those that may have
used a combination of these frameworks.

5. Results

The articles identified in the systematic literature review illustrates the growing number of studies
that employed a critical theoretical framework by the engineering education research community to
explore the histories and experiences of underrepresented populations in engineering. As shown in
Table 1, most of the studies incorporated feminist theory (and its variants of feminist thought such as
Womanism and Mujerismo) or CRT to analyze the social dynamics in engineering. Other common
types of critical theoretical frameworks included intersectionality, community cultural wealth, funds
of knowledge, and Bourdieuian frameworks.

The variety of critical theoretical frameworks indicated the openness and effort from the
engineering education research community to integrate theoretical lenses to challenge the status
quo. However, in terms of praxis, several studies did not combine theory and action while engaging
with minoritized groups to ask deeper questions related to power, oppression, and normative practices.
Asking critical questions that challenge systems of oppression comprises one of the requirements of
critical theoretical frameworks for engineering education. For example, the majority of the papers
provided insights and implications for the work but seldom was there evidence of researchers taking
actions to fight alongside the participants. Freire argues for the need for revolutionary educators to
“fight alongside the people” and not just to ‘win the people over’ [13] (pp. 94–95).

In answering the review question on how critical frameworks were being used, the authors noted
the language used in the research questions and throughout the introductory sections to describe the
experiences of these underrepresented groups in engineering. For instance, many of these studies
focused on describing a “deficiency” first (e.g., the lack of language proficiency or immediate support
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networks), rather than a characteristic that these populations could “voice” to challenge deficit models,
or describing the normative bases and structure for social/educational inequity. The results of some
of these studies indicated that students of color “lacked” family support networks or role models, or
disregarded the fluidity of identity formation [1,26]. In addition, the language used in many of the
research questions were also framed with a deficit perspective. Representative paraphrased examples
of these research questions are included in Table 2 along with examples of ways in which these research
questions could be reframed using an anti-deficit and critical theory-guided approach. While Table 2
provides only representative paraphrased examples of research questions, the authors noted that all
of the articles reviewed asked questions that were driven by Scholarship—the intersection of theory
and reflection. The lack of Praxis or Concientização in these studies suggests a need to explore these
further in engineering education research. Few, if any, papers provided anti-deficit research questions
or frameworks.

Table 1. Frequency of critical theoretical frameworks used in engineering education research from 2005
to 2016 addressing underrepresented minorities.

Critical Theoretical Framework Population Addressed Frequency of Studies

Critical Race Theory Asian Americans, African Americans, Latinxs 5

Feminist Theory (including the variants
mujerismo and womanism) Women 5

Intersectionality Theory Women 5

Community Cultural Wealth Latinxs, African Americans 4

Funds of Knowledge Latinxs, First-generation students 3

Identity Theory First-generation students 2

Burdieuian Frameworks (e.g., social capital,
cultural capital, habitus, socialization)

African Americans, Latinxs, Asian Americans,
White women 2

Critical Agency Dominant and non-dominant groups
in engineering 2

Not clearly identified or defined Dominant and non-dominant groups
in engineering 5

Table 2. Representative paraphrased examples of research questions analyzed in the systemic review
of critical engineering education research.

Deficit-Oriented Questions Anti-Deficit Reframing Critical Theory Guided Questions

To what extent do Black engineering
students participate in engineering
extracurricular activities?

What stimulates Black engineering
students to participate in engineering
extracurricular activities?

How do engineering extracurricular
activities promote Black engineering
student participation?

Why do Latinx students leave the
engineering pipeline?

What compels Latinx students to
persist in engineering despite the
institutional challenges?

What institutional challenges
prevent Latinx students to persist
in engineering?

Why are Native American students
unprepared for engineering courses?

How do Native American students
overcome educational disadvantages?

How are institutions responsive to
varied levels of educational preparation
for Native American students?

Why do students of color not pursue
graduate degrees in engineering?

What are the typical pathways toward
doctoral degrees for students of color?

What aspects of graduate education in
engineering reinforce inequality for
students of color?

The systemic review indicated that critical theoretical frameworks are being used in engineering
education primarily for the sake of theory development for either research or practice. For example,
only one of the articles reviewed used principles of participatory action research methods where
participants were partakers of actionable outcomes with the researchers to pursue their study. Based
on our model, such an approach for research was the only example we found in our review of Praxis.
In general, the studies did not take a critical stance on how engineering knowledge is constructed, who
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participates in engineering, and who decides who becomes an engineer. In terms of critical pedagogy,
few studies questioned how to empower students of color (e.g., concientização) or considered taking
action and working alongside the students (e.g., praxis) to de-colonize and re-inhabit their spaces,
including all of these different domains that students of color inhabit.

The rationale or motivation to study minoritized populations in engineering was also reviewed
to determine how critical theoretical frameworks were being adapted and applied when working
with these populations. The analysis indicated that most studies focused on a deficiency-driven
perspective. This type of research framing provides a narrow view of minoritized populations that
can eventually become part of a larger dominant discourse in engineering. For example, there was a
predominant notion that students (particularly low-income, underrepresented students) fail in school
because such students and their families experience deficiencies that obstruct the learning process
(e.g., lack of motivation and inadequate home socialization). Unfortunately, some of these studies did
not interrogate power structures and epistemological frameworks that perpetuate this narrative.

One emergent finding to note was that few studies considered how different identities intersect.
For example, one of the studies was aimed to study feminist theories and intersectionality in
engineering, but upon closer examination, the population did not include literature or rationale
for not including international and national non-English language women participants. In several
studies, the term Hispanic was mentioned as the population of study, yet there was no distinction
between this definition and Latin@/Chican@ nor were there references about the community,
demographics, language, culture, etc., that would precisely “de-cluster” these groups [26]. The same
applied for engineering education research on Native American and African American populations
whose demographics, origins, and sub-cultures were not considered. Neither example provided
several implications for the study but failed to suggest strategies to challenge power structures to
dismantle oppression of people of color in engineering. The latter finding was seen across all other
manuscripts reviewed.

Finally, none of the studies reviewed paid significant attention to the historical contexts of the
populations studied. The context provided was limited to the sample of the population studied (e.g.,
traditional age, women, and residential) or institution studied (e.g., private, predominantly white).

6. Discussion

The systematic literature review demonstrated that, although research in engineering education
is increasingly adopting critical theoretical frameworks, the intended outcomes of using critical
frameworks, such as Concientização and Praxis [31,62], are not being addressed, and as a result,
the research does not achieve Liberation. Most of the studies analyzed in this systematic literature
review focused on a combination of theory and reflection to produce Scholarship. It is important
for engineering education researchers to take into consideration all principles of Freire’s critical
pedagogy [13] in order to achieve Liberation, which is the state at where a scholar has reached critical
consciousness. This action requires integrating all elements of the proposed model (Figure 1).

The findings positioned the authors of this paper to question if selection of critical frameworks
for engineering is effectively describing the lived experiences of marginalized groups or achieving the
outcomes established by these frameworks. As more and more studies in engineering begin to focus
on other dimensions of underrepresentation such as language, immigration, ethnicity, culture, identity,
phenotype, sexuality, among others, it will be important for educators/researchers to have a targeted
lens when exploring these complex yet important phenomena.

As future uses of critical frameworks in engineering continue, it will be important to consider more
purposeful sampling of these underrepresented and minoritized groups. Limiting sampling methods
and approaches in critical analysis work could be detrimental to the goal of praxis and concientização,
and risk the unintended invalidation or belittling of cultures, languages, and experiences, and never
reach the liberation the research intends to achieve.
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7. Conclusions

While a robust corpus of literature exists on engineering education research that utilizes critical
theoretical frameworks, deficit models still persist in how research is framed, thus normalizing
the idea that students of color have several “needs”. Re-imagining engineering education from an
asset-based approach has a strong propensity to develop a knowledgeable citizenry who understands
the importance and value of our human constructed world, while validating and acknowledging
the contributions of people of color and minoritized groups to engineering. As a field dominated by
hegemonic practices and norms, engineering is a field that greatly needs critical perspectives that
could help deconstruct dominant discourses—the combination of language, tools, actions, interactions,
technologies, processes, beliefs, and values [63]. The Critical Discourse Analysis approach used in
this study highlights the importance of dismantling language and power in traditional scholarship
in engineering education. Particularly, it is important to analyze how engineering education may
reproduce specific discourses that perpetuate deficit models through deficit-oriented questions and
practices. For example, some of the studies included in this review chose to use the word “critical” as a
way to describe individual reflexive processes and differences between individuals (primarily people
of color and minoritized groups), rather than looking at systems of oppression. There is an underlying
assumption that “critical” means being descriptive and reflexive of specific phenomena rather than
working through positionality to challenge systemic and institutionalized forms of oppression.

8. Implications/Recommendations

After a careful analysis, the authors opted to take action on this paper by developing a series
of guiding questions that can help researchers combine all principles of critical pedagogy to achieve
liberation for minoritized and underrepresented groups in fields like engineering. As listed in Table 3,
sample questions were re-written in a way that considers how praxis and concientização can be
accounted for in addition to scholarship for the goal of liberation. It is important to note that throughout
the process, some type of member checking needs to take place so that the researchers share their
understanding of the results with the participants in an effort to enhance the credibility of findings
and trustworthiness [64]. It is important to reflect on each other’s understanding of the phenomena
being studied, revise the results, take action, and co-create theory together to achieve liberation. These
guiding questions are not intended to be prescriptive, but rather to be considered by researchers
who are interested in using critical theoretical frameworks for the study of minoritized populations
in engineering.

Table 3. Guiding questions for researchers using the adapted model of Freire’s principles of critical
pedagogy from Figure 1.

Freire’s Principles of
Critical Pedagogy

Theory Action Reflection

Scholarship

Is this theory critical and am I
considering the political,
cultural and historical factors
that play a role into
the research?

In what ways is my research and
my relationship with the
participants ensuing that a
liberating action will occur?

What is my positionality?

Praxis
Are the theories that I am
trying to explore achieving the
intended goal?

How do I ensure that my research
results can be easily translated
into practice?

How am I reflecting upon my role
as a researcher in the context of
the phenomenon/population I am
trying to explore?

Concientização Does the theory used assume a
deficit or anti-deficit approach?

What are my assumptions about
the community and the
phenomenon?

In what ways was I mistaken
about the population or the
phenomenon I explored?

Liberation (e.g., for
participants)

How can I make sure the theory
development in my work is
liberative and co-created with
participants?

In what ways am I allowing
participants to take action
alongside me in order to achieve
liberation from the obstacles that
prevent action from occurring?

In what ways am I allowing for
participants to reflect with theme
about the research findings and to
co-construct these narratives
together?
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Furthermore, for researchers interested in conducting work in fields like engineering, reflection,
theory, and action should not be seen as separate from each other. Another element to consider is that
critical researchers do not only describe an event or experiences; they ask questions of power, privilege,
and oppression. Engineering is situated against historical underrepresentation of people of color in
STEM [65]. If engineering forms from culture and practices, it is a challenge for students of color and
other minoritized groups who want to become part of the dominant culture because of what they have
to sacrifice, especially when dominant paradigms and deficit models are disseminated through the
work of engineering education researchers.

In addition, we cannot separate out the epistemic knowledge from ontological aspects of identities
and the realities of minoritized and underrepresented students’ everyday lives. For instance, identity
work is longitudinal and requires recognition from others. Students start to perform as engineers
throughout their educational experiences; however, those experiences are laminated longitudinally.
Instead of focusing on the actual student identity or experiences, how can we begin to change the
environments? How do we create the spaces in which students are allowed to participate, and redefine
and reimagine the notions of what participation means?

Finally, although it was unclear what the researchers’ intentions were in pursuing critical research
in engineering education, we maintain that there are changes that need to be made for future studies.
It is important to engage in critical reflection while the research is being conducted. If the idea is to
incorporate critical theoretical frameworks in engineering education research, it is imperative that the
researchers include methods that incorporate strategies to “fight alongside” [13] (pp. 94–95) students
of color. Borrowing from Freire’s work [13], we use the phrase “fight alongside” purposefully to
propose a stance where researchers/educators/scholars take a liberated perspective into all of their
work. Using such a stance implicates that researchers take an approach that is not just theory-based,
but also incorporates reflection and action. We note that from our review, we found most studies
were limited to Scholarship (i.e., intersection of theory and reflection) and lacked the action tenet.
Additionally, there is no accountability on the methods in which praxis and concientização are
achieved. We recommend that research that integrates critical theoretical frameworks include sections
on methods, positionality, and reflection that allow the readers to learn more about how to create and
sustain transformative approaches.
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Abstract: The purpose of this study was to develop e-learning activities that could facilitate the
integration of sustainability concepts and practices in engineering and chemical education. Using
an online learning management system (LMS), undergraduate students in an applied chemistry
program at a public university in Zimbabwe participated in an online discussion on the role of
chemical reaction engineering in achieving environmental sustainability goals. In the second activity,
the students were instructed to prepare a design report for a cost-effective and innovative wastewater
treatment plant for a rural hospital. The design report was evaluated through peer review online.
Quantitative and qualitative analyses were performed on the two online activities to evaluate student
engagement, quality of responses and the incorporation of sustainability into their learning. In the
online discussion, 97 comments were made averaging 120 words per comment. Furthermore, the
students averaged 3.88 comments, with the majority of comments exhibiting simple and complex
argumentation, a deep reflection and widespread use of terms associated with sustainability such
as recycling, pollution, waste and the environment. Furthermore, the evaluation of peer reviews
revealed that participants demonstrated they could identify the strengths and shortcomings in the
design reports. Therefore, this study demonstrated that e-learning, particularly peer review and
online discussion, could help chemistry and engineering students appreciate the need for chemical
and engineering activities that encourage sustainable development.

Keywords: sustainability; Green Engineering; curriculum development; chemical education;
engineering education

1. Introduction

The discharge of chemicals in to the environment and an excessive consumption of natural
resources contributed to several global challenges such as climate change, loss of biodiversity, pollution,
health risks and pollution [1–7]. In fact, the chemical industry is responsible for the discharge of 98% of
CO2 into the atmosphere, consumption of 78 % of energy, and production of 80,000 different chemicals
per year. Thus, there is need for the chemical industry to incorporate sustainability from product
development to marketing as well as the end of its life cycle. Sustainability helps to decrease natural
resource depletion and chemical discharge in the environment, while increasing the product’s economic
and social benefits [8]. Engineers and industrial chemists are involved in the discovery, design,
development, distribution, and disposal of products. Since they are the primary problem-solvers in
the chemical industry, engineers and industrial chemists should have a demonstrable competency in
sustainable development [6]. They play a crucial role in finding sustainable solutions of a chemical
process at molecular, product, unit operation and plant level by analyzing its environmental, economic
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and societal impact. Educators play a critical role in ensuring engineers and industrial chemists
acquire the essential knowledge, values and basics pertaining to sustainable development. Therefore,
sustainability concepts and practices should be introduced into the engineering and chemical education
curriculum to equip future chemical industry leaders.

Several engineering societies—including the American Institute of Chemical Engineers, Australia
Engineers, Engineers Canada and the Institution of Chemical Engineers—now consider sustainability
concepts and practices key engineering competencies (Table 1) [9]. For example, one of the guidelines
from Engineers Canada states that engineers “should seek and disseminate innovations that achieve a
balance between environmental, social and economic factors while contributing to healthy surroundings
in the built and natural environment” [10]. However, engineers can become more skillful in addressing
environmental, economic and societal problems in a sustainable way through education. For that reason,
in 2005, the United Nations (UN) established the Decade of Education for Sustainable Development aimed
at (1) promoting quality education through teaching and learning sustainable development and (2) helping
countries attain the millennium development goals (MDGs) through sustainability education [11]. In 2015,
the UN further acknowledged the role of education in sustainability via the sustainable development
goals (SDGs), SDG 4 in particular [12]. Therefore, it is expedient for higher education practitioners to
impart sustainability skills, knowledge and values to future engineers and industrial chemists through
the integration of sustainability in engineering education [13,14].

Table 1. Engineering Competencies associated with sustainability.

Engineering Bodies Competencies

Engineers Canada

C. Conduct engineering activities with an awareness of the associated risk and impact to
protect the society, economy and the environment.

• Keep all legislation, regulations, codes and standards associated with sustainability.
• Identify and assess the negative and positive impacts of all engineering activities.
• Identify hazards through evaluation of all safety concerns and the risks of the

engineering activities in order to address or mitigate them.
• Report all the safety concerns and mitigation strategies to relevant decision-makers.

UK Engineering Council

E3 Undertake engineering activities in a way that contributes to sustainable development.

• Operate and act responsibly, taking account of the need to progress environmental,
social and economic outcomes simultaneously.

• Use imagination, creativity and innovation to provide products and services which
maintain and enhance the quality of the environment and community and meet
financial objectives.

• Understand and secure stakeholder involvement in sustainable development.
• Use resources efficiently and effectively.

United States
Department of Labor

Tier 4. Meet the needs of the present without compromising the ability of future
generations to meet their own needs.

• Emphasize reducing waste and resource usage while improving efficiency.
• Integrate profitability, environmental stewardship and social responsibility.
• Ensure industrial processes are designed to reduce adverse environmental impacts.
• Leverage technological advances to improve efficiency without compromising

the environment.

Engineering Australia

PE2.2 Understand the social, cultural, global and environmental responsibilities of
engineers and the need to employ principles of sustainable development

• Understand the interactions and relationships between engineering activities and the
social, cultural, environmental, economic and political context they operate.

• Appreciate, develop and maintain safe and sustainable systems.
• Perform multidisciplinary interactions to broaden knowledge, attain

cross-disciplinary goals and maximize integration of engineering activity in the
whole project.

• Understand economic, societal and environmental risk.
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2. Theoretical Background

Several innovative solutions have been used to embed sustainable development in engineering and
chemical education. The methods ranged from university-, teacher-, curriculum- and student-oriented
approaches. In university-oriented approaches, the leadership created sustainability policies that would be
integrated into all activities conducted at the university [15]. For example, the University of Johannesburg
employed an innovative management strategy that involved regular planning, policy formulation,
brainstorming and benchmarking sessions focused on implementing sustainability goals across the
campus [16]. Although ideal, such an approach is difficult to translate to student activities in the classroom
without proper teacher training and resources, hence the teacher-oriented approach. There are four
approaches that have been identified concerning integrated sustainability in teacher training and these are:
(1) diffusing sustainability concepts throughout the curriculum, courses and campus; (2) introduction of
dedicated compulsory sustainability subjects; (3) introduction of dedicated sustainability elective subjects;
and (4) including a sustainable development component in a core/compulsory subject [17]. The same
approaches used in incorporating sustainability into teacher training are often used in curriculum-oriented
approaches [18]. In addition, educators have incorporated sustainability into undergraduate laboratory
classes by developing experiments and incorporating practices that promote sustainability such as
the analysis of bioethanol [19]. using reagents extracted from plants [20]. and implementation of an
environmental management system [21]. However, development of a new degree program, course (or
class module) or laboratory experiments might be time consuming and costly, particularly in low- and
middle- income countries. For that reason, student-oriented approaches, which focus on what the student
does, offer an easier and less expensive way for embedding sustainability in engineering education.

Inquiry-based learning methods are the most widely used technique for embedding sustainability.
They encourage active learning, as the student takes ownership of their learning thereby promoting
the development of higher level thinking skills imperative in sustainable education [22]. A common
example of inquiry-based learning employed in engineering education are final year undergraduate
research projects. Individual or team research projects are help the students develop and appreciate
key engineering competencies [6].Thus, research projects offer a critical bridge between the university
and workplace [6,23]. Although integrating sustainability in engineering education is important,
there is need for the educator to engage in pedagogical reflection [24]. The objectives of the
pedagogical reflection should include establishing the level of understating the learner achieved
and the sustainability concepts and practices the learner remembered. Student responses in online
activities can be a valuable resource for pedagogical reflection. For example, sustainability encompasses
environmental, social or cultural, stakeholders, politics, economic and scientific and multi-disciplinary
aspects. Through analysis on the students’ responses and grouping the words they used into the
six categories would help establish whether the students grasped the interdisciplinary nature of
sustainability [24]. An LMS such as Canvas could make it easier to engage in pedagogical reflection as
the educator can make formative assessment activities available online.

The increase in internet penetration rate across Africa in the past decade has made e-learning
a viable tool for integrating sustainability in higher education [25]. Although e-learning can be
challenging in Africa due to student and teacher perceptions and a lack of resources, several studies
have found e-learning could improve student engagement and retention as it encourages social
interaction and sharing of documents [26,27]. Furthermore, e-learning can be used for harnessing
intellectual capital through international collaborative learning [25]. Learning management systems
(LMS) used in e-learning such as Canvas, Blackboard and Google Classroom often have features that
can be used to measure student engagement. The frequency, duration and regularity with which
students use the LMS features can be used to measure student engagement [27]. For example, in a study
on cultural and social views on learning, researchers used Canvas, as a platform for measuring social
interaction among learners in an online discussion [26]. In an organic chemistry course, peer evaluation
of class presentations using Blackboard was shown to help students acquire critical skills in effective
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communication while encouraging student engagement and interest [28]. Therefore, e-learning can be
a useful tool for incorporating sustainability into engineering and chemical education.

Research Question

The study aims to explore the use of e-learning in embedding sustainability concepts and practices
in engineering and chemical education. Furthermore, the study aims to develop inquiry-based learning
approaches using an online LMS. Hence, the research questions, in context of process engineering, are:

1. How does an online discussion on sustainable development in Zimbabwe foster
student engagement?

2. To what extent does online discussion and peer evaluation promote sustainability conscious
critical discourse and reflection?

3. Methodology

3.1. Classroom Description

This study was conducted in two process engineering courses over two semesters at a public
university in Zimbabwe. The courses comprised of two 120-min lectures each week and three 60-min
office hours each week. The enrollment for the courses consisted of final year students studying
physical sciences only. The online discussion was conducted over six weeks and the design experiment
over two months. Students evaluated the design report of their peers. The students had varying
experiences in e-learning. However, none of the students had previously enrolled in a course that used
an LMS such as Canvas. Data were collected for 26 students, representing those students who engaged
in the discussion and peer evaluation.

3.2. Instructional Strategy

The engineering competencies aligned to sustainability require a high level of knowledge such as
designing, creating and integrating [29]. Several studies found that online discussions can encourage
critical thinking [30–32]. Therefore, in this study an online discussion was developed that had learning
outcomes that addressed the engineering competencies aligned to sustainable development. The discussion
question focused on the role of chemical reaction in promoting sustainable development in Zimbabwe. The
question was relevant and connected with the students, thus encouraging them to take responsibility for
their learning. The second activity required the students to design a wastewater treatment plant for a rural
hospital. However, as the future engineers and industrial chemists, the students are expected to be able to
evaluate the environment, economic and social impact of a project. Therefore, the students were required
to evaluate the reports of their peers by giving a score and writing a corresponding comment justifying the
score. Table 2 shows the online activities used in the study and their corresponding learning outcomes.
The online discussion posts, design reports and the peer evaluations where submitted on Canvas.

Table 2. Activities used in the incorporation of sustainability into process engineering.

Activities
Learning Outcomes Source

Type Question

Online
discussion

According to Milorad P. Dudukovic, “The key
challenge for chemical reaction engineering is the
development of new more efficient and profitable
technologies. This is to be accomplished via an
improved science-based scale-up methodology for
transfer of molecular discoveries to sustainable
nonpolluting processes that can meet the future
energy, environmental, food and materials needs of
the world.” Discuss how chemical reaction
engineering can be used to meet the Millennium
Development Goals in Zimbabwe, particularly goal 7
on environmental sustainability.

• Apply the fundamentals of
reaction engineering in
answering
sustainability problems.

• Develop an understanding of
the MDGs and SDGs

Research article
[33]
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Table 2. Cont.
Activities

Learning Outcomes Source
Type Question

Design
report

Your local hospital received a report from the
Environmental Monitoring Agency that stated that
the effluent from the hospital is contaminating a
local river. As a design engineer, you are tasked with
proposing and designing a wastewater treatment
plant for the local hospital. Write a design report for
a cost-effective and innovative wastewater treatment
plant for the hospital. Discuss how your design is
sustainable and helps the nation to meet the MDG 7.

• Apply the fundamentals of
reaction engineering in
answering
sustainability problems.

• Evaluate the reliability,
effectiveness and limitations
of available tools, equipment
or technology for solving
engineering problems.

• Develop a solution that best
meets system requirements
and specifications.

Report [34]

MDG 7 was used in the activities as it offers a concise reference to the SDGs relevant to process engineering; namely,
SDG 6, 7, 9, 13, 14 and 15.

3.3. Classroom Intervention

In a previous study, it was found that students preferred open-ended, rather than debate
or case-based, discussions [30]. However, the level of critical thinking was found to be lower
in open-ended discussion. Therefore, to encourage critical discourse and reflection in the online
discussion, the author gave examples from developed nations on the application of sustainable
development to the chemical industry once a week during lectures. Students were encouraged to
reflect on how the sustainability practices from developed nations could be tailored for low- and
middle-income countries.

3.4. Data Collection

Data was collected after the deadline of the activities had lapsed. The source of the data for this
study was student responses from Canvas. The observations made in this study were primarily at
the individual level and the whole classroom level. Furthermore, student responses were imported to
a word processing software. In the online discussion, student engagement was measured using the
length and frequency of their contribution. Since the study was part of normal university activities, no
additional ethical review was needed from the Institutional Review Board. To protect the privacy of
the participants, data was made available for use of this study only.

3.5. Data Analysis

Data analysis was comprised of determining the level of student engagement in online discussion,
evaluating the quality of students’ responses and assessing the students’ conceptual understanding
of sustainability.

3.5.1. Student Engagement

A good learning activity should hold the attention of the learners while encouraging them to
participate. Student engagement refers to the psychological investment, time and effort a student
puts toward learning. Several studies found that improving student engagement often resulted in an
increase in student retention, performance and motivation [35–37]. Furthermore, social interactions
with peers, learning content and instructors foster student engagement [38]. Hence, determining the
level of student engagement with an online activity can provide evidence on the cognitive development
of the students [30]. In this study, behavioral engagement was estimated using the frequency of student
participation in the online discussion. The students were instructed to post at least two comments
and no upper limit was given. A preliminary estimate of the students’ cognitive engagement was
estimated using the length of their responses on the online discussion.

3.5.2. Quality of Response

It is important to estimate the quality of the students’ argumentation and reflectivity when
seeking to establish the effectiveness of a learning approach. However, assessing critical thinking
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is challenging since it is not a specific ability but a complex set of broad and specific intertwined
factors [30]. Critical thinking in online discussions can be assed using the Practical Inquiry Model,
which focuses on metacognitive processes rather than the specific learning outcomes [30,39]. In the
Practical Inquiry Model, student responses are categorized as triggering, exploration, integration or
resolution use different indicators [39]. In this study, a variation of the Practical Inquiry Model was
used. Briefly, participant posts from the online discussion (N = 97) were collected from Canvas and
subsequently ranked for their quality in five key aspects; namely, Argumentation, Responsiveness,
Elicitation, Reflection on Individual Process and Reflection on Group Process (Table 3) [26,32]. The
coding was conducted independently by two analysts and the inter-coder reliability was determined.

Table 3. Ranking scheme for quality of participant contribution.

Dimensions Key Aspects
Rank

0 1 2 3

Content Argumentation None Unsupported Simple Complex

Discursiveness
Responsiveness None Acknowledge Respond to single idea Respond to multiple

ideas

Elicitation None Unclear question Question one person Question whole group

Reflectivity
Reflection in the
question or submission None Shallow: reflection on own

posts with no explanation
Deep: learning process
shape one’s idea

Reflection on group
discussion None Shallow: reflection on group

posts with no explanation
Deep: learning process was
shaped by group’s idea

Adapted from Chen et al., 2018.

After submitting the design report, the students anonymously evaluated and scored other
participants’ reports. Each submission was peer reviewed by three participants. Students were
expected to offer constructive criticism of the design report. The quality of the peer evaluation was
ranked by establishing if the reviewer identified at least one positive aspect and at least one negative
aspect the design report.

4. Results

4.1. Student Engagement

The online discussion was available on Canvas between 21 January 2017 and 28 February 2017.
All the participants took part in the activity, generating 97 comments. The students were required to
make at least 2 contributions to the discussion. The participants averaged 120 words per comment and
each participant averaged 3.88 posts in the online discussion (Figure 1). Of the 26 participants, 8 were
highly active, contributing at least 5 comments each. However, 10 participants were less active as they
contributed fewer than 3 comments. Eight students made 3 or 4 comments. The participants shared 11
high quality references, comprising reports from universities, government agencies and international
organizations and academic papers (data not shown).

Figure 1. The level of participant engagement in an online discussion.
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4.2. Quality of Response

4.2.1. Online Discussion

The differences between the means obtained by the independent coders ranged from 0 to 7.4 %.
This suggests the coding scheme had a high repeatability. The quality of the responses and of the
argumentation and responsiveness in the comments were slightly above moderate at 2.25 and 2.16,
respectively (Table 4). However, the level of elicitation was low at 0.39. They were only 15 questions
out of the 97 comments. The reflection in the post and group ideas was slightly above average at 1.24
and 1.14, respectively.

Table 4. The total count and means of weighted conceptual engagement in online discussion.

Key Aspects
Weight

Mean
0 1 2 3

Argumentation 6 8 39 44 2.25
Responsiveness 6 16 31 44 2.16
Elicitation 79 4 8 6 0.39
Reflection in the question or submission 16 42 39 1.24
Reflection on group discussion 21 41 35 1.14

4.2.2. Design Report

Out of 26 participants, 22 submitted their design report and were double-blind reviewed by three
peers. About 51.5% of the comments were poor, with participants failing to identify the positive or
negative aspects of the paper they reviewed. However, 24.2% peer reviews identified at least one
positive attribute of a submission. Furthermore, another 24.2% peer reviews identified at least one
error in the submission reviewed. The participants identified the errors using expressions such as
“lacked,” “did not,” “neglected,” “more research” and “did not include.”

4.3. Collaborative Learning

To determine if the participants incorporated sustainability concepts and practices into the online
discussion, a word cloud was generated from the forum posts (Figure 2). All the posts from the online
discussion were imported to Microsoft Word with a ProWriterAid add-on (Oxford, UK). Redundant words
such as the author’s last name and the last name of the author of the reading assignment were excluded
from the word cloud. The whole class focused primarily on the environmental, economic and scientific
aspects of sustainability as words such as environment, waste and chemical were more commonly used.
However, the commonly used words did not directly relate to politics, culture and stakeholders.

Figure 2. Visualization of the most frequent words used in the online discussion.
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To better understand how the students learned about sustainability using collaborative learning,
the questions posed by the participants in the online discussion were analyzed. The participants
contributed 15 questions that demonstrated the participants reflected on sustainability. Examples of
the engaging questions posted on the forum are shown in Table 5.

Table 5. Elicitations in online discussions.

Examples of Engaging Questions *

1. How does your final year project incorporate the Millennial Development Goal 7?

2. Are there any solvents currently used in Zimbabwe that are persistent in the environment?

3. How exactly does chemical reaction engineering play a role in sustaining a modern
Zimbabwean lifestyle?

4. How does chemical reaction engineering affect the environment?

5. Are you implying that most industrial operations in Zimbabwe are using the wrong catalysts? if so, do
you have examples to justify that?

6. Considering the research paper was published in 2009, is it possible that basing claims on this text may
fail to accommodate some recent developments in reaction engineering?

* Questions have been edited for clarity.

5. Discussion and Conclusions

The study sought to establish e-learning could be used as a tool for incorporating sustainability
into engineering and chemical education in developing nations. The results suggested that e-learning
activities such as online discussion and peer evaluation of design assignments promoted student
engagement. Through analysis of the student comments, it was found that the students were
environmental conscious and incorporated principles and practices of sustainability when formulating
their arguments or assessing their peers. Such outcomes addressed the key sustainability competencies
set by engineering societies such as Engineering Australia, Engineers Canada and Engineering Council.

A high student participation in the open-ended online discussion was observed as the students
contributed an average of 3.88 posts per students and 120 words per post. The observed online
behavioral patterns suggests the students invested significant time and effort in the activity.
Furthermore, 60% of the participants made at least three comments when the required number
of posts was two. The Canvas platform fostered social interaction as it possessed social media
tools such as responding to other student’s comments [26,40]. Furthermore, as students read each
other’s comments, they were motivated to high-level knowledge processing. However, although the
contribution of the whole class was high, 40% of the students were passive submitting the minimum
required number of posts or less. Low student participation is often ascribed to the student’s digital
citizenship. Students who have a low digital proficiency tend to contribute less often. Furthermore,
in developing nations lack of internet access or poor connectivity can reduce student participation in
online activities. However, in this study the students had free internet access on campus. The author
monitored the online discussion without making any contribution. By taking up the role of a facilitator,
the instructor can improve student engagement through asking additional questions, clarifying the
original questions and addressing any concerns that might arise [31].

The student activities in this study were relevant, authentic and connected with the students as
they focused on the societal, economic and environmental challenges in Zimbabwe. Hence, the students
were probably motivated to take responsibility of their learning as indicated by the quality of their
argumentation and the depth of their reflections. The students demonstrated critical thinking skills
because 75% of their comments in the online discussion were built on at least one idea. However, about
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40% of the comments showed deep reflection with the students explaining how they were learning
sustainable development. However, it was previously observed that when a student considered the
online activity to be highly important they became cognitively and emotionally engaged to the task [37].
Cognitive and emotional engagement can be enhanced when the instructor acts as the facilitator who
regularly demonstrate the importance of the activity.

The participants managed to incorporate sustainability concepts and practices in their arguments.
The word cloud (Figure 2), demonstrated the students included sustainability aspects when
formulating their arguments. For example, the following words were widely used; reaction, process,
raw materials, inputs, conditions, pollution, which are associated with engineering competencies
of foundations of engineering, design, manufacturing and construction, engineering economics,
operations and maintenance and safety, respectively [29]. However, the arguments made by the
students overlooked political and cultural aspects of sustainable development.

Thus, online learning offered a platform for students to actively learn about sustainability. This
study provides instructors with techniques on how to incorporate sustainability into chemical and
engineering education. Furthermore, in this study we used and demonstrated techniques for assessing
the quality of student responses.
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Abstract: Education, together with science and technology, is the main driver of the progress and
transformations of a country. The use of new technologies of learning can be applied to the classroom.
Computer learning supports meaningful and long-term learning. Therefore, in the era of digital
society and environmental issues, a relevant role is provided by open source software and free
data that promote universality of knowledge. Earth observation (EO) data and remote sensing
technologies are increasingly used to address the sustainable development goals. An important step
for a full exploitation of this technology is to guarantee open software supporting a more universal use.
The development of image processing plugins, which are able to be incorporated in Geographical
Information System (GIS) software, is one of the strategies used on that front. The necessity of
an intuitive and simple application, which allows the students to learn remote sensing, leads us
to develop a GIS open source tool, which is integrated in an open source GIS software (QGIS),
in order to automatically process and classify remote sensing images from a set of satellite input data.
The application was tested in Vila Nova de Gaia municipality (Porto, Portugal) and Aveiro district
(Portugal) considering Landsat 8 Operational Land Imager (OLI) data.

Keywords: GIS; learning tool; open source software; satellite data

1. Introduction

Inclusive and equitable quality education, and lifelong learning opportunities for citizens are
major sustainable development goals to face planetary changes [1]. Education, together with science
and technology, is the main driver of progress and transformations of a country [2]. In the engineer
area, the professionals can play an important role in industry or in teaching classes as supervisors
or mentors. The use of new technologies of learning can be applied to the classroom. This type of
interaction increases the motivation in the classrooms [3]. Consequently, computer learning supports
meaningful and long-term learning [3]. Therefore, in the era of digital society and environmental
issues, a relevant role is provided by open source software and free data that promote universality
of knowledge [4]. In this context, Earth Observation (EO) data, remote sensing and Geographical
Information Systems (GIS) technologies are crucial to monitor and support the management of natural
environment [5]. However, their use to track progress towards global and national targets is still
restricted by limited access to open learning and technology [6].

The implementation of open source software in teaching classes allows students to apply different
methods and different experimental approaches and share them with other users. This contribute to
scientific progress is only possible with the access to unlimited free and open source software [7].
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In the education domain, both proprietary and open source GIS software are equally important.
Open source software has recently become a stronger player in the GIS field, since it can be accessed,
used or modified by their users or developers [8]. Moreover, as proprietary software, it allows exploring
the individual GIS functions, such as database management, web mapping, remote sensing data and
spatial analysis. However, the license costs, the software technical support and the sustainability are
the main differences between open source and proprietary software. In the purpose of GIS/remote
sensing classes, both are relevant. The proprietary solutions ensure a professional technical support;
and the open source solutions are free, so the students can install and use them in their personal
computers, and also have the possibility to modify and distribute the application. The development of
System for Automated Geo-Scientific Analyses (SAGA GIS), Geographic Resources Analysis Support
System (GRASS GIS) and QGIS are great examples [9–11]. In particular, QGIS software is a significant
contributor to the use of EO data and on-line support, e.g., tutorials, forums and code platforms,
because of its easy and intuitive use [12].

The development of open source image processing plugins and their inclusion in new
capabilities/functionalities in a GIS environment has been the main strategy to tackle inclusiveness
in the use of EO data. Plugin development is increasing, and several studies presented
different applications/tools with specific objectives in multidisciplinary areas [13–22]. For instance,
Garcia-Haro et al. [23] present a teaching tool, which has been designed to enhance the learning in
remote sensing. This software is implemented in Interactive Data Language (IDL) language and it is
composed of a modular Graphic User Interface (GUI). This tool has been designed in support of remote
sensing teaching activities in the University of Valencia. The GUI allows the students to generate
several synthetic images that imitate complex ecosystems with several types of trees and shrubs.

EO data are usually used in several teaching areas, such as geology, climate, biology and
environment [24,25]. Some open source remote sensing applications are available for that purpose:
(i) SAGA GIS software contains a rich library grid, imagery and terrain processing modules [26];
(ii) Orfeo Toolbox (OTB) has a complete image processing library for high spatial resolution data,
such as radiometry, Principal Component Analysis (PCA), change detection, pan-sharpening, image
segmentation, classification and filtering [27]; (iii) GRASS GIS software contains functions to
classification, PCA, edge detection, radiometric corrections, 3 Dimensions (3D) geostatistics analysis
and filtering options [28]; (iv) pktools are a suite of utilities written in C++ for image processing with
a focus on remote sensing applications, relying on the GDAL and OGR [29]; and (v) the Semi-Automatic
Classification Plugin (SCP) composed of several functions for optical images processing, which is
a powerful package for QGIS software [30].

In image pre-processing and classification, the SCP, developed by Luca Congedo for QGIS,
is particularly interesting. It allows semi-automatic classification through a set of supervised
classification algorithms for remote sensed images, the calculation of vegetation indices, such as
the Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), and other
image operations, such as the automatic conversion to surface reflectance for different sensors and
Region Of Interest (ROI) creation. It also processes data from Landsat, Sentinel-2A, Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and Moderate Resolution Imaging
Spectroradiometer (MODIS).

QGIS software provides some of the tools required to manipulate and analyze remote sensed
imagery in Processing Toolbox external algorithms (GRASS, SAGA or OTB). However, these tools are
dispersed in the software, and some of them don’t exist as a single tool (Table 1). A drawback is
the manual intervention required to run each single tool, which may be a barrier for non-experts.
All operations gathered in a unique application could therefore help to overcome this barrier.
The inclusion of the possibility of histogram visualization, filter application, assessment of different
image correction techniques, unsupervised classification, and computation of several environmental
indices can be a relevant contribution to image processing functionalities in QGIS software. Compared
to the SCP plugin, Processing Image To Geographical Information System (PI2GIS) has the advantage
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of combining a set of image processing procedures in a unique tool. Moreover, the steps to process
a satellite image are sequentially implemented/presented in PI2GIS.

Table 1. Image processing functionalities available in QGIS.

Processing Image Method Tool Algorithm

Histograms Not available Properties of a file (without details)

Filters

OTB

Despeckle (frost, gammamap, kuan, lee),
DimensionalityReduction (independent component
analysis (ica), maximum autocorrelation factor (maf),
noise adjusted principal component analysis (nacpa),
pca), Exact Large-Scale Mean-Shift segmentation, step
1 (smoothing), Smoothing (anidif, gaussian, mean)

SAGA

DTM filter (slope-based), Gaussian filter, Laplacian
filter, Majority filter, Morphological filter, Multi
direction lee filter, Rank filter, Resampling filter, Simple
filter, User defined filter

GRASS r.fill.dir, r.mfilter, r.mfilter.fp, r.resamp.filter

DN conversion to reflectance
and atmospheric correction

Semi-Automatic
Classification Plugin DOS1

Environmental indexes
(NDVI, EVI, NDWI)

SAGA
GRASS

Vegetation index (slope-based)—NDVI
Enhanced vegetation index—EVI
i.vi—NDVI and EVI

Colour composite GDAL Merge

Pan-sharpening
OTB
GRASS

Pansharpening (bayes, local mean and variance
matching (lmvm), Simple RCS Pan sharpening
operation (rcs))
i.pansharpen

Unsupervised classification
OTB
SAGA
GRASS

Unsupervised KMeans image classification
K-means clustering for grids
i.cluster

The main objective of this work was to contribute to the use of EO data in GIS environment in
university teaching courses by creating the PI2GIS, including a new set of image processing operations.
This application was implemented in QGIS software using the Python programming language,
and it can be divided into three groups of operations: pre-processing, processing, and classification.
This application is composed of: (i) creation and histogram visualization; (ii) low, median and high
filter application; (iii) atmospheric corrections; (iv) contrast and brightness corrections, including
histogram equalization; (v) unsupervised classification algorithm, specifically K-means algorithm;
and (vi) the computation of Normalized Difference Water Index (NDWI) in addition to NDVI and EVI.
Two Landsat 8 OLI images from Vila Nova de Gaia (VNG) and Aveiro were used to test the application.

2. Methodology

2.1. The PI2GIS Application

PI2GIS was created in the open source QGIS software (version 2.18), licensed by GNU General
Public License (GPL), developed in Python language (Python 2.7) and could be installed easily using
Plugins menu presented in QGIS software [31,32]. QGIS was chosen to develop the application, since
it has an Application Programming Interface (API) and Python libraries, such as QGIS API, PyQt4
API and GDAL/OGR library, which support plugin development [33–35]. In order to extract valuable
information from EO satellite data, pre-processing and classification steps are essential. Under this
circumstance, several operations should be employed: (i) color composite, which consists of a band
combination, and it can be false color composite or true color composite; (ii) image enhancement,
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consisting of the contrast or brightness adjustment, so that the image can be efficiently displayed;
(iii) spatial filtering to emphasize some image features; and (iv) image classification in order to group
the pixels in land cover classes. The application interacts with the user through three main modules:
pre-processing, processing, and classification accessed through a graphic interface and presented
individually hereafter. Figure 1 shows the PI2GIS plugin workflow considering all operations involved
in the three module groups. The GUI was created with Qt Designer, which is a tool that allows the
design and build of GUI (Figure 2) [36].

 

Figure 1. PI2GIS workflow.

 

Figure 2. PI2GIS graphic interface.
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2.1.1. PI2GIS Pre-Processing Module

The Pre-processing module allows data rescaling, image enhancement, radiometric conversion
and atmospheric correction. The graphic interface was composed of two tabs: Pre-processing and
conversionDN. The Pre-processing tab allows users to deal with image noise by analyzing histograms
and enabling the application of histogram equalization or filters. Band histograms were implemented
through the function hist and created a histogram per image band stored in 8-bits format. To implement
this functionality, the Matplotlib, a plotting library for Python was used [37].

In order to reduce the image noise, a group of three operations are available: Light correction,
Histogram equalization and Filter methods. These operations can be applied to a single band or to all bands
(selected through a combo box). The Light correction option allows applying brightness corrections
with the support of the widget QSlider [34]. By moving the slider, it is possible to increase or decrease
the brightness, considering the range between −200 and +200. The results are automatically visualized
in the QGIS interface through Preview button. The Histogram equalization option allows improving the
image contrast (in 8-bits) and it is implemented with the support of QcheckBox widget [34]. This method
flattens the grey level histogram of an image in order to equalize all intensities with the aim to normalize
image intensity. This transform function is, in this case, a Cumulative Distribution Function (CDF) of
the pixel in the image (normalizes the range of pixel values to the desire range). The CDF was applied
using the cumsum() function from Numpy library [38]. To normalize the data, Equation (1) was applied:

(255 × CDF)/CDF[−1] (1)

Different types of filters (median, low pass and high pass) were implemented. A median filter is
a non-linear filter that allows smoothing the images. This filter is based on a moving-window (matrix),
typically with 3 × 3 size, which moves along the image and recalculates the pixel values by taking the
pixels median value. In this application, the median_filter function, from Scipy library (version 0.19),
was used considering a moving-window of 3 × 3 by default [38]. A low pass filter is a linear filter that
smooths the image by removing high frequencies and keeping the low frequencies. Gaussian_filter,
also from Scipy library, with a sigma value of 3, was considered by default (standard deviation for
Gaussian Kernel) [38]. A high pass filter was also implemented for contour detection, and it consisted
of subtracting the original values of pixels by the values obtained in the low pass filter. It was also
based on Gaussian_filter, but, in the end, the result was obtained from the subtraction of the original
image by the Gaussian filter result.

The conversionDN tab was intended to perform a conversion from Digital Numbers (DN) to
radiance or reflectance considering or not the atmospheric correction (16-bits). In conversionDN,
a for loop defined in a specific directory was used. The bands 1 to 8 of Landsat 8 OLI image are
required as input. This function was inspired on a code obtained from GitHub, which uses GDAL and
Numpy libraries, and all the rescaling factors were based on Landsat 8 Data Users Handbook [39–42].
To perform the DN to Top-Of-Atmosphere (TOA) reflectance conversion, the function calls and
reads the metadata file (MTL) available in text format, and uses the line.split function (from Python
library [32]) to create a dictionary, which links the Landsat 8 band number and the value in the MTL
variable for each specific band.

The effects of the atmosphere must be considered to obtain surface reflectance. Therefore, due to
the easy computation, the Dark-Object-Subtraction-1 (DOS1) atmospheric correction algorithm was
chosen and implemented to improve the estimation of land surface reflectance [43]. The DOS1 is
an image-based atmospheric correction defined by Chavez (1996) as follows: “basic assumption is that
within the image some pixels are in complete shadow and their radiances received at the satellite are
due to atmospheric scattering (path radiance)” [43]. The code implemented was based on the SCP
manual [30].
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2.1.2. PI2GIS Processing Module

The Processing group includes color composite, vegetation index calculation and multi-spectral
resolution improvement (pan-sharpening) operations. The Processing button allows performing a color
composite scene followed by pan-sharpening in order to improve spatial resolution. To perform the
pan-sharpening, two tools from OTB were implemented: Superimpose sensor and Pan-sharpening Ratio
Component Substitution (RCS) [27]. The pan-sharpening is a process of merging the panchromatic band
with the multispectral bands to create a single high-resolution color image [27]. Different algorithms can
be applied. The spatial resolution of input data is one of the major factors that influence the algorithm
choice [44]. For instance, Landsat 8 can be combined with Sentinel 2 data for long-term high-frequency
monitoring [45]. The Superimpose performs the projection of an image into the geometry of another
one with the same extension [27]. The Processing module also allows the calculation of different
environmental indices focusing vegetation and water components: NDVI, EVI and NDWI [46–48].
In the graphic interface, a combo box was created with four options: color composite, NDVI, NDWI
and EVI. In order to create the color composite, the gdalogr:merge, algorithm from GDAL library was
used [35]. The vegetation indices (Equations (2)–(4)) were implemented through gdalogr:rastercalculator,
which was an algorithm from GDAL library:

NDVI = (NIR − RED)/(NIR + RED) (2)

EVI = G × (NIR − RED)/(NIR + C1 × RED − C2 × BLUE + L) (3)

NDWI = (GREEN − NIR)/(GREEN + NIR) (4)

where NIR, RED, BLUE and GREEN are the near-infrared reflectance surface, red reflectance surface,
blue reflectance surface and green reflectance surface, respectively; L (L = 1) is a canopy background
adjustment term; C1 (C1 = 6) and C2 (C2 = 7.5) are the coefficients of the aerosol resistance term and G
is a gain or scale factor (G = 2.5) [46].

2.1.3. PI2GIS Classification Module

The Classification group was defined with the aim to perform an unsupervised classification with
the color composition image obtained from the Processing group. The Classification button incorporates
the K-means algorithm available in the OTB library, which has the advantage of not requiring the
definition of training classes [27]. K-means is an unsupervised classification algorithm that solves the
clustering problem. Clustering is the process of finding a structure in a collection of unlabeled data by
organizing objects, of which members are similar in some way. K-means is an algorithm, which slits the
image into different clusters of pixels in the feature space, and each of them defined by its center and
pixel is allocated to the nearest cluster [49]. In this interface, it is necessary to define a set of parameters
which are existent in the OTB algorithm: training set size (clusters size, value 100 by default) is part of
the original image that is used to train the model, the convergence threshold (value 0.0001 by default)
is assessed when the K-means algorithm has converged on a good solution and should be stopped,
the maximum number of iterations (value 1000 by default) and the number of classes. To support the
definition of those parameters, the widgets QspinBox and QdoubleSpinBox were used [34]. The input
image is the resulting multispectral high-resolution image from the pan-sharpening process obtained
through RCS. As a result of the unsupervised classification, several classes were defined according
to their spectral properties. The algorithm considered Nodata values as a class. To remove the Nodata
values, the gdalwarp was used [35].
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2.2. Demonstration of PI2GIS

Dataset and Study Area

A satellite scene from the Landsat 8 OLI (date: 22 July 2016; path: 204, Row 32), delivered in tiff
format (16 bits) by the Earth Explorer—U.S. Geological Survey [50] and projected on Universal Transverse
Mercator (UTM)-WGS84 29N (EPSG: 32,629), was used to demonstrate the applicability and evaluate
PI2GIS performance. The scene was re-projected to the official Portuguese coordinate system Portugal
Transverse Mercator 2006—European Terrestrial Reference System 1989 (PTTM06—ETRS89, EPSG:
3763). The municipality of VNG (168 km2) and Aveiro district (2800 km2) are located in Northwest
Portugal (Figure 3). The VNG municipality belongs to Porto district and is mainly occupied by urban,
industrial and rural land uses. The elevation ranges from a sea level to 261 m with rugged terrain.
Aveiro district is characterized by flat terrain with the majority of the territory above 100 m of altitude
and the coast with about 40 km width in the South.

Figure 3. VNG and Aveiro location.

3. Results

3.1. Pre-Processing Module

To test the Pre-processing group, the band 2 (B2-blue band) of Landsat 8 OLI image was selected.
In this group, the images were rescaled from 16-bits to 8-bits. Then, the histogram for each band was
created. The histogram creation was easy, and the user only needed to choose one band or all the
bands. The histograms were created and immediately shown, in addition to being saved in a specific
chosen folder. Figure 4 presents the B2 histogram for each study area.
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Figure 4. Histogram of Landsat B2 from VNG (left) and Aveiro (right).

The histogram equalization was also tested, as well as all the filter types. Figure 5 presents the
comparison between (a) the original 8-bits image, (b) with the image resulted from the histogram
equalization, examples of (c) increasing brightness, (d) a low pass filter, (e) a median pass filter and (f)
a high pass filter.

 

(a) (b) 

 

(c) (d) 

Figure 5. Cont.
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(e) (f) 

 
(g) (h) 

Figure 5. Cont.
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(i) (j) 

 
(k) (l) 

Figure 5. (a) Landsat B2; (b) histogram equalization of Landsat B2; (c) Landsat B2 with increasing
brightness; (d) Landsat B2 with a low pass filter applied; (e) Landsat B2 with a medium pass filter
applied; (f) Landsat B2 with a high pass filter applied to VNG; and (g–l) the same procedures applied
to Aveiro district.
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A zoom was applied considering the low pass filter application to VNG. Figure 6 illustrates the
differences between the original B2 image and the image after the filter application. As expected,
by analyzing Figure 6, it is possible to verify a smoothing effect.

Figure 6. Zoom before- (left) and after-the application (right) of the low pass filter.

3.2. Processing Module

In the Processing group, RGB composite, NDVI, EVI and NDWI were generated (Figure 7).
NDVI and EVI presented higher values in the spring and summer season. The image considered
was obtained in July 2016. EVI presented lower values compared to NDVI, as EVI corrected some
distortions in the reflected light caused by the particles in the air, as well as the ground cover below
the vegetation [50]. NDWI was designed to maximize the reflectance of water. Thus, Douro River and
several water bodies were easily identified.

(a) (b) 

Figure 7. Cont.
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(c) (d) 

(e) (f) 

Figure 7. Cont.
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(g) (h) 

Figure 7. (a) RGB composite; (b) NDVI map; (c) EVI map; (d) NDWI map applied to VNG; and (e–h)
the same procedures applied to Aveiro.

After obtaining the indices, the pan-sharpening functionality was tested. Figure 8 illustrates
before and after pan-sharpening operation for VNG. The input files used were the multispectral image
obtained using the color composite tool with 30 m of spatial resolution and the panchromatic band
with 15 m of spatial resolution. By mere visual inspection, it is possible to identify the differences
between the original multispectral lower-resolution image (30 m) and the pan-sharpening (15 m) image
obtained by merging the original bands with the high-resolution panchromatic band.

Figure 8. Pan-sharpening example.
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3.3. Classification Module

The classification module was tested by performing an unsupervised classification, considering
the K-means algorithm and the RGB combination (RGB543) as input (Figure 9). In the false color
composition, the vegetation regions are displayed in red (Figure 9). Unsupervised classification is the
only classification option available in the current version of PI2GIS (Figure 10).

Figure 9. False color combination (RGB543) for VNG (left) and Aveiro (right).

Figure 10. Unsupervised classification for VNG (left) and Aveiro (right).
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4. Discussion and Conclusions

This study proposed PI2GIS, a new plugin, as an integrated and friendly open source tool to
process satellite imagery in QGIS, an open source environment. PI2GIS was created as a new tool to
support the remote sensing course at an university level, and it can be a useful contribute to the easy
and modern education, since it was developed under the open source concept and it is expected to
be simpler to use than other remote sensing software, considering the positive feedback given by the
master degree students that have already tested it. PI2GIS emerged as a new teaching tool to improve
the usage of EO data. The usage of new technologies, such as open source software, can stimulate
the students to gain responsibility in their profession of engineers, to work independently with new
modern tools, and to apply and adapt their knowledge to unexpected new situations, such as the
necessity to create a new application (e.g. PI2GIS). This work provides two approaches in new learning
methods: the possibility of development of GIS open source applications and the use of these new tools
in the classroom. PI2GIS has been tested with a few Master Degree students in remote sensing, who
verified the limitations and drawbacks of the tool, and gave us the feedback. Moreover, the application
was already improved. In the future, PI2GIS will be used in the remote sensing Master Degree classes.

PI2GIS was developed to reduce barriers considering high education in environmental sciences
and more specifically in the use of GIS and remote sensing data to monitoring environmental change.
A free and open source tool for basic remote sensing operations, available everywhere, also in less
developed countries, can be a great contribution to equity issues, and will help to prepare young
generations for environmental changes.

PI2GIS is available in www.fc.up.pt/pessoas/liaduarte/PI2GIS.rar. The attempt was to contribute
to inclusive and equitable education and lifelong learning on environmental management and
sustainable development, since this application can be used in remote sensing classes, in which
some of the students are not familiar with remote sensing specific software. Therefore, a tool composed
of the main processing image algorithms can be very useful to teach the main steps of satellite
image processing.

The plugin modules were individually tested and PI2GIS can be considered operational.
All expected outputs were created correctly with Landsat-8 satellite imagery data, and VNG
municipality and Aveiro district were chosen to test the application. Therefore, the user-friendly
interface of PI2GIS is a valid option to open learning and technology to monitoring and management
of natural environment. Furthermore, PI2GIS takes advantage of all the GIS and remote sensing
algorithms presented in the Processing Toolbox. Therefore, in terms of the user profile of PI2GIS, this
can be a great advantage. In addition, the easiness in the creation or/and improvement of applications,
such as PI2GIS, enhanced its performance. PI2GIS is not only a plugin with a set of QGIS algorithms.
PI2GIS includes several procedures that are not so intuitive when QGIS is used.

Certainly, PI2GIS will be improved in the future, adding new functionalities and considering
the feedback given by the users. For instance, in the Pre-processing group, the data processing, such
as the transformation to PTTM06—ETRS89 (EPSG: 3763) or any other coordinate system, could
be included. Further enhancement methods to improve contrast could also be included, such as
optimal linear transformation or Gama correction. Furthermore, PI2GIS intended to process Sentinel-2
images. The calculation of other indices, such as Soil Moisture Index (SMI) and ISODATA method for
unsupervised classification, are also being implemented in PI2GIS.

This work proposed PI2GIS as an open integrated and user-friendly remote sensing application
implemented in QGIS software to remote sensing imagery analysis. The integration and releasing
of remote sensing imagery operations through a user-friendly interface may constitute an added
value of PI2GIS, regarding sparse open solutions available to deal with imagery processing in a GIS
environment. The open access of PI2GIS contributes towards the millennium sustainable development
goals, including access to equitable quality education and lifelong learning opportunities for citizens.
PI2GIS can contribute to the quality of education by simplification of the usage remote sensing data
in a GIS environment in environmental management and teaching. The graphic interface is very
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friendly, especially to non-familiarized users with GIS/remote sensing software, so the basic remote
sensing data can be generated and interpreted. PI2GIS aims to contribute and not to invalidate existing
GIS/remote sensing tools.
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Abstract: Students commonly exhibit serious spatial comprehension difficulties when they come to
learning crystal systems. To solve this problem, an active methodology based on the use of a Didactic
Virtual Tool (DVT)—developed by the authors—is presented in this paper. The students’ opinion
was obtained from a survey carried out on 40 mechanical engineering students. The analysis of
the obtained results reveals that, by using this DVT, students achieve a better understanding of the
contents where spatial difficulties often arise during conventional teaching. Several DVT features
were highly valued by the students, e.g., didactic use was rated 9.5 out of 10 and the methodology
using the DVT in the classroom was rated 8.5 out of 10. In addition, the results revealed two factors
that the students considered essential for using a DVT, both related to the tool design: (i) the modern
aspect, i.e., it is necessary to keep a DVT updated to avoid obsolescence; and (ii) the DVT must be
appealing in order to attract the students’ attention.

Keywords: crystal system; Bravais lattices; spatial abilities; didactic virtual resources; didactic virtual
tools; design; active methodology

1. Introduction

One of the key contents in most of the subjects related to Materials Science and Engineering is the
spatial atoms arrangement in crystal systems [1–5]. Commonly, this topic is of the highest interest for
engineering and chemical students. However, diverse shortcomings related to the spatial vision arise:
the visualization of a spatial atom arrangement from different points of view; the visualization of the
cross sections that identify the atomic arrangement from different points of view; visualization of the
positions of the octahedral and tetrahedral interstitial sites of the crystal systems; etc.

Previous papers highlighted how important and necessary it is to acquire a good spatial
visualization skill for the future professional life of an engineer or architect [6]. In this sense,
serious spatial visualization difficulties in technical or engineering subjects were detected [7–10].
On the other hand, the advantage of using virtual tools (VTs) in the teaching of subjects included in
engineering degrees have been demonstrated many times [11–14]. Thus, teaching experiences carried
out with engineering students revealed that an improvement of both the acquired knowledge and
spatial visualization skill are achieved by using a VT. This is in agreement with previous studies [15–20]
where it was demonstrated that the visualization skill can be improved through appropriate training.
Taking all the previously mentioned into account, two facts can be stated: (i) the graphical design of
any Didactic Virtual Tool (DVT) is a key factor in achieving an educative aim; and (ii) in the case that
such a tool is used for solving any spatial visualization problem, the tool design becomes an even more
influential factor.

Educ. Sci. 2018, 8, 153; doi:10.3390/educsci8040153 www.mdpi.com/journal/education70
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Regarding the topic of this paper—spatial visualization of atom arrangement in crystal
systems—several examples of didactic apps using Information and Communication Technologies
(ICTs) exist [21–24]. Some of them are available on open-access websites [25]. The DVT presented in
this paper is based on a 2D environment, but this DVT includes the features of a 3D interaction in real
time with the crystal systems, i.e., students can freely interact with all the crystal systems in order to
spatially understand the position of each atom within the lattice. In this way, the potential problems
involved in spatial visualization related to this type of teaching are solved. This type of interactivity is
really important from the teaching point of view, according to previous studies that revealed a link
between this feature and the students´ interest in learning [26].

As a summary, this paper presents a teaching methodology based on a DVT which can be applied
to the teaching of crystal systems in engineering degrees. Furthermore, the students’ opinions are
reflected, revealing a link between the DVT design and the motivation generated in the students for
continuing to use the DVT.

2. Didactic Virtual Tool (DVT)

The DVT presented in this paper was designed using Unity®. This commercial software allows
the development of videogames and 3D interactive applications in real time. Nowadays, many types of
software can be used for designing interactive tools in real time, e.g., Quest3D®, OGRE®, GameStudio®,
etc. Among them, the authors selected Unity® as it offers the following advantages: (i) Unity® offers
content for diverse platforms such as PC, Mac, Nintendo, Wii, and most of all, IOS (Iphone) and
Android (in the present day, Android is the most used platform on mobile devices or tablets); (ii) it
allows a high variety of script languages for programming; (iii) modular application growth is allowed;
(iv) the software documentation is complete; (v) it offers a free licence, this way applications can be
developed free of charge from the beginning.

The developed DVT was designed from the teaching flow shown in Figure 1. According to this,
the didactic contents included in the DVT appear in a logical sequence in various screens. The main
screen helps students to understand and to visualize the differences between the different types of atom
arrangements in metals (seven crystal systems). From this screen, students have access to the different
subclasses, completing the 14 Bravais Lattices. In each one of them, four visualization modes are
available for enhancing the interaction between student and DVT: the unit cell with two visualization
options (real and expanded), and the global lattice (several unit cells assembled) also with real and
expanded views.

 
Figure 1. Didactic virtual tool (DVT) teaching flow.

According to the authors´ teaching experience, these visualization options are useful for achieving
a better understanding of the spatial visualization of the crystal systems. On one hand, the unit cell
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helps students to understand the placement of atoms individually, and on the other hand, the global
lattices are useful for understanding the crystal system as a whole. For each one of 14 Bravais lattices,
the expanded view is the first approach that makes the understanding easier, but the real view
visualization option is the one that students must understand as a final goal. The different lattice
types are ordered in the DVT from the easiest to the more complex with the four visualization options
available: (i) expanded unit cell; (ii) real unit cell; (iii) expanded global lattice; and (iv) real global
lattice. In addition, for each one of the 14 Bravais lattices, students can rotate and make cross sections of
the crystal lattice in order to enhance the spatial visualization. In this way, students can visualize and
easily understand the spatial arrangements of atoms in the diverse crystal systems from the simplest
to the most complex by themselves.

Figure 2 shows the DVT main screen including the seven crystal systems: (i) Cubic; (ii) Tetragonal;
(iii) Orthorhombic; (iv) Rombohedral or Trigonal; (v) Hexagonal; (vi) Monoclinic; and (vii) Triclinic.
By clicking on any of them, a new screen appears revealing the respective 14 types of Bravais
lattice: (i) Simple Cubic, BCC, and FCC; (ii) Simple Tetragonal and Body Centred Tetragonal;
(iii) Simple Orthorhombic, Body-Centred Orthorhombic, Face-Centred Orthorhombic and Base-Centred
Orthorhombic; (iv) Rombohedral; (v) Simple Hexagonal; (vi) Simple Monoclinic and Base-Centred
Monoclinic; (vii) Triclinic. As an example, Figure 3 shows the three cubic crystal systems which
appear after clicking the cubic system button on the main screen (Figure 1): (i) simple cubic; (ii) body
centred cubic (BCC); and (iii) face centred cubic (FCC). In this way, students can explore the fourteen
possibilities of atom arrangement in 3D (Bravais Lattices) included in the seven different crystal
systems (main screen) on their own.

 
Figure 2. Main screen of the Didactic Virtual Tool showing the seven crystal systems.

The study of crystal lattices is included in the course of all subjects related to Materials Science
and Engineering. Thus, the DVT includes the common crystal lattice classifications used in any
textbook of Materials Science and Engineering [1–5]. It is necessary to highlight that the common
hexagonal close-packed structure (HCP) is not included here since, according to the textbooks, this one
cannot be classified within the hexagonal crystal system: “the so-called HCP does not correspond
to the hexagonal system, since this one only admits a simple cell. In fact, it is equivalent to a simple
rombohedric cell, easier to be represented” (sentence translated from Spanish in Reference [27] (p. 46)).

By using the DVT, users can search for any of these crystal systems and their respective lattices
in an easy and intuitive way. In the DVT, the atomic arrangement in crystalline solids is represented
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placing atoms in the interaction points of a three-dimensional structure with virtual lines (expanded
unit cell, Figure 4). In this way, the spatial understanding of the crystal systems in the initial stages
is simplified and the teaching becomes easier. Once the atoms arrangement is understood, the DVT
serves for visualizing the real atoms position, in which the atoms are in contact with each other
(real unit cell, Figure 5a), and even for visualizing the complete crystal lattice formed by several unit
cells (real global lattice, Figure 5b). This DVT also includes theoretical information relevant to each
unit cell (see the right upper side on Figure 4): geometrical data of the angles and sides of the unit cell,
coordination number, atomic packaging factor, and number of atoms per cell.

 

Figure 3. Screen of the Didactic Virtual Tool showing crystal cubic systems.

 
Figure 4. Options included in the DVT for each spatial lattice: expanded unit cell.

For the teaching–learning process, the most relevant issue is that students interact in real time
with the unit cell or crystal system by using the DVT. The interactivity feature in DVTs is really
helpful for the user spatial comprehension [28]. With this in mind, the DVT allows each lattice to be
rotated, turned, and placed where the user desires (Figure 6). Furthermore, the DVT allows students to
perform cross sections of the lattice to enhance the understanding of the spatial position of the crystal
system. As an example, Figure 7 shows diverse cross sections of a spatial lattice corresponding to a
BCC (Figure 7a) and FCC (Figure 7b). From these figures the reader can easily comprehend that the
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spatial visualization of this type of lattice is not an easy task, and thus he/she can also understand the
difficulties that can arise when this issue is explained without a DVT.

 
(a) 

 
(b) 

Figure 5. Options included in the DVT for each spatial lattice: (a) real unit cell; (b) real global lattice.

 

Figure 6. Rotation of a unit cell by using the interactivity feature in real time.
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Figure 7. Cubic crystal structures: (a) general view and three cross sections of the body centred cubic
(BCC) lattice; (b) general view and three cross sections of the face centred cubic (FCC) lattice.

3. Methodology

Active learning, as compared with the traditional style based on passive methodologies, involves a
higher work effort for both students and instructors. Despite this, active learning experiences are
positively valuated by both instructors and students [29,30]. The methodology presented in this paper
for the teaching–learning process of crystal systems is based on active learning, following the stages
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depicted in Table 1: (i) master class; (ii) DVT by means of a self-leaning process; (iii) problem solving
by means of cooperative learning.

Table 1. Phases of the proposed methodology.

Phase Time Description

1 2 h
Theoretical explanation of the crystal systems: explanation of the
theory basics of the topic, formulation, crystallographic directions,
Miller indexes for crystallographic planes, etc.

2 0.5 h

Application of the DVT: spatial understanding of each one of the
crystal systems and Bravais lattices. The use of the Didactic Virtual Tool
(DVT) will be developed on an individual level to enhance a
self-learning process.

3 2 h
Exercises: students will solve a collection of exercises in small groups
of 3–4 students, enhancing a collaborative learning process and
peer-learning.

Firstly, the instructor teaches a master class of approximately 2 h demonstrating all the theoretical
basic concepts of the topic. In this phase, the traditional passive teaching must be avoided,
aiming for a dynamic response from the students (active methodology). To achieve this goal,
the authors have developed some incomplete notes that students must complete as the master class is
carried out. In this way, students stop being mere spectators as they must be actively involved in the
learning environment.

Following this, students interact with the DVT to spatially understand the crystal systems.
Authors consider that the best option is to develop this phase on an individual level, since each student
needs a different time to reach a spatial understanding of this type of crystal lattice. To make this
self-learning process effective, the DVT must be intuitive and easy to use.

Finally, the instructor will deliver a collection of exercises to be solved in small groups
(3–4 students) to enhance the cooperative learning process. This is the last stage of the proposed
methodology and it is of paramount importance that the learning process is as efficient as possible,
thus the authors consider that working in groups to solve individual doubts is the best option. Equally,
according to previous studies, small groups of 3–4 people can contribute to a more efficient cooperative
learning [31], thereby enhancing the peer-learning process. According to previous studies [32], this is
an aspect that facilitates the resolution of spatial geometric problems. In Figure 8, a scheme of the
proposed methodology is represented.

 
Figure 8. Scheme of the proposed methodology.

4. Students’ Opinions

This section includes the students’ opinions after using the previously explained DVT. To do so,
a quasi-experimental research was carried out on a total of 40 students enrolled on the Materials
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Science and Engineering course (second course in the Mechanical Engineering Degree). Some of
the questions included in the survey are directly related to the design of the tool and others to the
methodology applied (Table 2). The survey results show the importance of the design of DVTs
(Figure 9). On one hand, the DVT was well rated with regard to its didactic usefulness, as is reflected
by the average values (9.5 points out of 10 with a standard deviation of 0.33), and its ease of use
(9 points out of 10 with a standard deviation of 0.28). Thus, the results show that the students consider
that the DVT is an intuitive application. On the other hand, the results reveal that the tool does not
motivate all the students to the same level (7.5 points out of 10 with a standard deviation of 0.67). In all
the answers, the standard deviation is low, but in the case of learning motivation, the deviation is
twice that obtained in the other questions. These results suggest that students’ motivation is in essence
subjective, and in addition, they demonstrate that what is highly motivating for one student may not
rouse the same interest in others.

Table 2. Questions included in the students’ survey.

Number Question Response

1 Rate from 1 to 10 the following DVT
features:

(A) Interactivity
(B) Ease of use
(C) Didactic usefulness
(D) Motivation
(E) Design

2 Rate from 1 to 10 the methodology
proposed for learning crystalline systems.

(A) Master class
(B) DVT
(C) Problem solving

3 Possible improvements of the DVT Comments:

Motivation in learning is one of the most analyzed topics in education [33–35] as it seems to be
linked with academic performance. For this reason, the results of this survey which are related to
this aspect deserve to be analysed in detail. The relatively low motivation can be explained in two
possible ways: (i) students do not feel motivated by the topic itself; and (ii) the DVT does not motivate
students due to an unattractive design (the rate was 8 points out of 10, Figure 9). Both factors are
possible, however, taking into account the following facts: (i) this topic, crystal systems, is included
in the final exam of the subject; and (ii) the DVT can help students to spatially understand all the
crystal lattices, the authors consider that the most influential factor for the observed low student
motivation is the tool design. In addition, considering that students had previously handled other
(more sophisticated) DVTs related to virtual labs of Material Science [36–39], the comparison between
them and this DVT could be the main cause of the low valuation given to the design feature of the
exposed DVT (the lowest one in Figure 9). Therefore, a direct relationship exists between the design of
a VT and the motivation generated in users to keep on using it. Consequently, both aspects (design and
motivation) are really important in DVTs [40,41] and they should be taken into account in the early
design phase of any didactic tool.

The valuation given by students of the other DVT features is really promising, given that all of
them (interactivity, ease of use, and didactic use) are rated between 9 and 9.5 out of 10 (Figure 9).
These results suggest that the DVT presented in this paper—in a global sense—helps students to
acquire a better spatial comprehension of crystal systems. Furthermore, the authors verified that the
presented DVT helps instructors to teach crystal systems, since the contents involved in such a topic
are difficult to explain orally. This way, the DVT accomplishes its intended function.
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Figure 9. Ratings of students’ answers to the survey.

Additionally, the survey results suggest that students are in agreement with the methodology
used (Figure 8), given that they have evaluated all the phases—master class, DVT, and problem
solving—with a rating higher than 8 out of 10. The phase with the highest rating (slightly higher than
the others) is the last one, where students cooperate among themselves. The ratings given for each
phase (out of 10) are as follows: 8.5 master class, 8.5 DVT, and 9 problem solving. Finally, with regards
to the third question included in Table 2, students also highlight that the following improvements
could be made:

• Amend small typos;
• Indicate the place of octahedral and tetrahedral interstitial sites;
• Include the structure HCP in the DVT;
• Implement the application of the Miller indexes and the crystallographic directions.

The authors consider the previously depicted students’ improvement suggestions to be very
useful and interesting, and hence, are trying to implement all of them in a new version of the DVT.
Furthermore, they are updating the aesthetic of the tool with the ultimate aim of enhancing learning
motivation in students.

5. Conclusions

A Didactic Virtual Tool (DVT) is presented in this paper. This didactic tool, developed with
the software Unity®, can be used in the teaching–learning process of crystal systems. Taking into
account the difficulty of spatial understanding related to this topic, the presented DVT helps student
to visualize the spatial arrangements of atoms, thereby making the teaching process easier.

From the developed survey, it was confirmed that a direct relationship exists between the virtual tool
design and the motivation generated in the user to keep on using it. Therefore, in this paper the relevance
of the design of any didactic virtual resource to make it not only educative but also motivating is
highlighted. To achieve this goal, it is recommended to conduct student surveys periodically to detect
any decrease in motivation, and if necessary, to carry out the appropriate improvements in a new
version of the DVT using the most modern commercial software possible.
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Abstract: Despite the interesting applications that the PDF-3D offers in teaching, especially for
subjects related to spatial comprehension difficulties, such a didactic tool is not well known in the
education sector. Thus, a proposal of using PDF-3D in engineering studies is presented in this paper,
specifically, in the field of teaching ternary phase diagrams (TPDs). The didactic resource—easy to
design and easy to use—allows students to overcome spatial visualization difficulties linked with
TPDs. According to students’ opinions, the PDF-3D is an effective tool to use in any topic related to
spatial difficulties and, in addition, is a friendly and easy-to-use tool. This fact and the simplicity of
designing a PDF-3D make it a useful tool for educational aims.

Keywords: ternary phase diagrams; spatial visualization; PDF-3D; engineering education

1. Introduction

Since engineering studies are closely related to spatial concepts in many subjects [1–5] and it is proved
that spatial ability skills can be improved through training [6–12], instructors are continuously developing
both new educational methods and new tools for enhancing the students’ spatial skills [13–18]. One of the
topics covered in the study of materials science and engineering is ternary phase diagrams (TPDs) [19–21],
for which students exhibit spatial comprehension difficulties [22]. Thus, several papers deal with this
topic, looking for a solution by developing their own virtual and computational applications [23–27].
Several of these applications are designed for professional or research activities and, consequently, a wider
knowledge is required to use them [23,26,27]. In such cases, designing these virtual applications is not a
simple task, and a lot of time and specific knowledge of programming is required [23,27]. Additionally,
special tools are needed, e.g., stereo display methods [26]. On the other hand, other applications are
mainly focused on education [22,24,25], i.e., they try to help students to qualitatively understand the
concepts of TPDs (without considering the equations representing curves in a TPD). This way, this type of
application is easy for both instructors (easy to design) and students (easy to use).

In recent works [15,16], one of the methods to overcome spatial comprehension difficulties in
engineering students involves the use of PDF-3D. Unfortunately, the use of this tool in the engineering
education field is still unexploited, despite its clear advantages in the teaching–learning process; in fact,
it is easy to design, easy to use, has good accessibility, and does not require any special software or
hardware. Furthermore, this tool has not yet been applied in the teaching of TPDs—as far as the
authors knows. The aim of this paper is to fill this gap, by analyzing the applicability of PDF-3D in the
teaching–learning process of TPDs. A design scheme that facilitates the reproducibility of a PDF-3D
is presented in this paper in order to help other educational staff to reproduce this type of didactic
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resource. Thus, since PDF-3D is both easy to design and easy to use, this paper shows the potential
application of PDF-3D in the educational field for subjects requiring spatial skills.

2. Ternary Phase Diagrams in Education

Since phase transformations are important in many industrial processes involving heat treatment
of metal alloys, the educational planning of both mechanical and materials engineering studies
must include instruction on phase diagrams and, consequently, their associated microstructures.
However, most of the educational textbooks only focus on binary phase diagrams (BPDs), which can
be represented by a simple 2D plot, and they do not include, or provide scarcely any content on
TPDs. Commonly, TPDs are represented by complex 3D plots with a triangular base, placing at the
edges of the triangle the three elements of the metal alloy. TPDs are especially useful in the industrial
field, since they help to analyze the microstructure (and, indirectly, the mechanical properties) of
innumerable metal alloys composed of a mixture of three elements (e.g., Mo–Si–B), as well as ceramic
and inorganic glass systems composed of three compounds (e.g., NaO–CaO–SiO2). Because of the
spatial visualization difficulties of the 3D TPDs, which can be especially complex in certain cases,
a common technique used is the analysis of isothermal sections of TPDs (several online explanations
can be found on how a given composition of elements A, B, C (x% A, y% B, and z% C) is identified or
created in a TPD [28,29]). Furthermore, the TPD is simplified sometimes to a BPD, just considering an
isoconcentration section of the TPD [30].

3. PDF-3D

The PDF-3D format allows one to open, visualize, and interactively move 3D models of diverse
elements (buildings, machinery parts, and 3D diagrams) that were generated by different techniques,
e.g., 3D scanning, photogrammetry, and modeling. It is just a file (*.pdf) that can be opened
in a conventional pdf software and allows to easily transmit tridimensional information through
the internet.

3.1. PDF-3D Design Process

Taking into account the potential usefulness that this computer application has in the education
field, it seems interesting to briefly explain the general process used in designing a PDF-3D. This process
includes several phases where different software must be used: (1) obtaining the 3D object by scanning
or modelling it (for instance, by using Autodesk 3D studio Max), (2) converting the model into an OBJ
extension, (3) converting the model into a universal 3D (U3D) extension by using Adobe Photoshop,
and, finally, (4) generating a PDF-3D file (Adobe Acrobat). For the sake of clarity, a scheme of the
design process is shown in Figure 1.

The intermediate step is mandatory if the latest version of Adobe Acrobat (Adobe Acrobat DC)
is used, since such a version only admits the file format “U3D”. However, previous versions of
Adobe Acrobat allow to directly import models from the CAD modelling software. On the other
hand, also other types of commercial software, such as “PDF3D ReportGen”, “Tretra4D Converter”,
or “3D PDF Maker” allow direct importation from any CAD modelling software. However, the main
shortcomings of these software are their cost (they are expensive) and their complex programming
language (they require complex learning). In the authors’ opinion, the process presented here is the
simplest one using conventional software.
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Figure 1. Design scheme of a common process for generating a PDF-3D.

3.2. PDF-3D of a TPD

In the field of mechanical and materials engineering, the design of a PDF-3D for a TPD starts
by making a model of a ternary diagram with a 3D design tool, such as 3DStudio Max (Figure 2).
In Figures 2–4, an example of a TPD, consisting of two binary eutectics and one binary isomorphous,
is represented. The surfaces where a phase transition appears in the TPD are generated by using
non-uniform rational B-spline (NURB)-type curves (), according to a mathematical model widely
spread for generating and representing curves and surfaces (Figure 3). Once the TPD is modelled, it is
exported as an OBJ file (a common file type for software exchanging 3D objects), and later this file
is opened as a 3D model with the well-known image software Adobe Photoshop (Figure 1). The file
is then exported in universal 3D format (U3D), a file format that can be read by Adobe Acrobat, just
when the final step is performed, including the U3D file and generating the PDF-3D file. The final
appearance of the TPD is shown in Figure 4.

 

Figure 2. View of the ternary phase diagram (TPD) surfaces modelled in Autodesk 3DStudio Max.
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Figure 3. Non-uniform rational B-spline (NURB) curves defining a TPD.

In Figure 4, some of the PDF-3D features (useful for working with 3D objects) can be appreciated,
namely, possibility of cutting and obtaining sections of the 3D object, turning and rotating the object,
generating transparent zones, hiding zones, and even measuring distances in the model. Taking into
account the serious spatial visualization problems in the student body, this tool is really useful for an
introductory teaching of TPDs.

 

Figure 4. View of the TPD integrated in a PDF-3D.
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4. Discussion

Nowadays, different options with increasing levels of complexity are available for developing an
interactive computer-based tool to be used for explaining a concept involving spatial visualization
skills. These tools can be classified into three groups: Group I: Applications directly programmed in a
high-level language Group II: Applications created by using a specific development engine; and Group
III: Applications that are obtained by using a standard software for generating 3D content, e.g., PDF-3D.
For the selection of the group type to be used, the following issues must be taken into account:

• Difficulty in design and production

� Need of scripts (thematic, technical, and artistic)
� Need of technical knowledge
� Required software and equipment
� Time costs and working costs
� Viability of the selected theme

• Degree of usability, interactivity, and complexity
• How the tool is distributed to the students

� Unique file or a self-extracting file
� Size of the file
� Availability from the internet

• Need of equipment, software, and previous knowledge for using the tool

On the basis of these issues, applications included in Groups I and II exhibit a high difficulty
in both design and development processes, since high-level technical knowledge is required, and a
large amount of time and work must be applied [31]. Regarding the resulting tool, its size is large
and, commonly, it is composed of multiple files, which makes the distribution to the students difficult.
Additionally, high-performance microprocessors and graphical cards are necessary to run the tool.
On the contrary, these tools allow a high level of interactivity, visual quality, concept development,
and, even, content evaluation. Finally, these tools are more elaborated and controlled.

On the other hand, tools included in Group III (as in the case of PDF-3D) do not require a complex
design, development processes, or a specific software. They just need the 3D model generated by
a CAD software and a pdf reader software (e.g., the free Adobe Acrobat Reader), which are basic
requirements for any engineering instructor. In addition to the clear advantage of the ease of design,
this type of software allows an acceptable degree of interactivity and generates small-size files that
can be easily distributed over the internet. The computer application PDF-3D allows to rotate and
frame (to pan) the models, zooming, obtaining images, measuring, adding comments, hiding elements,
selecting different points of view, modifying the type of visualization, changing the illumination,
modifying the background, and making interactive sections of the model. Its main shortcomings are
the low degrees of complexity, interactivity, and development. Furthermore, a commercial format
developed by Adobe is required that, consequently, is limited to the Adobe specifications. Although
interactivity is one of the properties most demanded by students in computer applications [32–34],
the level of such a feature in Group III is enough for most of the virtual tools developed in engineering
education (without professional purposes). Specifically, in the case of TPD, the PDF-3D allows students
to spatially understand the different regions (3D geometry of the different phases) in an interactive
way. Thus, this educational tool is a good complement to other online/interactive simulations that
only explain simple 2D plots (isothermal sections of a TPD) [28,29].

4.1. Simplicity of Design (PDF-3D of a TPD)

PDF-3D could be considered as a promising tool to be used in the teaching–learning process
of engineering degrees to overcome problems related to spatial visualization, which is a serious
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matter for engineers who must carry out tasks during their student life [4] and also during their
professional careers [35,36]. The design process of a PDF-3D is simpler than the design process
used in other interactive computer-based tools, and PDF-3D is sufficient for the required aims in the
teaching–learning process developed in engineering studies. Specifically, in the case of TPDs, PDF-3D
is adequate for developing the basic design required in mechanical engineering studies, i.e., without
precise mathematical equations that define the curves. The main aim sought by an instructor during
the explanation of a TPD in mechanical engineering studies is achieving the spatial understanding of
how such a diagram is formed, whereas the mathematical equations defining the curves of the TPDs
are not important. Thus, this type of models is sufficient for teaching basic concepts regarding TPDs
and helping students understand the spatial comprehension difficulties that the use of TPDs exhibits
in a professional environment.

4.2. Educational Experience

The students´ opinions after using the previously exposed didactic tool are presented in this
section. To this aim, a quasi-experimental research was carried out on a total of 32 students enrolled in
the Materials Science and Engineering course (in the Mechanical Engineering Degree). The survey
questions were focused on, firstly, how helpful the PDF-3D tool is for students in the task of spatially
understanding a TPD and, secondly, how easy it is to use such a didactic tool (Table 1).

Table 1. Questions included in the student survey.

Number Question Response

1 Do you think that the PDF-3D tool helps you to spatially
understand the ternary phase diagrams? Rate from 1 to 10

2 Do you think that the PDF-3D is an effective tool to use in
topics related to spatial difficulties? Rate from 1 to 10

3 How easy was it to use the PDF-3D tool of ternary phase
diagrams? Rate from 1 to 10

4 Could you indicate the positive aspects of using PDF-3D for
teaching TPD?

The obtained results revealed that the help provided by using the PDF-3D tool to spatially
understand the TPDs was well rated by the students, as reflected in the average values of the answers
to question 1 (9.3 out of 10 with a standard deviation of 0.24). Likewise, according to the students’
answers to question 2 (Table 1), the PDF-3D is considered an effective tool to be used in other topics
related to spatial difficulties (9.6 out of 10 with a standard deviation of 0.28). Furthermore, students
gave the highest rating to the ease of use of the PDF-3D (9.9 out of 10 with a standard deviation of
0.20) and they highlighted other positive aspects of such a didactic tool, such as the availability to use
it at home and the speed of opening the tool with a conventional computer.

It is worth noting here that the result of question 3 (9.9 out of 10) revealed how easy it is to use a
PDF-3D, since mechanical engineering students generally give lower ratings to other virtual didactic
tools which are easy to use [18,37,38]. This fact, together with the simplicity of designing a PDF-3D
(compared with other didactic virtual tools usually designed with a more complex software), makes
PDF-3D a promising application for the teaching–learning process in engineering studies.

5. Conclusions

Despite the didactic usefulness of the PDF-3D for subjects involving concepts with spatial
visualization difficulties, there is a lack of research papers that show the use of this tool in the
classroom. Since the PDF-3D tool is quite new, the tool and its potential applications are still unknown
to the world of education. Authors consider the PDF-3D to be an educational tool with interesting
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applications in any subject or topic related to spatial visualization difficulties, e.g., technical drawing,
crystal lattices, biochemistry.

In this paper, a practical application using a PDF-3D in engineering studies in shown in order
to teach ternary phase diagrams, which are characterized by serious spatial visualization difficulties.
Both students and authors are really satisfied with the possibilities that such a didactic tool offers.
Furthermore, this paper includes an explanation of the design process to create a PDF-3D, which is
simpler and much easier to make than other didactic virtual resources, so that anybody can reproduce
this idea, adapting it to specific applications.
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Abstract: Tractors are used to perform jobs that require different types of agricultural tools to be
attached to their rear, to their front, or both. These tools may need to be dragged, towed, or suspended
above ground, and sometimes require a power supply; this is usually obtained via a hydraulic system
or from the tractor’s power take-off system. When tractors have to work with such tools on different
types of soils and on different slopes, the need arises to calculate the power the tractor engine
will have to produce. In the classroom, this is normally calculated manually with the help of a
calculator. This work, however, describes a computer program (written in Delphi and operating
under Windows) that rapidly solves the most common types of power balance problems associated
with single-traction tractors. The value of this software as a learning aid for students of agricultural
engineering is discussed.

Keywords: improving classroom teaching; simulations; teaching/learning strategies

1. Introduction

The use of new technologies in teaching has, currently, a very important place in the field of
education [1]. Thanks to its use, it is possible to extend teaching to students regardless of their level of
knowledge, schedule availability, location, or other limitations [2].

Agricultural Engineering university studies are undergoing great changes and improvements,
thanks to the use of these technologies. Thus, it has been demonstrated the improvement in the
development of agricultural engineering class sessions by using the flipped classroom learning
environments (combination of the conventional and virtual teaching) [3]. Other authors proposed the
implementation of distance-learning in engineering studies and use it for the benefit of increasing their
attractiveness [4].

Among the important advances that have been made in the teaching of engineering and the
use of new technologies [5], the following stand out: the tools for simulation of crop growing in
agricultural [6], the use of devices to support the crop growing, advising, for example, the need of
irrigation or fertilization [7,8], the use of supervisory control and data acquisition systems (SCADA)
for the installation design, as drip irrigation systems [9], the use of software of finite element analysis
(FEA) for the simulation of structural components of vehicles and machinery [10], the implementation
of collaborative computer-aided engineering (CAE) for collaborative tools that allow the integration
of different engineering specialties [11], the use of interactive exercises (using software), the use
of information in real time, the use, by students, of graphics software for modelling or a virtual
reality system for engineering laboratory education [12,13], the combining of attending theory
classes with web-based learning and the use of software for solving problems (even in examination
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situations) [14,15], the use of tools for videoconferences between professors and students, also
allowing group classes online [16,17], the use of augmented reality in order to improve the learning
results [18,19], and the use of IT tools in the laboratory as a learning aid [20]. In addition, the use of
web-based technologies, such as Moodle, as a support to traditional teaching [21,22].

In agricultural engineering, a main aspect is the knowledge of the machinery and equipment
used [23]. The tractor is a vehicle widely used in several tasks. The technological development has
also contributed to numerous advances in this type of agricultural vehicle [24], such as, for example,
improvements in steering systems [25], the development of hybrid tractors [26], the use of algorithms
and simulation to improve the suspension systems [27], or the use of a sensor to control the wear of
some elements [28].

Therefore, during university studies in this specialty, students must acquire the knowledge for
the design and calculation of the main parameters related with the tractors. One of these parameters
is the engine power of an agricultural tractor [29]. One way to obtain the torque and power values
of a tractor’s engine is through the use of a dynamometer [30]. Also, some software solutions have
been developed for these and other types of calculations [31], and mobile applications, which are a
complement to the study of tractors [32].

This work describes the development and use of software that students could use to check their
manually-produced solutions to problems on the behaviour of single-traction tractors in the field.
Tractors are used to perform jobs that require different types of agricultural tools to be attached to their
rear, to their front, or both. These tools may need to be dragged, towed, or suspended above ground,
and sometimes require a power supply; this is usually obtained via a hydraulic system or from the
tractor’s power take-off system [33]. When tractors are working with such tools on different types of
soils and on different slopes, the problem arises of calculating the power the tractor engine needs to
produce [33,34]. Traditionally, such problems are tackled using the nomenclature described in Table 1
and the equations shown in Figure 1.

This calculation, therefore, demands knowledge of certain physical characteristics of the
tractor–tool–soil system, and the resistance to movement caused by the weight supported by each of
the tractor’s wheels. The software developed takes all these variables into account, and can determine
the power required of the engine under a wide range of work conditions. The value of this software as
a learning aid for students of agricultural engineering is discussed.

Table 1. Nomenclature used.

Symbol Magnitude Symbol Magnitude

Ne Effective power of the engine p Pressure in the hydraulic system
NT Power transmitted q Hydraulic flow
ηm Mechanical yield of the transmission ηg Overall pump performance

Ns.e. Power consumed by the electrical system T Moment of the power take-off system
Nh Power consumed by the hydraulic system ω Velocity of power take-off

Nt.d.f. Power supplied by the power take-off system U Peripheral forces in drive wheels
NU Usable power R Resistance to movement
Nρ Power losses in movement Vt Theoretical velocity
Nα Power associated with the slope VR True velocity
Na Power associated with acceleration PT Cross-sectional weight of the system
Nσ Power lost due to sliding Fi Inertia of acceleration
NZ Power transferred to the towing bar Z Force associated with the towing bar
V Volt I Ampere
ηb Bar yield (Z)
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Figure 1. Power balance for a single-traction tractor.

2. Materials and Methods

A series of algorithms was produced that contemplates the majority of power-requirement
situations encountered in the normal use of single-traction tractors. These situations were catalogued
by examining the questions given in exercises and examinations to students of agricultural engineering
at the University of Almería, Spain, in recent years. These algorithms were incorporated into a program
designed to calculate the power required of the tractor engine in different scenarios. The program was
written in Delphi [35], a high level language, and compiled to generate a file executable under the
Windows operating system. The flowchart of the program is showed in Figure 2, where each step of
the diagram is explained below in this section.

Figure 2. Program flowchart.

2.1. Start-Up Window

On starting the program, a window (Figure 3) appears that allows the user to choose between
two options: to begin work on a new problem, or to re-open a saved problem. If desired, the program
can be exited at this point by pressing the EXIT button.
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Figure 3. Start-up window.

2.2. Soil Data

If the “new problem” option is chosen, a new window appears (Figure 4) for the incorporation of
data pertaining to the soil over which the tractor must move (maximum specific resistance of the soil
and slope). If these data are not required for the solution of the problem, values of 0 are entered. When
all data have been entered, the ACCEPT button is pushed.

Figure 4. Soil data input window.

2.3. Data Pertaining to the Forward and Rear Wheels

Once the soil data are entered, a new window (Figure 5) appears for the introduction of data
pertaining to the front wheels of the tractor (forward ballast, the coefficient of rolling resistance of
the front wheels, and the front wheel radius). When this has been done, the ACCEPT button is
pushed. A new window, similar to the last one, then opens for the rear wheel data to be introduced.
The operator then proceeds as above.

Figure 5. Tractor wheel data input window; (a) Front wheel; (b) Rear wheel.
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2.4. Chassis and Engine Data

Once the above data have all been introduced, a new window (Figure 6) opens to allow the
introduction of the chassis and engine data; this includes the distance between the axels, the tractor’s
centre of gravity, its weight, the power loss in the hydraulic system, the power reserve of the engine,
the mechanical yield of the transmission, power loss in the electrical system, the theoretical velocity of
the tractor, the true velocity of the tractor, and coefficient of sliding friction. In the velocity section of
the window, two or three of the requested values should be introduced. A value of 0 is introduced
if the true value is unknown. The CALCULATE button is then pushed for the unknown value to be
determined from the data provided. The ACCEPT button is then pushed. If the values introduced are
clearly incorrect (e.g., a true velocity higher than the theoretical velocity has been entered) a message
to this effect will appear. Any errors can then be corrected before pushing the ACCEPT button again.

Figure 6. Chassis and engine data input window.

2.5. Main Window

When the above step has been completed, a new window (Figure 7) appears. This allows the
machinery (e.g., fertilizer spreader, drill, pulveriser, mould board plough, trailer, etc.) to be connected
to the tractor (either at the front or rear) to be introduced.

A desired tool is selected from the options by clicking on it and dragging to the picture of the
tractor. The virtual tractor can take a maximum of one suspended or dragged tool and two forward
tools; no more can be added, but choices can be changed. To eliminate a tool, all that is required is to
drag it from virtual tractor and drop it in the recycle bin. The tool selection options will then become
active again. The data for the attached tool can then be introduced by clicking on the “TRACTOR
COMPONENTS” dropbox and choosing the tool selected; a data input window will then appear.
These data can be modified by performing the process again at any time.

93



Educ. Sci. 2018, 8, 68

Figure 7. Main window.

2.6. Visualizing the Results

To see the results (Figure 8), the user only needs to do the following:

(a) Press the CALCULATE button in the main window. A window will then appear with all
the results.

(b) Clicking on a result will cause a window to appear with the formula used to obtain that results.
To move between the different types of result, the user need only click on the different tabs.

(c) To return to the main window, the RETURN button is pushed.

Figure 8. Cont.
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Figure 8. Results windows; (a) Calculated forces; (b) Force diagram; (c) Power scheme.

2.7. Saving a Problem

Being able to save a problem means the user need not put in all the data every time he or she
wishes to return to it. Saving requires the user to:

Push the SAVE option in the main window.
Choose a file name for the problem and press SAVE in the corresponding window.
If a filename is chosen that already exists, a message appears asking the user if the intention is

to overwrite that file. The YES button should be chosen if this is the case, the NO button if it is not.
The latter choice will allow the user to provide a new name for the problem to be saved.

2.8. Recovering a Saved Problem

If the program has just been opened, a window will appear asking whether the user would
like to re-open a saved problem. If this is the case, the user should press ACCEPT, and choose the
problem desired.
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If the program is already running and the user wants to access a saved problem, the OPEN button
in the main window should be clicked. The directory and appropriate file should be sought, and the
problem opened by pressing the OPEN button. This will return the user to the main window, where
all the data pertaining to that problem will appear in the correct place.

2.9. Printing Results

To print the results, the user should:
Press the PRINT button in the main window.

2.10. Evaluation of the Software

To evaluate the software developed, a survey has been carried out that includes eleven questions
to be answered by a group of students (Table 2). Two questions are about the characteristics of the
student and the other nine questions about the use of the software. A total of sixteen students of the
Grade in Agricultural Engineering of the University of Almería (Spain) have carried out the survey.

Table 2. Qualitative variables collected for each student.

Variable Category Abbreviation

Students

1. Sex
Male Mal

Female Fem

2. Age ≤20 years old T1
≥21 years old T2

Software

3. Is the interface easy to use?
Yes q3y
No q3n

Ever q3e

4. Would it improve the interface (titles, windows, menus, icons,
buttons or figures)?

Yes q4y
No q4n

Ever q4e

5. Do you find useful the software to solve problems of power
balances in tractors?

Yes q5y
No q5n

Ever q5e

6. Is the level of knowledge required to use the software in
accordance with the academic level?

Yes q6y
No q6n

Ever q6e

7. Is the speed of response of the software correct? (user
interaction and program)

Yes q7y
No q7n

Ever q7e

8. Do you think necessary previous explanations of the teacher
in the classroom for the use of the software?

Yes q8y
No q8n

Ever q8e

9. Is it easy to navigate the program?
Yes q9y
No q9n

Ever q9e

10. Is the information correct and updated?
Yes q10y
No q10n

Ever q10e

11. Rate the software PTractor Plus 1.1. from 1 to 10:
<5 L
5–7 M
>7 H
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The results of the survey have been statistically evaluated using the XLSTAT2018 software
(Addinsoft, Paris, France).

3. Results and Discussion

The program developed, known as PTractor 1.1, quickly performs the tedious tasks required in
the calculation of power balances in single-traction tractors. It could be used by engineers to rapidly
assess the possibility of a tractor being able to perform a desired task, or to simulate small field trials,
such as those performed with single-traction tractors by Evans, Clark & Manor [36], Shibusawa &
Sasao [37], Sharma & Pandey [38]. and Raheman & Jha [39]. Perhaps more importantly, however, it has
the potential to be used as a learning aid.

Generally, students in our department are first exposed to the basic concepts of the equations
required to calculate power balances. They then have to use this new knowledge to work out some
general problems. These calculations are performed manually with the aid of a calculator. Each
question demands considerable time on the part of the student, who has to repeat the majority of the
calculations made if any condition of the problem is changed. However, our students are allowed
access to the program described, either individually or in groups. They can then check their calculations
and easily modify variables to see what effect this has on the final result—something that should
reinforce their understanding of the basic concepts they have been taught.

This type of software-supported learning for the verification of results has been tried in other
areas of engineering by other authors [6,11].

Regarding the survey carried out for the students (Table 2), the statistical results obtained are
showed in Table 3. Most students who have completed the questionnaires are under 21 (56.25%—T1).
This means that almost half (43.75%—T2) are students who have repeated the course. Besides, male
students are about twice that female students.

Table 3. Frequencies and modes for the qualitative variables by category.

Variable Categories Frequencies %

Age T1 * 9 56.25
T2 7 43.75

Sex Fem 5 31.25
Mal * 11 68.75

q3 q3e 1 6.25
q3y * 15 93.75

q4 q4e 5 31.25
q4n 4 25.00

q4y * 7 43.75
q5 q5e 1 6.25

q5y * 15 93.75
q6 q6e 3 18.75

q6n 3 18.75
q6y * 10 62.50

q7 q7e 1 6.25
q7y * 15 93.75

q8 q8e * 7 43.75
q8n 4 25.00
q8y 5 31.25

q9 q9e 5 31.25
q9y * 11 68.75

q10 q10e 3 18.75
q10y * 13 81.25

q11 H * 7 43.75
L 2 12.50

M * 7 43.75

* Mode.
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With respect the question about the software, the 93.75% of the users consider that the software is
easy to use (“q3”) and fast (“q7”) but, at the same time, consider that it should be improved (“q4”).
This may be due to the fact that the program has been used for more than ten years without having
been updated with the new Windows environments; however, almost all students find it useful (“q5”).

In question 6, most students think that the software is appropriate to their knowledge;
nevertheless, approximately 40% of the students think that it is not appropriate, percentage that
coincides with the number of “T2” students. Also, this percentage coincides with the number of
students that requires, sometimes, an explanation about the use of the software before using it (“q8”).

Near 70% of the students have found the software easy to navigate (“q9”) and around 80% think
that the information is correct and updated (“q10”). All this is positive, but it should not lead the
professors to conformism. Improvements would be necessary in the search for educational excellence.
Regarding the overall evaluation of the software, the valuation has been medium-high (close to 90%;
“q11”).

Finally, as limitations of the software it should be noted that it does not take into account the
regenerative auxiliary power of the tractors [40], nor does it solve problems of tractors with double
traction. These facts, together with the updating of the interface, advise an update of the PTractor
Plus software.

4. Conclusions

The software could be of use to professional engineers when power balances need to be calculated,
or for undertaking simulations in the laboratory. However, it may also have great potential as a
learning aid for students in real or virtual classrooms.

Also, although the students value, in general, the software positively, a short/medium term
update is necessary.
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Abstract: Students engaged in systems engineering education typically lack experience and
understanding of the multidisciplinary complexity of systems engineering projects. Consequently,
students struggle to understand the value, rationale, and usefulness of established systems
engineering methods, often perceiving them as banal or trivial. The paper presents a learning
activity based on a three-stage reverse engineering role-play developed to increase students’
awareness of the importance of correctly using systems engineering methods. The activity was
developed and integrated in the Systems Engineering course given at Blekinge Institute of Technology.
Its effectiveness was analyzed through semistructured self-reflection reports along with two editions
of the course. The results showed the development of students’ understanding of how to use systems
engineering methods. In particular, the students realized the need to deliver detailed and easy-to-read
models to the decision makers. This result was in line with the achievement of some of the intended
learning outcomes of the course.

Keywords: systems engineering; education; role-play; self-reflection; reverse engineering; active
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1. Introduction

The evolution of humanity has always been characterized by a continuous attempt to improve
the quality of life and to create better living conditions. The search for new ways of satisfying
fundamental needs has often led to the engineering of complex systems that, in order to be successful,
needed to be socially acceptable and provide value. At present, the term systems engineering (SE) is
commonly used to refer to the engineering effort of satisfying articulated sets of needs from different
stakeholders, with the intent of developing solutions providing value to an overarching system [1].
The concept of SE was coined in response to the need to develop increasingly complex systems in the
aerospace industry [2]. The application of methods and tools for SE has largely impacted, for instance,
the development of aircraft or satellites (see References [3,4]). The increasing socioeconomic challenges
related to globalization, population growth, economic interdependence, and sustainability are stressing
the need for SE competencies to be applied beyond the aerospace context [1]. While the need for such
competences is increasingly recognized in industry and research, those are still poorly addressed from
a pedagogical perspective for what concerns the education of new systems engineers. As highlighted
by the International Council of Systems Engineering, current SE programs focus on practice, with little
emphasis on underlying theory, especially for what concerns human and social sciences [1].

SE projects require multidisciplinary skills and cross-functional design teams, including a
wide set of disciplines, such as design, manufacturing, system analysis, knowledge management,
and sustainability analysis (see, for instance, References [5–7]). Different SE methods to structure,
formalize, and validate knowledge have been developed by both researchers and industrial
practitioners since the 1980s. Those have been applied in a variety of industrial contexts to increase
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standardization and reduce the risk of misinterpretation and ambiguity [8]. However, while SE
methods are easily perceived as beneficial in complex industrial contexts, research has shown that
their benefits are not evident for students engaged in SE education. This is because students do not
commonly have an understanding of the system complexity and perceive the methods as “open doors”.
Students lack the background to understand what the methods offer and, therefore, risk perceiving
them as trivialities [9].

This paper addresses this issue by proposing a learning activity developed to increase students’
awareness on the importance of knowledge formalization and communication in early design through
established SE methods. The activity, named “Reverse Engineering Role-Play”, was inspired by the
principle of active learning [10] and was developed in the frame of an educational initiative to promote
the CDIO (Conceive—Design—Implement—Operate) framework [11]. The learning activity featured
the active participation of students in a role-play in which they acted as development engineers in a
reverse engineering analysis of a real product (stage 1), proposed a new design of the product (stage
2), and assumed the role of managers in decision making, evaluating, and choosing the design to
be promoted for further development (stage 3). The knowledge created during the three stages was
formalized through SE methods, and it was exchanged between different teams during the role-play.

The purpose of this research was to study the effectiveness of the proposed role-play in developing
students’ critical thinking and self-confidence in choosing and applying systems engineering methods.
Data about the effectiveness of the activity in contributing to the intended learning outcomes were
collected through semistructured individual self-reflection reports. The results showed an increased
students’ understanding of the desired quality and level of detail needed for SE methods to be effective
in supporting design decision making. Such results were supported by the students’ proposal of
concrete actions to be taken to improve the quality of their own SE models produced in stage 1.

The structure of the paper is as follows. Section 2 describes the research approach and the
educational context, detailing the course structure and defining how the proposed learning activity fits
with the intended learning outcomes. Section 3 presents the challenges in SE education and the current
effort in reforming the overall engineering education in light of the CDIO framework. Section 4 details
the reverse engineering role-play, describing activities, support material, methods used, and how the
knowledge was shared. Section 5 reports the results of the data analysis and discusses them in relation
to the intended learning outcomes. Section 6 draws the final conclusions.

2. Research Approach and Educational Context

The research presented investigated SE education literature in search for teaching initiatives
following the guidelines promoted by the CDIO framework for engineering education. Research data
concerning the use of the proposed learning activity were collected during two editions of the Systems
Engineering course that took place in the Mechanical Engineering department at Blekinge Institute
of Technology” in 2016 and 2017. In total, 46 students enrolled in Master level studies in Mechanical
Engineering, Industrial Economics, and Product-Service Systems Innovation were involved. Data about
students’ activities and performances were analyzed by means of retrospective analysis of individual
semistructured self-reflection reports, filled in as the last activity of the role-play. The self-reflection
reports were analyzed by categorizing the content into five categories, namely: The reason for a
choice, the confidence in the decision, the wish for information, the wish for communication, and the
individual learning.

2.1. Description of the Systems Engineering Course

The Systems Engineering course at Blekinge Institute of Technology is designed for university
students at Master level. It addresses both SE theories and SE practical skills needed for practical
application of SE methods and tools in practice. The course accounts for 7.5 ECTS points in the
European Credit Transfer Systems. The European Credit Transfer Systems is based on learning
achievements and students’ workload, with 60 ECTS points corresponding to a full academic year with
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a workload range from 1500 to 1800 hours. Every course accounts for a specific number of ECTS points,
defining the expected amount of workload for the students, subsequently guiding the definition of the
learning objectives and the duration of the course. The intended learning outcomes of the course are
listed here:

1. Understand what SE is and what characteristics sets it apart from other development approaches;
2. Assess why and when an SE approach is desirable;
3. Be able to undertake an SE program definition study and define an SE plan for a realistic project;
4. Be able to develop an SE concept design as the basis for further detailed design;
5. Apply SE tools (e.g., requirements development and management, robust design, design structure

matrix) to realistic problems;
6. Know how to proactively design for system lifecycle targets.

The course is structured in two internal modules which run in April and May. In the first module,
time is spent in classical frontal lectures, where the basic concepts of SE are introduced. As a conclusion
to the first module, a class activity is organized in two sessions. This aims to let students experience
and test SE methods prior to their extensive application in the second module. In the second module,
approximately 90 hours are spent on a course project dealing with an SE problem provided by a
partner company. Additional project-related lectures and guest lectures by industrial representatives
are eventually run based on the topic of the project. The reverse engineering role-play presented
in the paper was run in between the two modules as a class activity to let the students experience
the application of SE methods and learn and reflect on their characteristics, quality, and need for
standardization. Figure 1 visualizes the high-level structure of the course.

 
Figure 1. Modules of the Systems Engineering course.

3. Framing the Proposed Approach into the Systems Engineering Education Challenges and the
CDIO Initiative

The academic discussion about the role of SE education goes back to the 1980s. Most of the early
contributions focused on specific contents to grant an education that was in line with the professional
needs of industries interested in employing the newly graduated students [12]. Asbjornsen and
Hamann [12], in their work toward the definition of a unified SE education, listed a few requirements in
relation to the SE process outlined by Asbjornsen [13]. According to those requirements, future systems
engineers would need to understand and analyze a broad and multidisciplinary knowledge-base and,
at the same time, would need the skills to work with deep quantitative knowledge in specialized areas.
The skills of a systems engineer were also defined as strongly related to the ability to understand other
disciplines and to explain one’s own. This is related to the ability to learn, share, and communicate
new knowledge, ultimately lifting the need for systems engineers to be able to understand and analyze
the human interrelations inside an organization (as also partially described by Senge [14] concerning
practices in learning organizations). Asbjornsen and Hamann [12] also highlighted the need for
“softer” skills, such as loyalty, individual responsibility, and global and environmental concerns.
Their work, however, did not prescribe specific learning activities to address such multidisciplinary,
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neither indicated effective ways to teach SE to university students. A more recent work by Muller
and Bonnema [9] focused on finding a teaching method fitting the limited students’ experience in the
SE context. The authors investigated how to effectively teach SE and listed the differences between
teaching SE compared to the other engineering disciplines. Specifically, five characteristics were
described as critical:

• The broader scope, encompassing technical problems and many nontechnical issues at the
same time;

• The ill-defined nature of the problems;
• The presence of unknowns, uncertainties, contradictions, and ambiguities in the problem definition;
• The presence of problems and solutions that are so heterogeneous that methods, techniques,

and formalisms often have to be adapted to the situation;
• The absence of a single unique “best” answer, given the many-dimensional field of stakeholders

and concerns.

The effectiveness of teaching engineering disciplines is a topic that goes beyond the focus of SE
and concerns both the structure of the learning activities in the class and the learning styles of the
students. About the latter, different models have been proposed in the literature (e.g., Myers–Briggs
type indicator [15], Kolb learning style model [16], Felder–Silverman learning style [17]). Felder [18]
listed a set of recommendations for engineering education to address the larger possible set of students
learning styles, underlying, among others, the benefits of the following approaches:

• Teach theoretical material by first presenting phenomena and problem that related to the theory;
• Balance conceptual information with concrete information;
• Use physical analogies and demonstrations;
• Give occasionally experimental observations before presenting general principles;
• Provide class time to think about the material presented.

A parallel stream of literature focused on the analysis of the effect of active learning initiatives on
students’ motivation and engagement in their own learning. In the early 1990s, a book by Bonwell and
Eison examined the major contributions on active learning, concluding that its application improved
students’ attitude as well as their thinking and writing ability [10]. Further, the review by Prince [19]
highlighted the extensive empirical support that active learning has collected during the years and
showed the induced benefits concerning the students’ improved capability to remember the topic of
a lecture.

The CDIO international educational framework defines engineering education as a combination
of conceive, design, implement, and operate activities [11]. Learning activities combining active
learning, direct participation of students in concrete design tasks, and the participation to workshops
and project-oriented group tasks constitute the backbone of the CDIO philosophy. Since its
formulation, more than 150 academic institutions have joined the CDIO initiative [20] with the vision
that “engineering graduates should be able to: Conceive—Design—Implement—Operate complex
value-added engineering systems in a modern team-based engineering environment to create systems
and products” [21].

The role-play is a form of active learning where students work through a given scenario adopting
different personas and interacting in their assumed role [22]. Literature shows role-play to be an
approach that is particularly effective for learning about complex systems and for maintaining students’
engagement while avoiding anxiety and increasing independent learning [22]. Research studies
interviewing students several months after the closure of a course show that students tend to remember
more information from the role-plays than from other lectures [23]. The role-play was also described as
a valuable approach to enhance knowledge acquisition, particularly when it includes the observation
and the acquisition of information from others [24]. The potential of role-plays in higher education was
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also explored by Rao and Stupans [25], proposing a typology of role-play learning designs enabling
teachers to select the role-play approach that would best fit the intended learning outcomes.

The reverse engineering role-play presented in this paper is an instantiation of the effort to reform
the learning activities of the SE course in the frame of the CDIO initiative. It uses active learning and
self-reflection reports to increase students’ engagement and understanding of the topic and, at the
same time, integrates Felder’s recommendations on addressing different students’ learning styles.

4. Description of the Learning Activity

The reverse engineering role-play was designed to address the intended learning outcomes
number three and five of the course (see Section 2.1). In particular, the activity focused on providing a
realistic project in which students can apply SE methods and subsequently reflect on their benefits,
drawbacks, and challenges. The proposed learning activity aimed to foster students’ understanding
of the importance of effective information communication by means of established methods in SE
decision making. To achieve this goal, the role-play was organized as a two-day activity in which
the students acted initially as members of an engineering team dealing with the reverse engineering
of a product (stage 1), assuming later (stage 2) the role of members of a product innovation team
in charge of the redesign of the available product. The two stages were followed by an individual
activity, in which each student was asked to take the role of a manager to select, among the set of
proposed innovations, the most relevant design to be further developed. This was done to replicate
a cross-functional development scenario in which designers and decision makers are two different
groups of stakeholders.

The role-play took place one month after the beginning of the course, when the students had
already acquired knowledge about SE methods and tools (e.g., quality functional deployment,
functional analysis, functional decomposition, requirement definition, N2 diagrams) and had
previously seen examples of reverse engineering activities. The following subsections describe in detail
each stage of the reverse-engineering role-play.

4.1. Stage 1: Reverse Engineering and Knowledge Formalization

The activities of stage 1 were introduced with a 15-min presentation describing the reference
products. The students were randomly divided into teams of 3 (and occasionally 4) members.
Two products were proposed as subjects of reverse engineering, namely an electrically-powered
coffee machine and an electrically-powered orange juicer (Figure 2). Each team received either the
coffee machine or the orange juicer, the necessary instruments to disassemble and test the product,
and the original packaging used for transportation. The choice of rather “simple” products, such as a
coffee machine and an orange juicer, was driven by the necessity to give the students a product they
could easily relate to and that was possible to analyze in a restrict timeframe. In total, 15 student teams
took part in stage 1, six of which worked on the reverse engineering of the coffee machine and nine
worked on the reverse engineering of the orange juicer.

 
Figure 2. Picture of the two products to be reverse engineered: A coffee machine (left) and an orange
juicer (right).
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The reverse engineering kicked off with the teams receiving the physical product, with the
assignment to deliver its functional decomposition and its functional analysis, including the functional
flow block diagram and an N2 diagram [3]. Those models needed to be delivered following the
shared SE standards (previously taught in the course lectures), and they needed to be uploaded on
a common databased created for the activity. The activity started at 10:00 a.m., and no specific time
limit was assigned. However, the teams were asked to gather again at 11:45 a.m. to verify the status of
advancement of the work and were requested to upload the results on the database before the end of
the day. Figure 3 illustrates the activities and the material produced in stage 1.

Figure 3. Activities and material produced in stage 1.

4.2. Stage 2: Propose Product Innovations

Stage 2 featured the same time setting and the same team composition of stage 1. It started with a
brief introduction of the assignment of the day given by the teacher. Stage 2 took place on a different
day than stage 1; this was decided to avoid stressing the delivery of the models during stage 1. In stage
2, the teams changed their role, not dealing with reverse engineering any longer but rather focusing on
proposing product innovations. The peculiarity of stage 2 stemmed from teams switching the reference
product of their work, that is, students’ teams that performed the reverse engineering of the coffee
machine were asked to propose a new design of the orange juicer, while teams previously working on
the orange juicer were asked to propose a new design of the coffee machine. To fill the knowledge gap
given by the product switch, the teams were given access to the database with all the models produced
during stage 1 by their classmates. This setting was proposed to replicate a typical situation in SE
projects, in which different design teams take care of different stages of the development and need to
rely on information that is produced and shared by other teams.

After accessing the database with SE models, the teams received a list of needs and problems about
the coffee machine and the orange juicer. This was artificially developed by the teacher for the purpose
of the activity and encompassed a broad set of stakeholders, including customers, logistics, production,
and marketing. The list of needs and problems for both products is available in Appendices A and B,
showing, in the first column, which stakeholder expressed a specific need and, in the second column,
the formulation of the need or problem. In total, eight statements for the coffee machine and twelve for
the orange juicer were provided. No further categorization or hierarchical analysis of the statements
were provided to the students. The teams were asked to produce and document a new design based on
the knowledge base. The requirements for the activity were to deliver a sketch of the new product, with
related textual explanation, and to fill in a self-assessment report template (available in Appendix C).
The structure of the self-assessment report was similar to the previous list of needs and problems,
although it added three columns, in which the teams were asked to evaluate: How much the new
design fulfilled the provided needs in relation to the actual product (column 3), how confident the team
was in the assessment for each need/problem (column 4), and how experienced the designers were in
using the coffee machine or the orange juicer (column 5). The report was complemented by a visual
indication on how to self-assess the new design based on a scale from 1 to 9, using the original product
as a baseline. Furthermore, a table mimicking the knowledge maturity scale proposed in SE literature
by Johansson et al. [26] was provided to guide the assessment of the confidence of the teams in column
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4. After completing the tasks, all the documentation was uploaded to the shared database to enable the
evaluation of the decision maker. Figure 4 illustrates the activities and the material produced in day 2.

Figure 4. Activities and material produced in stage 2.

4.3. Stage 3: Decision Making and Self-Reflection

In the last part of the role-play, the students were asked to act as individual decision makers going
through the available documentation and selecting the most promising design of coffee maker and
orange juicer to be further developed. The students were asked to individually select one design for
each product and justify their choice in written text. Furthermore, the students were also asked to
self-reflect on the models that the teams produced during the activity, discussing if and how those
were useful in the decision-making activity. The following questions where provided as a guideline for
the students’ reflections:

• Was the information enough to be confident with your choice? If not, what kind of information
would you have asked the design teams? And, eventually, in which form would you have such
information communicated to you?

• Have you found one or more functional flow block diagrams more useful than others? If yes,
why? If no, what would you expect to learn more from such diagrams? If you would do your
diagram again, would you do it differently?

• Have you found one or more N2 matrices more useful than others? If yes, why? If no, what would
you expect to learn more from such diagrams? If you would do your N2 matrix again, would you
do it differently?

• Have you found one or more functional decompositions more useful than others? If yes, why?
If no, what would you expect to learn more from such diagrams? If you would do your functional
decomposition again, would you do it differently?

The reflections were formalized in a text document and submitted to the teacher as part of the
course examination valuable for the final grade.

5. Data Analysis and Results

The documentation generated from stage 3 constituted the set of raw data that was analyzed
to verify the effectiveness of the proposed learning activity. The reports were analyzed looking for
answers to five questions, namely:

1. What were the main reasons to choose a design?
2. Was the information enough to be confident in your decision?
3. What kind of information would you have asked the design teams?
4. In which form would you have preferred to have such information communicated to you?
5. If you would do your models again, what would you do differently?

Students were free to provide open answers, indicating one or more aspects that they would have
liked to improve or that influenced their decision; thus, the analysis of the data accounted for possible
multiple answers. The following subsections describe the findings for each question.
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5.1. Reason to Choose a Design and Confidence in the Choice

All 46 students provided the reasons to choose a particular design. Figure 5 shows the distribution
of answers to question 1.

 

Figure 5. Distribution of the students’ feedback on the main criteria to choose a design.

The data show two dominant reasons to select a proposed design, namely the “personal feeling”
of the decision maker and the perception that the new design is satisfying the needs of different
stakeholders. Even if dominant in relation to the other response, those two reasons were mentioned
only by 19 of the 46 students (corresponding to the 41% of the sample). Despite the satisfaction of the
needs being central, only 12 of the 46 students admitted having considered the teams’ self-assessment
report concerning needs satisfaction in their choice, while 10 out of 46 students were influenced in
their choice by the accuracy of the report submitted. Such data are interesting to be analyzed in
relation to the students’ confidence in making decisions. From the 40 students that explicitly discussed
their confidence, 27 (corresponding to the 67.5%) stated that there was not enough information
to be confident in their decision, although they were required to make it anyway. These findings
are particularly relevant in the frame of the different roles that the students took in the role-play.
This highlights the challenges that decision makers in an SE context face when asked to make decisions
with product and systems information poorly defined and formalized. In other words, 27 out of
40 students realized that, to make a confident decision, the SE models produced by the class needed to
have a higher level of detail and precision. Such data suggested the activity was effective in allowing
students to experience the typical dynamics of decision making in an SE context.

5.2. Type of Information to Be Further Asked to the Design Team

The students were further asked to state what kind of additional information they would have
asked the design team to increase their confidence in the decision. Forty-one students addressed this
question in their report, and the distribution of answers is shown in Figure 6. Out of 41 students,
20 recognized the need for enhanced visual representation of the designs. Sixteen students (i.e., 39% of
the respondents) also highlighted the need for decision makers to receive more accurate information
about the product parts, and 10 students expressed the desire to have a description of the product
working process. Eight students requested an explanation of the rationale for the design choices,
and seven would have preferred a more detailed analysis of the stakeholders’ needs. Of particular
interest in relation to the intended learning outcomes is the students’ awareness of the necessity of
having more accurate information about the product parts and the product working process. Those two
aspects are respectively addressed by the functional decomposition and the functional analysis, models
previously experienced and produced by the students in stage 1. These data show that, despite
experiencing the models in stage 1, many students failed to deliver appropriate SE models during
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stage 2. The recognition of such failure happened in stage 3, during the decision-making phase. From a
pedagogical perspective, such a self-recognition process should be regarded as a positive result of the
learning activity, in line with the desired intended learning outcomes.

 

Figure 6. Type of information further desired from the design teams.

Out of the 41 students addressing the need for more information, 28 detailed in which specific
form they would have liked to receive it. No specific form emerged as dominant in the answers,
with 9 students expressing the desire for an oral presentation, 7 wishing to access CAD models and
physical prototypes, and few other students expressing the desire for more concise description, pictures,
and diagrams. The absence of dominant results does not allow to draw any specific pedagogical
reflection about this aspect.

5.3. What Would You Do Differently

The last question was the most relevant for what concerned the identification of the learning
results from the reverse engineering role-play. In light of their experience as innovators in stage 2 and
decision makers in stage 3, the students were asked to reflect on what they would do differently if
they came back to stage 1 and redid the functional models and the functional decomposition again.
The question was of primary importance to understand if the learning activity contributed to the
objective of raising students’ awareness about the importance of using defined and standardized SE
methods for knowledge communication in cross-functional teams. Figure 7 shows the distribution of
the answers given by the 32 students that explicitly addressed this question in their reports.

The majority of the students (24 over 32, equal to 75%) stated that they would make a bigger effort
in adding details to the SE models produced in stage 1. Eleven students (35% of the total) also raised
the necessity for the new models to be more readable than the previous ones, also adding pictures to
facilitate the communication (8 students). In light of such data, it is possible to state that the students
developed a critical perspective toward their own work, reflecting on the necessity to use SE methods
in a way that allows easier knowledge and information communication at different functional levels
and for different uses. This is shown by the shared understanding that the level of detail of the models
that the teams delivered during stage 1 did not reflect the level of detail that was later needed by the
other teams when acting as product innovators and decision makers. Furthermore, the recognition of
the need for more readable SE models can reflect the understanding of the multidisciplinary application
of such methods in an SE context. From an overall perspective, the finding from the data analysis
described a shared understanding about the necessity to use well-formalized, detailed, and effectively
communicated methods during SE, suggesting that the learning activity was effective in avoiding the
risk of the SE method being considered as a triviality by students lacking contextual SE knowledge (a
concern also expressed by Muller and Bonnema [9]).
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Figure 7. Distribution of answers for “What I would do differently if I would do the models again”.

6. Concluding Remarks

The evolving needs of society and industry have constantly changed the way in which engineering
education is performed. Engineering education continuously strives to educate students about the
skills and abilities needed to efficiently and effectively create value in society. Among the different
areas of improvement, this paper has focused on a specific aspect, that is, the capability of engineers to
work in an SE context.

This paper presented a learning activity for SE education that addresses parts of the challenges
raised in the educational literature described in Section 3. The paper focused on the necessity of
conveying the relevance of SE methods to students that struggle to perceive the usefulness of
such models. The analysis of the data collected from the students’ self-reflections showed an
increased awareness of the students on the necessity of extensively reviewing their initial use of
SE methods. The addition of details and the improvement of readability emerged as key actions to
provide better-formulated information to decision makers, ultimately enabling more confident design
decisions. This is interpreted as a positive result in relation to the satisfaction of the course-intended
learning outcomes. Concerning the limitation of the research, it must be highlighted that the data
presented were collected from a sample of 46 students, and this can limit the generalizability of the
findings. Engineering literature describes several examples of experiments with university students
featuring an even smaller number of participants (see References [27,28]), although the verification
of the effectiveness of the described educational approach would benefit from a larger data sample,
also including students from different institutions and cultures.

The reverse engineering activity was based on commercial products not typically developed
through an SE process. This allowed the students to model the behavior of a product in a usage context
that was familiar to them. The benefit of this was limiting the risk of including too many assumptions
about the functional decomposition and the functional analysis of the products. The adoption of
the new learning activity in the course was framed in the university effort to move toward the
transformation objectives highlighted by the CDIO framework. In line with the active learning principle,
the role-play was designed around an important learning outcome of the course (i.e., the capability of
applying SE tools to realistic problems) and was designed to promote the engagement of the students
in the course. In conclusion, the proposed learning activity was shown to promote students’ critical
thinking and to increase students’ self-confidence and understanding of the usefulness of SE methods,
providing the students with an answer to the question: “Why should I care about learning this?”

Future evolution of the proposed learning activity concerns the exploration of the possibility to
run a larger-scale reverse engineering role-play involving SE students of multiple academic institutions,
in order to replicate the challenges given by distributed and globally located design teams.
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Appendix A

List of needs to consider for the redesign of the coffee machine as distributed to the students.

 

Appendix B

List of needs to consider for the redesign of the orange juicer as distributed to the students.
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Appendix C

Template for the self-assessment report as distributed to the students.
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Abstract: Some of the subjects have complex concepts, which are currently taught using deductive
methods in the first years of University Degree. However, the experience shows the results obtained
from students’ learning goals were quite low. Therefore, the use of inductive method is a crucial
factor to improve students’ learning results and re-thinking the way to teach in basic subject of
Engineering Bachelor Degree. One example is the subject called Fluid Mechanics, which is present in
many Bachelor Degrees. This matter has abstract concepts, which are normally taught by traditional
methods. This type of teaching makes difficult to be understood by the student. This research
proposes an inductive methodology to work the viscosity concept using an activity. In this test,
the student has to carry out some measurements with different fluids using a simple measurement
device while they participated actively in the learning.

Keywords: inductive methods; re-thinking the teaching; viscometer

1. Introduction

If the learning process is analysed inside a University environment, particularly in Engineering
Bachelor Degree, there are some problems. One of the main problems is the complexity of numerous
concepts in some subjects, which are taught in the first courses such as Mathematics, Physics or Fluid
Mechanics [1,2]. Currently, this complexity is bigger in the subjects, which use traditional methods.
In these methods, the theoretical concepts are taught by the professor and the student has to assimilate
it (e.g., master class, lectures, and exercises). This learning causes the students are neither receptive
nor motivated to study. Therefore, they do not reach the learning objectives, which are considered by
the teaching guide of the subject. Consequently, the use of the active learning methods in which the
students participle actively in the development of the learning is recommendable. These methods are
based on experimentation (e.g., playing learning, project-based learning, role activities) and they are a
possible solution to improve the students’ learning. Active learning, collaborative learning, cooperative
learning and problem-based learning are active methodologies that use traditional activities partially,
but the students learn participating in the learning process actively. A deep review and discussion of
these methods was considered by [3]. Therefore, they should be applied to facilitate the understanding
of the student at different cognitive levels (lower order thinking skills (LOTS) and higher order thinking
skills (HOTS)). Viscosity, which is taught in Fluid Mechanics is one of those theoretical concepts.

The object of this research is to show a simple activity in which different experiment
measurements are developed by students, improving the understanding of the concept of fluid
viscosity. The knowledge is acquired by students through activities methodologies, particularly using
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experiential learning and combining with mathematical equations. The consideration of experimental
and the use of mathematics theory allow students to increase the acquisition of competences [4,5].
Besides, they can propose physical models to explain the different viscous nature of various fluids.
Therefore, this practice could be implemented in the subject of the Fluids Mechanics in any Bachelor
Degree where the matter is taught. If this activity is developed, the students would be given better
opportunities to learn the viscosity concept and to analyse its properties using a simple apparatus,
which is described. This apparatus could be reproduced in any lab and it can operate with common
materials such as water, ketchup or cornstarch. Besides, the research shows the possibility to evaluate
the transversal competence ‘CT-13.-Specific instrumentation’, which is included in the project ‘Plan
Estrátegico 2015–2020’. This plan is currently being developed by Universitat Politècnica València
(UPV). The UPV plan tries to implement these competences inside of the student’s curriculum since the
transversal competences increase the significance in the pupil’s training joined to specific competences.
This project tries to evaluate the learning objective using a descriptor replacing traditional methods [2].
This competence develops student’s thinking skills and the way he/she behaves trying to solve or
analyse a case study.

The aim of this research is to develop an instrument, which can be used by students to assimilate
the viscosity concept, combining the experimental learning and the use of the theoretical equations,
which are commonly teaching by traditional methods. The objective is to analyse the fluid nature that
is, the measurement of the viscosity value is not goal of this research. To measure it, there are many
instruments that were previously enumerated and they obtain values more exact. The methodology
was applied in a group of students who were studying Engineering Bachelor Degrees related to the
Fluid Mechanics topics. Therefore, re-thinking the way to teach better the concept of viscosity and
its influence on the fluid behaviour is the objective of the authors. It was the origin to propose the
development of a new viscometer. The use of this device was suggested as an activity to help students
visualize the viscosity phenomenon and understand the viscosity variations as a function of the fluid
nature as well as temperature.

The manuscript has four different sections. Firstly, the introduction describes the research topic.
The second section contains the description of the materials and methods. The third section of this
paper shows the experimental results obtained by the students. Finally, the manuscript enumerates
the main conclusions and applications of this research.

2. The Viscosity in the Engineering Curricula. Re-Thinking as the Professor Teaches this Crucial
Concept in Fluid Mechanics

2.1. The Viscosity. How Is It Taught? Looking for Alternatives to Improve the Student´S Learning Process

2.1.1. The Concept of the Viscosity. What Is It? What Is Its Equation That Defines the Fluid Behaviour?

The viscosity is a fluid property, which leads to the existence of shear forces within the fluid
and to resistance when the fluid is in contact with a solid boundary. According to Newton [3],
the viscosity is directly proportional (Equation (1)) between applied shear and velocities gradient in a
fluid. The fluid is a substance, which experiences a continual deformation when a shear is applied
over it [6]. The viscosity effect can be observed through in laminar Couette flow. In this experiment,
a rectangular portion of a fluid (i.e., the fluid is confined between two sheets) is subjected to shear
using a surface in which a parallel force is applied upon. This force is aligned with the free surface
direction. When this force is applied, a velocity gradient is generated in the fluid (Figure 1). This force
generated a uniform gradient in which the fluid velocity varies between zero and u. The value zero
is for the particles, which are in contact with the lower sheet. The value u is for the particles in
contact with the upper sheet. The velocity in the sheet is equal to fluid particle’s velocity in contact
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with it due to adhesion condition. This fluid property is defined by the Equation (1), according to
Newton’s assumption.

τ = μ
du
dy

(1)

where τ is the shear; μ is the viscosity, and du/dy is the wall-normal gradient of the wall-
parallel velocity.

u =0

u

Figure 1. Viscosity defined through Newton’s assumption (Adapted from [3]).

2.1.2. The Viscosity. How Is It Taught? Looking for Alternatives to Improve the Student´s
Learning Process

The Viscosity and Its Traditional Learning

When the viscosity concept is described by using traditional methods, the lesson is generally
divided into three parts: concept, type of fluids, and apparatus to measure the property. These concepts
are taught using a master class. This type of teaching is a lesson where someone who is an expert at
something advises a group of students, using deductive methods. In this type of teaching, the professor
teaches concepts, principles, theorems and/or equations during a limited time (normally two or three
hours) while the student has to extract the different conclusions and learn the concepts taught by
the professor. Once, the theory is taught, the students carry out experimental practices. Along these
sessions, the students can check the theoretical concept that were developed in class using commercial
viscometers. This type of learning is called cognitive learning and it is not recommended when the
student has not yet assimilated the concepts, principles or equations.

The knowledge of the concepts and properties of the viscosity using traditional methods are
focused on the following learning objectives. These learning goals are crucial for students’ learning in
the first unit of the subject of Fluid Mechanics.

The main learning objectives were:

• To understand the concept of the viscosity and the equation that defines it;
• To analyze the viscosity variation according to fluid nature;
• To analyze the viscosity variation according to temperature.

The viscosity is a fluid property, which is similar to friction between solids surfaces. The fluid
characteristic mainly depends on: the molecular weight of solute; pressure; suspended matter;
and temperature [7]. The cohesion level of the fluid varies according to: (i) physical nature (i.e.,
liquid or gas), (ii) the relationship between viscosity and concentration of solute is usually direct
when the temperature is constant, increasing with the concentration. Otherwise, the viscosity is
practically invariable when the pressure varies and the fluid property is inversely proportional to
temperature changes.

The viscosity establishes an important classification of the fluids according to their nature. If the
viscosity keeps its value constant when the velocity gradient varies, the fluid is defined as Newtonian
fluid (e.g., water, oils or glycerine). Otherwise, if the viscosity changes when the velocity gradient is
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modified, the fluid is denominated as non-Newtonian fluid. This can be classified as: (i) pseudoplastic
or Bingham (shear-thinning fluids, or even ketchup); or (ii) dilatant fluid (shear-thickening fluids which
increase viscosity at higher rates; e.g., the uncooked paste with water and cornstarch). Figure 2 shows
shear stress as a function of strain rate (i.e., Newtonian, pseudoplastic, or dilatant flow). The types of
non-Newtonian fluids are completed with the plastic (also called Bingham) and pseudoplastic fluid
with yield point.

Figure 2. Scheme of the Newtonian and non-Newtonian fluid.

Equation (1) is a particular case of the power law. Independently of nature fluid, the power law
defines the viscosity of the fluid, being established by the Equation (2) [8]:

τ = K(
du
dy

)
n−1

(2)

where K is the consistency index, and n is the flow behaviour index. If n is smaller than one, the fluid is
pseudoplastic, therefore the viscosity decreases when the velocity gradient is increased (e.g., fruit juices,
sauces). If n exponent is higher than one, the fluid is called dilatant. This type of fluid is less common
(e.g., uncooked paste with water and cornstarch, blood) and the viscosity increases when the velocity
gradient is increased. If n value is one, the fluid is Newtonian. If the rheological properties of the fluid
are determined to develop models in different temperature, according to [9,10], the Equation (2) can be
written as expression (3):

μap = K(
.
γ)

n−1eT/T0 (3)

where
.
γ is the shear rate, T0 is the reference temperature, and T is the temperature fluid.

If the viscosity value is determined, its determination must be done with an appropriate apparatus,
which is related to nature fluid. This measurement devices can be classified into three types: capillary,
rotational, and mobile.

Capillary type: this type of viscometer is probably the most used to determine the viscosity, which is
measured considering the average circulating flow through a tube as well as the applied pressure.
The Hagen-Poiseuille’s equation is used to determine the viscosity value [11,12]. These devices are
useful to measure great types of fluids. American Society for Testing Materials (ASTM) describe the
experimental measure procedure as a function of the considered fluid. The capillary viscometer can
be classified in: (i) glass capillary viscometer, which is used to measure Newtonian fluid, (ii) cup
viscometer (this type is also called orifice viscometer) and (iii) extrusion viscometer (this is also
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named piston viscometer). Ostwald viscometer is the basic design of this glass capillary viscometer.
Cannon-Fenske, Ubbelohde, FitzSimons, SIL, Atlantic, Zeitfuchs are another similar viscometer [13].
A singular capillary viscometer is the tube of viscometry, which is used to measure the viscosity of
suspensions [14]. The cup viscometers are used to measure the fluid properties in the manufacture,
process and different applications of dies, paints, and adhesives. Cup viscometers (e.g., Ford, Zahm,
Shell, Saybolt, and Furol) are simple and non-expensive rapid methodological devices that are widely
used in quality control of Newtonian or near-Newtonian liquids where extreme accuracy is not
needed [7]. In this case, the viscosity cannot be determined using the Hagen-Poiseuille equation
because the flow analysis is more complex, and the consideration of the emptied time is necessary
as parameter to measure the fluency (e.g., Saybolt seconds, Ford seconds). This viscometer type
should not be used with non-Newtonian fluid. Finally, the piston viscometer is used to measure the
viscosity of fluids very viscous such as molten polymers. This viscometer is made up using a reservoir,
which contains the fluid to measure, which is connected to capillary. The fluid crosses the capillary by
the force applied due to some sort of piston action.

Rotational type: this type of viscometers is made up by two parts, separated by the fluid to analyse.
Depending on the viscometer type, these parts can be: two cylinders (coaxial rotational viscometer),
two plates (parallel plates viscometer), and a surface and cone (cone-plate viscometer). In all cases,
one of the parts is mobile and the other is fixed. The movement of cylinder, plate or cone generates
a shear stress, being determined the viscosity as function of the applied torque to mobile element,
rotational speed, radius of the cylinder, plate, or cone; and length of the cylinder or cone. The most
famous rotational viscometer is Couette viscometer [15]. The detailed analysis of the equations is
shown for coaxial rotational viscometer [16] and for cone-plate and parallel plate viscometer [17].

Mobile type: this type of viscometers operates by the mobility of a mobile part (e.g., sphere, disc,
bubble) inside of the fluid that the viscosity is aim to determine. The most famous viscometer of this
type is falling-ball viscometer. In this viscometer, the fall time of a sphere is measured to determine the
viscosity of the fluid by Stokes equation. The designed viscometer which is described and tested in
this research is classified in this type [18].

Looking for Alternatives to Improve the Learning Results by Changing Traditional Methods

When these complex concepts are taught, the inductive learning is more recommended. It is
because the student learns the concept, equations or principles through experimental cases [4,5].
The development of experimental tests allows students to assimilate the theory better and reach the
learning results at a greater degree. As a final stage, the formulation is deduced for the definition
of viscosity. This particular case intends to improve the learning results related to viscosity using
an experimental device in which the students firstly check the different behaviour of the fluids as a
function of nature, and later, they can assimilate the theoretical expression and concept that command
the fluid nature.

The use of the experimentation in different fluids allows students to understand the
viscosity concept using easy tools as well as the viscosity variation when the fluid and/or the
temperature change.

2.2. Materials and Methods

Previously, to make the proposed viscometer, a group of students proposed the new educational
viscometer assisted by the authors of this contribution. The main design constraints of the apparatus
were its easy application as well as the obtaining of intuitive results. The obtained values and their
analysis will encourage future students to understand the behaviour of the different fluids as a
function of their nature. The use of this advice allows students to get an inductive learning, in which
the knowledge is provided by experimental activities, reducing the master class hours.
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2.2.1. Materials. Apparatus Designed

The viscometer was designed and built by four independent elements (Figure 3): (a) one calibrated
cylinder with the inner diameter of 0.092 m and the total height of 1m. The calibrated volume was
6.64 × 10−3 m3. The primary function of this element was to contain the tested fluid; (b) guided
piston, which was made up of two covers. The diameter was near the inner diameter of the element
(a). The lower tap had three holes which had an inner diameter of 9 × 10−3 m each one. This cover
was connected to the upper tap by three screw bars. The length was 0.5 m. The upper tap whose
inner diameter was equal to lower upper guides to lower tap. This is to ensure the parallel and lineal
displacement of the lower tap through the cylinder. (c) series of eight calibrated weights to put in the
piston and to increase the applied force to the fluid. (d) cylinder with an inner diameter of 0.49 m and
a height of 0.50 m. The function of this external cylinder was to maintain the temperature of the inner
calibrated cylinder (a). This cylinder will be full of water, which could be at different temperatures
using one electrical resistance.

Figure 3. Dimension schemes of the viscometer (m).

The operating of the viscometer was easy. Firstly, the fluid was introduced into the cylinder
(a) until the flow level reached a height of 0.43 m. Once the cylinder contained the fluid, the piston
was introduced into the cylinder (a). The initial position of the piston was established just above the
open surface of the fluid. When the piston was in the initial position considering the selected weight,
the piston was left free and was moved by gravity. With the piston in movement, the fluid crossed the
lower tap through of the holes, stopping when the piston reached the bottom of the cylinder. In this
final position, all fluid was located above of lower tap of the piston. As the measurement had to be
repeated, the operator moved the piston to the initial position.

2.2.2. Work Methodology of the Experimental Practice

The objective of this experimentation was the students differentiated the nature of fluids through
their behaviour on the device measurement. It was of paramount importance to propose them a
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methodological strategy to proceed and they were an active part of their learning process about this
physical concept of viscosity. Therefore, the proposed methodology for the experimental practice was
described in the following points:

(1) Fluid selection: In this first step, the student selected the fluid according to the proposed fluids
by the professors. If the fluid was a mixture of different matters, the mixture was made in this
step (e.g., the uncooked paste with water and cornstarch). Once the fluid was prepared to be
used, the fluid was introduced into in the cylinder, activating the heating to keep the temperature
constant during the experiment;

(2) Weights selection: The weights were selected depending on the type of the fluid, since each
fluid needs a different value of shear stress (e.g., when the uncooked pate with water and
cornstarch is tested needs more weight than water. In the study case, the eight calibrated weights
were proposed to be used. The weights (W), which units are kilograms (kg), were 0.130 (W1),
0.129 (W2), 0.130 (W3), 0.259 (W4), 0.536 (W5), 0.534 (W6), 1.074 (W7), 1.043 (W8), and 0.509
(Weight WP). WP corresponded with the piston weight. W1, W2 and W3 are approximately equal
to increase the flexibility in the applied force by the piston in the different tests. The selected
weight established the shear stress, which depended on the weight and cylindrical surface of the
orifices (A). This stress was defined by the Equation (4):

τ =
WT

A
(4)

where WT is the total weight of the piston (own piston weight (WP) plus all considered weights)
in N; A is the total cylindrical surface of the orifices in m2, which was defined by Equation (5):

A = N2πrh (5)

where N is the number of orifices; r is the radius of the orifice in m, and h is the thickness of the
tap in m.

(3) Test development: Each analysed fluid was tested under different temperatures (e.g., 20, 30,
and 40 ◦C) and weights (minimum five weights were selected according to tested fluid). For each
stage (one fluid and temperature constant), three repetitions were carried out. The time was
measured in each repetition and test. Once the data were known, these were managed to
determine the average fall velocity (V) and shear stress (τ). When these data were calculated,
the experimental results could be drawn, looking at trend line of the fluid (e.g., linear or
expotential) and determining its nature;

(4) Guarantee of uniform temperature: The temperature was remained constant to obtain reliable
results. This condition was reached through of an immersion bath where the viscometer was
introduced. The temperature was remained uniform since two resistances were connected and
one temperature sounder measured the temperature value, guaranteeing the uniform value along
the test;

(5) Determination of viscosity: the use of the viscometer allowed students to determine the absolute
viscosity of the tested fluid using the Newton’s equation. If the determination of these values
must be calculated, the viscometer had previously been corrected considering the introduction
of a geometrical parameter (GP). GP was a coefficient, which was inherent to viscometer and it
was related to the manufacturing process. Considering GP, the absolute viscosity was defined
using Equation (6):

μe = GP
τ

V
(6)
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3. Results

The described results showed an example of the obtained experimental results by the students.
These pupils studied the subject Fluids Mechanics, in the second course of Mechanical Engineering
Bachelor’s Degree. There were one hundred students between 19 and 25 years old. They studied the
subject during the academic year 2016/2017.

The tested fluids by the students were water, ketchup, and uncooked paste with water and
cornstarch. Their average densities were: 995.71 kg/m3; 1140.16 kg/m3; and 1466.19 kg/m3,
respectively, when the temperature was 30 ◦C.

The development of the described methodology enabled to characterize the different tested fluids.
Furthermore, it helped students to understand the fluid behaviour depending on its nature and velocity.
The minimum developed tests were fifty-four in each fluid (minimum six test with three repetitions
at each tested temperature). The tested temperatures were 19.40 ◦C, 29.75 ◦C, and 40.45 ◦C for the
water. When the ketchup was tested, sixty-three tests were done, being the tested temperature 29.50 ◦C,
40.50 ◦C, and 46.15 ◦C. Finally, one hundred seventeen tests were developed for the water-cornstarch
mixture for the three temperatures (23.25 ◦C, 33.25 ◦C, and 40.00 ◦C).

Figure 4a–c show the relation between shear stress and velocity in the different developed tests
for each fluid, which were obtained by the students. All figures showed the behaviour of each fluid
with a good coefficient fit (R2 is above 0.99 in all cases). Figure 4a shows water’s Newtonian condition
as well as the viscosity reduction when the temperature increases. This decrease can be observed in
the lessening of the slope of the straight line, which crossed near frame’s origin.
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Figure 4. Shear stress vs Average velocity for the water (a); ketchup (b); corn mixture (c);
and comparison between theoretical expression and experimental value for water tested (d).
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Similar results were obtained in the tests with ketchup (Figure 4b). The developed experimental
viscometer established the pseudoplastic condition of the ketchup with the obtained result (τ vs.
V pairs data). As water case, the reduction of the viscosity can be observed when the temperature was
increased. The fit showed the exponent value was smaller than one as it was described in Equation (2).
The obtained experimental data showed the pseudoplastic condition. The viscosity reduced when the
velocity gradient was increased. Figure 4c shows the results for the water-cornstarch mixture. In this
case, the viscometer defined the dilatant condition of the fluid, showing the potential fit an exponent
greater than one. Also for dilatant fluid, the viscometer was perfectly able to determine the nature fluid,
increasing the viscosity value when the gradient velocity increases. This non-Newtonian’s behaviour
(ketchup and corn starch) was perfectly sensed in the developed tests. This visibility in the behaviour
helped the user (students, who carried out the practice) to understand the concept of viscosity.

Figure 4a–c contain the effect of temperature variation. These figures show the proportionality
between shear force and velocity with the dynamic viscosity. Figure 4d shows the theoretical
expressions for different values of temperature (e.g., 15 ◦C, 20 ◦C, 30 ◦C, 40, and 50 ◦C), considering
the temperature effect on the viscosity.

Finally, the students compared the experimentally obtained values in the water tests with
the obtained theoretical expressions for the temperature equal to 19.4 ◦C, 29.75 ◦C, and 40.45 ◦C.
This comparison was developed, considering the average value of the regression constant (K) (average
value of the slope for each tested temperature in the water) as well a temperature of 20 ◦C. Figure 4d
shows an accurate fit between experimental values and theoretical expressions. This fit enabled to
estimate the viscosity of the water for different temperatures. The presented fit can be improved when
students increase the number of tests for different temperatures. The increase of test numbers will
improve the knowledge of constant value (K). The same way, these equations can also be developed for
both non-Newtonians fluids (i.e., ketchup and cornstarch). Finally, the corrector value (GP; Equation (6))
of the viscometer was determined for the water. Average GP was calculated from experimental results,
considering a temperature equal to 40.45 ◦C. The average GP was 1.79 × 10−9 m. Once, this parameter
was determined for the temperatures 29.75 and 40.45 ◦C, the dynamic viscosity can be determined
using Equation (6) and experimental data.

The obtained average dynamic viscosity value was 77.9 × 10−5 kg/ms, which had an average error
of 5.65% compared with the real dynamic viscosity for the temperature of 30 ◦C (79.7 × 10−5 kg/ms [6]).
When the viscosity value was determined for a temperature of 20◦C, the value was 93.6 × 10−5 kg/ms.
The average error was 6.53% if the experimental viscosity was compared with real dynamic viscosity
value for the temperature of 20 ◦C (100.5 × 10−5 kg/ms [6]).

This activity proposed interesting learning results, the usefulness of the viscometer to support
active methodologies in class of Fluid Mechanics as a complement to the master class were verified
both experimentally and by numerous evidences. The simplicity and promptness in the proposed tests
enabled the introduction of this experience to encourage the students to be more active and participative
during the learning. This activation was promoted by the experimentation of different fluids through
the use of the viscometer, using common fluids such as water, ketchup, or cornstarch mixture.
The visualization and the fundamental parallel analysis (following the described methodology) to
determine the fluid viscosity as well as the representation of the experimental data allowed the students
to internalize the concept and the variables on which the viscosity depends (e.g., temperature, shear
stress, velocity).

4. Conclusions and Future Applications

The development of this didactical experience caused two positive results. On the one hand,
the students worked the transversal competences of teamwork. They practised thinking, designed
specific instrumental, and assembled the viscometer with the help of the professors. This design
was created to help the teaching staff to re-think the way to teach the first unit of Fluid Mechanics’
matter, particularly, the viscosity as well as its properties. The design and assembly of the apparatus
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joined to the development of the tests checked the appropriate behaviour of the viscometer in the
characterization of fluid nature. The results showed the apparatus was able to define the type of fluid:
Newtonian, or non-Newtonian (pseudoplastic or dilatant), showing to students the main concepts
related to the viscosity by experimental evidence.

A work methodology was proposed to develop the experimental practice, which was designed by
the professor in charge of the subject. This methodology enables to reproduce the experimental tests in
any subject of Fluid Mechanics and courses. The use of this simple viscometer enabled to determine
the fluid nature. The experimental results were fitted as a function of fluid’s nature, presenting all
regression coefficient values upper than 0.99 (Figure 4a–c). In all cases, the viscometer was sensible
to the variation of the temperature. Besides, the experimental dynamic viscosity was estimated for
different temperatures of the water. Low error values were obtained when the results are compared
with published values in the bibliography.

Future researches will be focused on checking if the use of this apparatus can improve the learning
results in the students of Bachelor Degree. Normally, these students have difficulty to understand
abstract concepts. These concepts can be understand better if the students develop empirical activities.
Currently, the use of this viscometer has been using in the subject ‘Fluid Mechanics’ that is taught in
the second course of Mechanical Engineering Bachelor Degree in the Universitat Politècnica of Valencia.
The observed results are encouraging and it is living up the development of the viscosity concept.
The future work line is to develop simple apparatus that can be used by the students, improving the
learning results and introducing the transversal competences in the students’ curricula. Although this
research is to show an experimental equipment to develop teaching of the concept viscosity, a first
survey were carried out to identify that method the participants would prefer to be taught through.
The results showed that the inductive way of teaching was prioritized, since complex concepts were
learnt in a natural way. This practice motivated students to continue their learning, synthesizing the
contents of the subject, thus reducing the abandonment rate. The innovation improvements will be
published in future research related to the improvement of the learning goal.
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Abstract: The purpose of this exploratory special issue study was to understand the hidden
curriculum (HC), or the unwritten, unofficial, or unintended lessons, around the professionalization
of engineering faculty across institutions of higher education. Additionally, how engineering faculty
connected the role of HC awareness, emotions, self-efficacy, and self-advocacy concepts was studied.
A mixed-method survey was disseminated to 55 engineering faculties across 54 institutions of higher
education in the United States. Quantitative questions, which centered around the influences that
gender, race, faculty rank, and institutional type played in participants’ responses was analyzed
using a combination of decision tree analysis with chi-square and correlational analysis. Qualitative
questions were analyzed by a combination of tone-, open-, and focused-coding. The findings
pointed to the primary roles that gender and institutional type (e.g., Tier 1) played in issues of
fulfilling the professional expectations of the field. Furthermore, it was found that HC awareness
and emotions and HC awareness and self-efficacy had moderate positive correlations, whereas,
compared to self-advocacy, it had weak, negative correlations. Together, the findings point to the
complex understandings and intersectional lived realities of many engineering faculty and hopes
that through its findings can create awareness of the challenges and obstacles present in these
professional environments.

Keywords: hidden curriculum; engineering; faculty; professionalization; mixed-methods

1. Introduction

The goal of this research is to explore how engineering faculty understand hidden curriculum
(HC) in higher education settings and their overall reactions and responses to the prevalence of HC in
engineering. HC is defined as the unwritten, unofficial, unintended values, lessons, and perspectives
that are present in an academic settings and work environments [1–8]. Since the exploration of HC
in engineering is very limited [4–6], this special issue exploratory study aims to expand upon the
existing knowledge-base about HC to elucidate the mechanisms that faculty use to internalize and
communicate their thoughts on this phenomenon.

This study was conducted to help shed light on the lived realities of engineering faculties across
several institutional types and is intended for different administrative entities, faculty, and students
in Colleges of Engineering, in order to create awareness of the challenges and obstacles that many
engineering faculty face. It is the hope of the authors that those who read this manuscript can be
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inspired to start a conversation about working together to develop healthy and equitable working
environments for all.

2. Theoretical Framework

2.1. Hidden Curriculum (HC)

In school settings, curriculum can come in many forms: (a) formal curriculum; (b) informal
curriculum; (c) null curriculum; and (d) hidden curriculum [7,8]. The formal curriculum consists of
a set of explicitly stated requirements (e.g., rubric) that serve as official guidelines for how to engage
with and evaluate the quality of work of students and teachers [2,5–18]. The informal curriculum
consists of learning that occurs via personal interactions in the classroom or work spaces [7–9,15–18].
The null curriculum represents the elements that are not taught in a classroom due to mandates from
higher authorities, a teacher’s lack of knowledge or comfort-level about a topic, or stem from deeply
ingrained biases and assumptions about a topic. For example, teaching genetics to introduce topics
like evolution continue to be controversial topics that some educators in science classrooms opt to
not discuss [19]. Hidden curriculum (HC) represents how particular assumptions, beliefs, values, or
attitudes manifests themselves implicitly and inadvertently in schooling, learning, and professional
environments [1–18].

HC represents the implicit “attitudes, knowledge, and behaviors, which are conveyed or
communicated without aware intent” ([20], p. 125). For example, if an instructor decides to not
emphasize a topic for an exam, a student may perceive that this concept is not important to learn.
Thus, HC functions at the unconscious, nonverbal spaces of the classroom [7,8] and professional
settings [15–18].

Similarly, in the classroom, students do not just learn what is being formally presented in the
course but also collect other ‘hidden’ lessons in the process. It is believed that the human mind can
process 80% of explicit information and content in an unconscious manner [7]. Over time, these explicit
sources gradually slip beneath the realms of conscious reflection to become a norm that is part of
a formalized system [7,8]. Thus, the “space between the official and unofficial, the formal and the
informal, the intended and the perceived” ([7], p. 35) becomes the realm where HC lies [1–8].

HC has been used in many disciplines including education, psychology, business,
and medicine [9–18] as a strategy to uncover and predict potential issues, that if not attended on
time, can lead to dire consequences (e.g., drop-out). While HC traditionally has been tied to negative
issues, if used and attended to appropriately, can be used to yield opposite outcomes in students, staff,
or faculty (e.g., higher performance; motivated learners and workers) [1–8].

To explore HC, researchers rely on metaphors, vignettes, counter-claims [2,7,11,12,14,16] and
ethnographic approaches [14] to robustly analyze the values, perspectives, and beliefs of individuals
involved in a learning or working environment. Since HC is contextual and situational, there is also
a need to explore these issues from a disciplinary and institutional standpoint as systematic and
formalized rules and procedures can vary [1–8]. From a more granular perspective, since HC can be
very distinct, it is also important to consider how an individual processes internally these implicit
cues [4]. To our understanding, no work has attempted to explore the latter, and in particular for
engineering [4].

2.2. HC Mechanisms for Engineering

This work builds upon an initial study from the authors calling for the need to explore more
holistically and mechanistically how individuals collect and process these ‘hidden’ messages in
learning and working environments (Villanueva et al., 2018). Earlier work conducted by Authors [4,21]
suggested that HC can consist of 16 or more distinct factors to inform the processing of these ‘hidden’
messages although four of them appear more prevalent: (a) awareness; (b) emotions; (c) self-efficacy;
and (d) self-advocacy [4,21]. These will be explained more below.
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2.2.1. Awareness of the Presence of HC

Awareness of the presence of HC is an important step for an individual to recognize and
reflect upon what is being presented and what is being communicated within their surrounding
environment [22–25]. Recent advances in social and cognitive psychology, particularly in the area of
metacognition (i.e., an individual’s belief about their mental state) [26] has expanded our understanding
about what constitutes consciousness [24,25]. The term ‘conscious’ generally refers to a person directly
seeing, knowing or feeling a particular mental content rather than having to indirectly infer upon
it [23–25]. Awareness is a sub-component of consciousness where an individual recollects internally
an experience and represents it externally (e.g., communication) [26–28]. Depending on the level of
representation present, an individual can move into the realm of what is not cognizant (unconscious)
or misrepresented (meta-consciousness) [24,25]. Regardless of the level of awareness a person may
have about an issue, these cannot be brought up to full consciousness unless they are internalized first.

2.2.2. Emotions to Guide HC Processing

Internalization of an experience typically occurs through an individual’s emotions. Emotions assist
individuals in narrowing down the variables that are of importance and guide individuals to make
decisions for several scenarios [18]. Emotions are important to the learning and socialization process of
individuals [29] and serve to explore the influences that several forms of subliminal stimuli can have
in their communicated responses [24]. In academic settings, emotions consist of many coordinated
processes that involve affective, cognitive, motivational, expressive, and peripheral subsystems that
are intertwined [29].

Emotions can be manifested in two forms: (a) valence (positive or negative emotions) or (b)
activation (focused or unfocused energy). Positively activated emotions (e.g., enjoyment) may increase
reflective processes [29] whereas negatively activated emotions (e.g., anger) may result in low levels of
cognitive processing [29].

Finally, emotions contribute to how a person learns, perceives, decides, responds, and problems
solve [29]. In the context of HC, emotions can help cue to a person how ‘hidden’ spaces of expressions,
glances, gestures, interest, frustration, and other similar observations become evident within a given
context or environment [4,21].

2.2.3. Self-Efficacy Regulates Emotions

At the same time, emotions cannot occur unless a person believes that they are able to experience
or allow oneself to experience emotions such as joy, anger, pride, etc. [30,31]. Thus, self-efficacy or
an individual’s beliefs on their ability to ameliorate adverse emotional states [32] is believed to regulate
emotions. To our understanding, no work has been conducted to explore how self-efficacy regulates
emotions needed to process HC.

2.2.4. Self-Advocacy is Guided by Self-Efficacy

In turn, self-advocacy influences how an individual takes control over their own motivation,
behavior, and social environment [33,34]. As such, actions such as self-advocacy or an indication of
a person’s willingness to take action and speak up about a matter to improve their quality of life [35]
cannot occur. To our understanding, no work has been conducted to explore how self-advocacy is
guided by the self-efficacies that tie to emotions and HC awareness.

2.2.5. Integrating the Four Factors to Explore HC Mechanisms

Together, the authors posit that these four constructs can serve as a baseline by which to
understand more holistically and mechanistically how an individual recognizes, reacts to, and gain
abilities to execute control over their own learning or professional environment via HC. To our
understanding, no research study has attempted to explore HC mechanisms nor in the context of
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engineering education. Both elements represent a novel approach towards achieving excellence in
engineering education, the focal point of this special issue.

2.3. Professionalization in Engineering: A Type of Formalization of HC

Since HC involves the transmission of implicit messages in learning, teaching, and professional
spaces [15–18,36,37], it is integral to understand how aspects of formalization [6,7] could slip beneath
the realms of conscious reflection to become a norm [7]. As with any profession, the origins of any career
path was once guided by a set of beliefs, values, and attitudes that over time, became a norm [36–38].
These norms can be represented in many ways, but one prevalent form is professionalization [38].

Within academia, the professionalization of faculty in higher education becomes the primary
system by which lecturers, professors, and researchers rely on to understand how to navigate
their academic environments [38–43]. Abbott [39] suggests that professions, in general, carries
three major traditions: (a) traits of professions like cultures (e.g., what professionals in this field
represent, and whom they associate with); (b) establishment of a formal education (e.g., licensing
and accreditation) [40]; and (c) mechanisms to achieve and maintain a privileged position [41].
Thus, every professional discipline includes a different set of formalized norms and practices that
uniquely characterizes their profession [38–41]; engineering is not the exception [44–46].

Professionalization of engineering centers around the intent to constantly adapt to the
“ever-changing needs of the market, the emergence of interdisciplinary projects, the increasingly
complex social and systemic paradigms” ([44], p. 639). Ironically, the literature suggests that
engineering education does not parallel this professional intent as its culture and environments
have not changed in decades [45,46] and effects due to these causes have resulted in a stagnant and
severe underrepresentation of women and other underrepresented groups [47–50]. Thus, it appears
that HC may be present in some of these issues and discrepancies, particularly for teaching and
learning spaces where faculty are at the center.

For this work, we will focus primarily on engineering faculty, as these individuals are uniquely
positioned in their engineering learning environments to serve as change agents if issues of HC are
identified. Additionally, since HC is contextual, it will be important to understand how values, beliefs,
and attitudes may change based on the institutional type (e.g., Tier 1, Tier 2) as well as other categorical
variables such as race, gender, and faculty ranks (e.g., lecturers, assistant professors, full professors).
Thus, this work does not aim to put any processes of professionalization in a negative light but
rather through faculties’ approvals or disapprovals of the HC presented to them, provide a more
rigorous and mechanistic understanding of potential issues that may be present in the education and
professionalization of engineering.

3. Methods

The research project presented in this manuscript is part of a more comprehensive and extended
mixed-methods research that explored the HC perspectives of engineering undergraduates, graduates,
and faculty [4,21]. For this study, we focused solely on engineering faculty, as through their voices,
HC can be unveiled and more faculty can be positioned to serve as change agents for their students.
All items in this study were conducted by adhering to ethical standards and treatment of human
subjects as required by the Institutional Review Board (IRB) of the home institution of the first author.

3.1. Research Design

This work uses a complex, mixed-method experimental intervention design [51,52] that
incorporates a quasi-experimental quantitative design with qualitative data that is combined in
a convergent manner. For this study, integration of the qualitative and quantitative findings of the
design occurred in the data analysis and interpretation phases of the work [53]. Additionally, a primary
emphasis was placed on the quantitative elements of the study (denoted by the higher caps, ‘QUAN’)
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and a secondary emphasis was given to the qualitative components of the work (denoted by the lower
caps, ‘qual’) [51,52].

3.2. Research Questions

The three central hypotheses (H1, H2, and H3) for the QUAN elements of the study are:

H1. Engineering faculty will recognize HC in their fields regardless of race, gender, rank, and institutional type.

Rationale: Given that the literature points to the relatively stagnant culture of engineering [44–50],
it is possible that the cultural norms, beliefs, values, and attitudes continue to pervade regardless of
other intersectional identities (e.g., race, gender).

H2. Changes among institutional types (e.g., Tier 1 compared to Tier 2) will result in a decreased recognition of
HC mechanisms among engineering faculty, regardless of race and gender, when counter-claims of the field of
engineering is presented.

Rationale: Within institutions where tenure is a primary focus [38–41], professional elements such
as research and teaching may make faculty more prone to experience the influences of HC.

H3. Changes among professional faculty ranks (e.g., lecturer versus associate professor), regardless of race,
gender, and institutional type will result in an increased presence of HC mechanisms among engineering faculty
when counter-claims of the field of engineering is presented.

Rationale: In parallel to the institutions’ research focus, faculty responsibilities may be more geared
towards research [38–41] and these focuses on their professions may lead to a higher internalization
of HC.

The main research question (RQ) used for the qual portions of this work was:

RQ1. What are the central messages around the professionalization of engineering that the faculty convey?

3.3. Participants

The participants were 55 engineering faculty, out of 393 total participants that included
undergraduates, graduates, postdocs, and faculty [4,21], working or studying across 54 higher
education institutions in the United States and Puerto Rico. The breakdown of the institutional
types assessed and regions are summarized in Table 1. Note that while Carnegie classification was
used as a guide to label the institutional types [54] some were clustered (e.g., community colleges)
to allow for statistical comparisons among the groups. Additionally, to protect the anonymity of the
participants, no institution name was included.

Table 1. Summary of institutional types where engineering faculty were employed.

Institutional Type
(Tier Label)

Carnegie Classification Description
% Faculty

Participants

R1 (Tier 1) Doctoral universities: highest research activity 48%
R2 (Tier 2) Doctoral universities: higher research activity 13%
R3 (Tier 3) Doctoral universities: moderate research activity 9%

M1-M3 (Tier 4) Master’s Colleges and University: All Programs Sizes 15%
B1-B3 (Tier 5) Bachelor Colleges and Community Colleges: All Program Sizes and Types 15%

Participants were recruited using purposeful sampling [55,56] through email and posts on
social media channels connected to engineering professional organizations (e.g., Society for Women
Engineers, Society of Hispanic Professional Engineers, and American Society of Mechanical Engineers)
as well as LinkedIn and Facebook. The inclusion criteria were: (a) current engineering faculty member
at a higher institution in the United States; and (b) response to our call. The exclusion criteria were:
(a) retired faculty in engineering; (b) engineering faculty who were not in an institution of higher
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education in the United States; and (c) practicing engineers in industry. For the latter, we had some
international individuals and engineers from industry who responded to the survey but, due to the
nature and scope of the work, these were excluded from analysis.

A summary of the ranks (e.g., lecturers, assistant professors) of the engineering faculty participants
are described in Table 2. Note that adjuncts and lecturers were considered one type of rank as their
primary roles are teaching and not research. Furthermore, a racial and gender breakdown of the
engineering faculty participants are summarized in Tables 3 and 4, respectively, as we were interested
in understanding if individual intersectional identities based on race and gender could influence these
HC mechanisms differently. Note that some of the faculty self-reported as being multi-racial as shown
in Table 3.

Table 2. Summary of ranks of engineering faculty.

Rank

Adjunct and Lecturers 16 29%
Assistant Professors 15 27%
Associate Professors 11 20%
Full Professor 13 24%

Total 55

Table 3. Summary of race of engineering faculty.

Race

White 39 60%
Hispanic 10 15%
Asian 8 12%
Black/African American 3 5%
Two or more 5 8%

Total 65

Table 4. Summary of gender of engineering faculty.

Gender

Female 28 51%
Male 26 47%
Non-binary/third gender 1 2%

Total 55

3.4. Survey Items

The survey items to be discussed in this manuscript are part of a larger survey, whose validation
process was discussed elsewhere [4,21]. The validated instrument consists of 10 demographic questions,
24 Likert-scale items (six items per sub-scale: awareness, emotions, self-efficacy, and self-advocacy)
and five qualitative questions about participants’ views about engineering and HC in engineering and
a video vignette. The full instrument has a Cronbach alpha score of 0.70 and sub-scale scores of 0.70
for HC awareness, 0.71 for emotions, 0.82 for self-efficacy, and 0.84 for self-advocacy [21].

The video vignette was created from a systematic review of the engineering education literature
before its creation and inclusion in the survey as described elsewhere [4,21]. To summarize the
video briefly, the content exposed participants to the dynamics involved during an engineering
course preparation by two instructors and the interactions in engineering classrooms between
students and these two faculty members. Video elicitation was used as a social science technique
to garner participant awareness about a topic [21,57]. In this video, issues of gender dynamics and
race were highlighted as the literature suggests a severe underrepresentation of these groups in
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engineering [44–50]. Furthermore, it is important to mention that while the video may have appeared
biased at a glance, the video was representative of a systematic synthesis of the literature (written in
script form) of the primary cultures and environments of engineering education [44–50].

Since rigorous analysis of HC requires strategies built upon counter-claims [7], the topics and
scopes selected for the video were deemed appropriate to the scope of the work and its fictitious nature
was indicated to the participants. The video also went through a rigorous process of validation
before it was added to the instrument [21] and its final Cronbach alpha score was found to be
0.87 across the original 393 participants [21]. In a similar vein, the HC statements selected for this
instrument represented the video closely as well as the systematic review of the engineering education
literature [4,21,44–50]. The full instrument and video links are expected to be released in the near future.

Based upon prior findings and throughout the survey validation process, the authors found that
many participants could not recognize HC [21]. As such, it was deemed necessary to carefully place
the items of the survey in a way that participants could recognize and reflect upon the HC sub-scales
to minimize any potential “mental shortcuts” they may have used to make sense of a new concept
or phenomenon ([58], p. 4). Additionally, since framing has an influence over the interpretation of
meanings and its connections to ideas and beliefs [58], the research team wanted to make sure its
placement would minimize potential variations in the understanding of this phenomenon amongst
a diverse set of populations [21].

To summarize and for the purpose of this special issue exploratory study, the survey participants
were part of the original participants needed for this survey validation. Participants who took this
version of the survey saw the following sequence: (a) demographic questions; (b) qualitative questions;
(c) video vignette; (d) video character question; (e) HC awareness questions; (f) emotions questions;
(g) self-efficacy questions; and (h) self-advocacy questions. This study focuses primarily on participants’
responses to the last four sub-scales and the qualitative questions.

Since HC requires that participants recognize the phenomenon [4,21], a definition of HC was
provided based upon what has been identified in the literature [1–8]. Furthermore, to facilitate faculty
participants’ understanding of HC, the terms “examples”, “agree”, “disagree”, and “statement” were
used in the framing of the question to convey to participants that they had a choice and opinion that
was valued in their responses. A description of one of the sub-scales (HC awareness) is included
in Table 5.

Table 5. HC assumption statements used for this study.

Instructions:
Hidden curriculum (HC) refers to the unwritten, unofficial, and often unintended lessons, values,
and perspectives learned in an academic environment. We identified the following six examples of the hidden
curriculum in this video. Read each statement. Do you agree or disagree with each statement (Yes = I agree,
this is HC; No = I disagree, this is not HC)?

HC #1 Senior faculty in engineering (e.g., tenured professor) deserve higher status, voice, and have more
influence than engineering junior faculty.

HC #2 The ultimate goal of an engineering degree is to get a well-paying job.

HC #3 Engineering education is harder, more time-consuming, and expensive because it has a direct
impact on safety.

HC #4 Not everyone can be an engineer.

HC #5 To belong to the engineering community, your personality must fit in with everyone else’s
(e.g., technically-driven, efficient, and assertive)

HC #6 Engineering instructors care more about the technical concepts and equations rather than the
individual student’s success.

Note that for the other sub-scales (emotions, self-efficacy, and self-advocacy), the same six
HC statements were used in an attempt to identify potential associations between the four factors.
A summary of the presentation of the other sub-scales is provided in Table 6.
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Table 6. Modified summary of instructions and Likert-scale descriptions for the other sub-scales in the
instrument for this special issue study.

Sub-Scales Instructions Likert Scale Response Description

Emotions

What emotion would best describe your overall reaction to each
statement (choose from the list)? Is this overall emotion positive
or negative for you? You can also indicate if this emotion is both
positive and negative, or neither one nor the other.

‘1’—I felt positive about this statement
‘2’—I felt negative about this statement
‘3’—I felt both positive and negative about this statement
‘4’—I felt neither positive, no negative about this statement

Self-efficacy
Self-efficacy is your belief in your ability to succeed in specific
situations or accomplish a task. Rate your confidence
(self-efficacy) in succeeding if placed in a similar situation to the
statements provided.

‘1’—I am not at all confident that I can succeed in a situation
similar to this
‘3’—I am somewhat confident that I can succeed in a
situation similar to this
‘5’—I am very confident that I can succeed in a situation
similar to this

Self-Advocacy
Self-advocacy is the ability to speak or act on your own behalf to
improve your quality of life, effect personal change, or correct
inequalities. Rate your willingness to advocate for yourself if
placed in a similar situation to the statements provided.

‘1’—I am not at all willing to advocate for myself in situation
similar to this
‘3’—I am somewhat willing to advocate for myself in
situation similar to this
‘5’—I am very willing to advocate for myself in situation
similar to this

For the emotions sub-scale, participants were provided with a list of 17 emotions as recommended
by Pekrun and colleagues [29] and DeCuir-Gunby and colleagues [59]. Additionally, one of the
valence dimensions (positive/negative) was asked. The results of this study focus on the latter
(positive/negative valence). Also, participants were given the choice to choose “neither” or “both” to
convey the possible and complex nature of emotions to different contexts and situations [29]. For the
self-efficacy sub-scale, participants were asked to rate their confidence in their ability to succeed if
placed in a similar situation to the provided HC statement. Terms like “confidence” and “success” were
emphasized to convey the definition provided as well as help them contextualize that HC may guide
coping strategies based upon their individual beliefs and perceptions. Finally, for the self-advocacy
sub-scale, terms like “willingness” and “advocate” were used to convey to participants that they
are in full control of their actions and approaches to situations similar to the provided example
HC statements.

3.5. Data Preparation and Analysis

3.5.1. QUAN Data Preparation

Pre-processing of data was first required to make it analyzable and to account for any missing
values or text entries. All the blank spaces were filled by a category labeled as “No Response (NR)”
accompanied by a numerical value. In a similar fashion, all other categorical responses, including
demographic information (e.g., gender, race) were assigned a numerical value as shown in Table 7.

Table 7. Representative categorical participant responses that were assigned numerical values.

Gender Race
Institution

Type
Faculty Rank

HC
Awareness

Emotions
Self-Efficacy and

Self-Advocacy

Female = 1 White =1 Tier 1 =1 Adjuncts/ No = 0 Negative = 0 ‘1’ = 1

Male = 2 Hispanic = 2 Tier 2 = 2 Lecturers = 1 Yes = 1 Positive = 1 ‘2’ = 2

Third
Gender = 3 Black = 3 Tier 3 = 3 Assistant

Professor = 2
NR = 2

(No response) Neither = 2 ‘3’ = 3

Asian = 4 Tier 4 = 4 Associate
Professor = 3 Both = 3 ‘4’ = 4

Tier 5 = 5 Full Professor = 4 NR = 4
(No response) ‘5’ = 5

3.5.2. Quantitative Data Analysis: QUAN

Advanced Machine Learning: Decision Tree Analysis

For quantitative analysis, the research team opted to use a new approach in their lab: advanced
machine learning (AML). AML allows researchers to take a wide array of responses and using
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algorithms, develop an automated and unbiased way to identify the likelihood of an influence on
participants’ response [60]. For similar study designs to ours, AML has used small and extendable
(not a static or fixed) datasets to help classify what factors and sub-factors are predominant among
participant responses [60].

It is important to note that although the dataset consists of only 55 participants, each participant
yielded responses to four factors (awareness, emotions, self-efficacy, and self-advocacy) that were
classified as six sub-factors (HC statements) and whose variations in sub-factor response (e.g., valence
options; lists; Likert-scale entries) were different. As such, the nature of our dataset can be limited
in its analysis through traditional statistical methods as oftentimes, these approaches are deficient in
their ability to uncover the inter-relationships of varied dependent and independent variables [61].
Furthermore, through this technique, the researchers could consider in an unbiased and automated
manner, how a wide array of intersectional demographics contributed to participants’ responses.
Hence, at a minimum, the dataset consisted of 24 independent factors/variables/features to analyze
(e.g., 24 × 55 participants = 1320 minimum data points).

Within AML, a decision tree (DT) analysis was used [62–64]. DT was used in this study to
understand the relational aspects between the factors, sub-factors, and specified categorical variables
(i.e., gender, race, faculty rank, institution type). Decision trees include a feature (attribute), a link
to each feature (branch), and a representative decision (rule) that represents an outcome (categorical
or continuous value) [62–64]. For this study, a classification and regression tree (CART) algorithm
was used to divide the factors, sub-factors, and variables to identify decision rules that can denote
the relative importance or predominant influence of a variable. For CART, HC awareness consisted
of six labels (v1–v6). Emotions had six labels starting from v7 to v12. In a similar fashion, variables
are arranged for self-efficacy (v13–v18) and self-advocacy (v19–v24). A representative decision tree
is shown in Figure 1 where the influence of gender over the factor HC awareness was found for the
third (v3) and fourth (v4) HC example statements from Table 5. This same process was repeated for all
the factors.

Figure 1. Decision tree to understand the influence of gender over HC awareness.

The DT example provided in Figure 1 shows how a decision tree works. In this example,
a decision tree was used to identify the influence of gender on participants’ responses to HC awareness.
This yielded four leaves, known as decision rules, which for this example would be:

Rule 1: When (V3 ≥ 0.5 = Yes) AND (V4 ≥ 0.5 = Yes) THEN the Gender is Male
Rule 2: When (V3 ≥ 0.5 = Yes) AND (V4 < 0.5 = No) THEN the Gender is Female
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Rule 3: When (V3 < 0.5 = No) AND (V4 ≥ 0.5 = Yes) THEN the Gender is Female
Rule 4: When (V3 < 0.5 = No) AND (V4 < 0.5 = No) THEN the Gender is Male

These rules are then given a percentage value, which represents the predominance of the influence
that a factor, sub-factor, or categorical variable had in participants’ responses. In this example, 2.7%
of the influence for the third HC statement (“Engineering education is harder, more time-consuming,
and expensive because it has a direct impact on safety”) presented predominant influences from participants
who self-identified as male. The percentage breakdown of these rules are included in the results section
of the manuscript.

Statistical Analysis

Informed upon the AML findings on the predominance of an influence of a given factor,
sub-factor, or categorical variable, frequencies of responses were tabulated among the participants.
These frequency counts were used to conduct a test of independence via chi-square analysis for the
categories of race, gender, faculty rank, and institutional type.

Additionally, among the factors, association/correlation analysis was conducted on the R-squared
values for each categorical response to find potential relationships. A best-fit line was run on each factor
(e.g., HC awareness, emotions, self-efficacy, and self-advocacy) to see if there were positive or negative
trends between each factor. Correlation coefficient values of 0.3 or less indicate weak correlations;
values close to 0.5 indicated moderate relationships and above 0.7 indicate strong relationships. Positive
or negative signs portrayed the directionality of the correlation [61].

3.5.3. Qualitative Data Analysis: Qual

For the qualitative analysis of the survey, we used a method advanced by Loftland and
colleagues [55] for social science framing. First, the researchers read through the written responses of
all participants to understand the general tone of the responses. Next, each response was assessed
line-by-line through open-coding [56] to identify themes and any possible question misunderstandings.
Then, each written response was read a third time and focused-coding was conducted to identify
distinct categories. These were then analyzed once more for interpretation, categorized into themes,
connected theoretically, and the fit for each theme was assessed. For our analysis, added attention was
paid to what could be identified or interpreted as an example of HC in from participants’ personal
narratives or additional experiences.

3.6. Researchers’ Positionality

Each researcher in this work comes from a different background and has developed an
epistemology specific to the fields of engineering (faculty and postdoctoral fellow), curriculum and
instruction (faculty), and social science (assistant administrator). These perspectives helps provide
a holistic understanding of the HC explored for this population. Each researcher has been privy to
the influences that HC could have in their professional formation, as well as has experienced both the
negative and positive influences of such. It is the hope of the research team that, by uncovering this
HC, power dynamics can become more democratized within this field [4].

4. Results

4.1. Quantitative Findings: QUAN

4.1.1. Presence of HC Mechanisms among Engineering Faculty

To answer the first hypothesis (H1), a frequency count of faculty responses were measured for the
four sub-factors (awareness, emotions, self-efficacy, and self-advocacy). For HC awareness, all faculty
were approximately equal among what they considered was an HC in their field or not (Table 8).
Among the statements identified as HC in engineering, were HC #1 (“Senior faculty in engineering
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(e.g., tenured professor) deserve higher status, voice, and have more influence than engineering junior faculty”),
HC #4 (“Not everyone can be an engineer”) and HC #6 (“Engineering instructors care more about the technical
concepts and equations rather than the individual student’s success”). Among the statements that faculty
regarded as not being hidden curriculum were HC #2 (“The ultimate goal of an engineering degree is to get
a well-paying job”), HC #3 (“Engineering education is harder, more time-consuming, and expensive because it
has a direct impact on safety”), and HC #5 (“To belong to the engineering community, your personality must fit
in with everyone else’s (e.g., technically-driven, efficient, and assertive)”).

Table 8. Frequency counts of faculty participants’ agreement or disagreement that the statements were
an HC in engineering.

Participant Response HC #1 HC #2 HC #3 HC #4 HC #5 HC #6 SUMS

Yes. I agree this is HC 31 17 27 38 17 31 161
No. I disagree this is HC 22 36 26 16 37 22 159

A frequency count of the emotional valence (e.g., positive/negative) was tabulated for the
participants as summarized in Table 9. While most faculty participants reported having to experience
negative emotional valence to the HC statements, a combination of positive emotions or neither was
also self-reported. Among the statements, HC #6 (“Engineering instructors care more about the technical
concepts and equations rather than the individual student’s success”) yielded the most negative emotions
while HC #3 (“Engineering education is harder, more time-consuming, and expensive because it has a direct
impact on safety”) resulted in the most positive emotions.

Table 9. Frequency counts of faculty participants’ self-reported emotional valence response to the HC
statements about engineering.

Emotional Valence HC #1 HC #2 HC #3 HC #4 HC #5 HC #6 SUMS

Positive 5 12 18 10 7 7 59
Negative 31 25 15 20 32 33 156

Both 11 11 10 10 9 10 61
Neither 8 6 8 13 5 3 43

A frequency count of self-efficacy (e.g., confidence in the ability to succeed despite the HC)
was tabulated for the participants as summarized in Table 10. Most engineering faculty participants
reported feeling very confident about their success despite the possible presence of similar scenarios
to the HC statements. Particularly, HC #4 (“Not everyone can be an engineer”) yielded the highest
level of self-efficacy among participants. Among the lowest reported levels of self-efficacy, HC #1
(“Senior faculty in engineering (e.g., tenured professor) deserve higher status, voice, and have more influence than
engineering junior faculty”) and HC #2 (“The ultimate goal of an engineering degree is to get a well-paying job”)
were considered as having elements that would not enable them to succeed in these contexts.

Table 10. Frequency counts of faculty participants’ self-reported self-efficacy to the HC statements
about engineering.

Self-Efficacy HC #1 HC #2 HC #3 HC #4 HC #5 HC #6 SUMS

‘1’ (not at all confident) 7 7 5 4 6 6 35
‘2’ (mainly not confident) 10 5 7 10 8 7 47
‘3’ (somewhat confident) 16 15 12 12 13 13 81
‘4’ (moderately confident) 13 16 16 11 12 12 80
‘5’ (very confident) 9 12 15 18 16 17 87

A frequency count of self-advocacy (e.g., willingness to advocate for HC) was tabulated for the
participants as summarized in Table 11. For the most part, engineering faculty were somewhat willing
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to advocate for HC, particularly for HC #1 (“Senior faculty in engineering (e.g., tenured professor) deserve
higher status, voice, and have more influence than engineering junior faculty”) and HC #4 (Not everyone
can be an engineer”). Among the statements where the faculty were not at all willing to advocate was
HC #3 (“Engineering education is harder, more time-consuming, and expensive because it has a direct impact
on safety”) and HC #2 (“The ultimate goal of an engineering degree is to get a well-paying job”).

Table 11. Frequency counts of faculty participants’ self-reported self-efficacy to the HC statements
about engineering.

Self-Advocacy HC #1 HC #2 HC #3 HC #4 HC #5 HC #6 SUMS

‘1’ (not at all willing) 9 3 2 4 4 7 29
‘2’ (mainly not willing) 5 8 6 4 9 7 39
‘3’ (somewhat willing) 15 13 14 15 11 14 82
‘4’ (moderately willing) 12 15 15 13 13 14 82
‘5’ (very willing) 11 13 13 15 13 9 74

4.1.2. Predominance of HC Factors, Sub-Factors, and Categorical Variables Based on AML and DT

To answer the second and third hypothesis (H2 and H3), the predominance of an influence among
participant responses were calculated using AML and DT, through relative importance of variable
algorithms [62–64]. A summary of the predominance of an influence (in the form of percentages) is
presented in Table 12.

Table 12. Summary of the predominant influence (in the form of percentage) of the factors and
sub-factors identified from the engineering faculty participant responses due to categorical variable.

Factor Sub-Factor Race Gender Faculty Rank Institutional Type

Awareness

HC #1 33.5% 10.6% 26.8% 8.5%
HC #2 26.5% 10.3% 3.1% 26.7%
HC #3 9.5% 2.7% 53.7% 6.8%
HC #4 7.1% 9.5% 1.6% 0.2%
HC #5 1.1% 54.0% 1.0% 8.4%
HC #6 22.3% 12.9% 13.8% 49.3%

Emotions

HC #1 75.0% 9.6% 13.0% 1.0%
HC #2 7.9% 0.2% 19.3% 35.9%
HC #3 3.0% 1.6% 9.8% 4.0%
HC #4 6.2% 22.9% 1.6% 47.1%
HC #5 1.7% 11.5% 2.3% 6.6%
HC #6 6.2% 54.1% 54.1% 5.4%

Self-Efficacy

HC #1 11.4% 2.2% 1.4% 14.1%
HC #2 9.1% 7.1% 44.3% 8.7%
HC #3 42.3% 1.1% 37.1% 1.2%
HC #4 33.6% 6.7% 1.5% 61.1%
HC #5 1.4% 5.7% 5.5% 1.8%
HC #6 2.2% 77.4% 10.2% 13.1%

Self-Advocacy

HC #1 12.8% 21.0% 11.7% 34.0%
HC #2 11.2% 3.1% 4.9% 11.0%
HC #3 12.5% 13.4% 13.9% 4.2%
HC #4 49.8% 20.9% 17.3% 22.1%
HC #5 12.0% 7.1% 49.2% 4.7%
HC #6 1.7% 34.6% 3.1% 24.0%

The findings suggested that among the categorical variables, gender showed the highest influence
among participant responses regardless of factor and sub-factor. For gender, the primary influences
were found on HC #5 (“To belong to the engineering community, your personality must fit in with everyone
else’s (e.g., technically-driven, efficient, and assertive)”) and HC #6 (“Engineering instructors care more about
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the technical concepts and equations rather than the individual student’s success”). We also found that for all
engineering faculty, closely similar trends of predominance was found for HC awareness and emotion
across the six statements. These latter trends did not parallel faculty responses to the self-efficacy and
self-advocacy items.

Among the highest influences for race found was HC #5 (“To belong to the engineering community,
your personality must fit in with everyone else’s (e.g., technically-driven, efficient, and assertive)”)
followed by HC #3 (“Engineering education is harder, more time-consuming, and expensive because it
has a direct impact on safety”). For faculty rank, the primary predominant influences were found for
HC #6 followed by HC #3. For institutional type, main influences were found for HC #4 (“Not everyone
can be an engineer”) and HC #6.

From the AML findings, a chi-square analysis was conducted between the pairings of the four
categorical variables (gender, race, institutional type, and faculty rank). Findings revealed that gender
and institutional types showed the greatest relationships overall (χ2 = 18.422; df = 8; p < 0.05). To further
examine these two relationships and since Tier 1 had a higher percentage of respondents, these values
were removed to identify the relationships of gender to the other institutional types. The same process
was repeated for the other institutional types until a ranking in influence (denoted by p-values
under 0.05) was measured. Findings confirmed the predominant influence of gender was found
among the Tier 1 institutions (doctoral-granting institutions with large research programs) followed
by close second (Tier 4; masters-granting institutions; p < 0.05). Trailing behind were Tier 2, Tier 3,
and Tier 5 institutions, respectively. For all other relationships (e.g., faculty rank versus institutional
type; race versus institutional type; gender versus race; race versus faculty rank, etc.), no statistically
significant relationships were found.

Among the factors, regression analysis was conducted between HC awareness and self-efficacy
and HC awareness and emotions. Results were found to have a weak or moderate positive correlation
(r = 0.28 for self-efficacy; r = 0.42 for emotions). HC awareness and self-advocacy revealed a weak
negative correlation (r = −0.31).

4.2. Qualitative Findings: Qual

To answer the research question, a qualitative analysis of participants’ written responses was
conducted. These resulted in three recurrent themes: (a) professional expectations for engineering
faculty; (b) sources of professional expectations; and (c) consequences of meeting professional
expectations in engineering.

4.2.1. Professional Expectations for Engineering Faculty

Findings suggested that teaching, service, and research were the top categories that respondents
listed for what expectations they felt were placed on them as faculty. In addition, all faculty described
expectations of time commitment and availability as being important. Among the responses, faculty
described the expectation of being “able to work whenever needed (nights, weekends, holidays)”
(Respondent 41, Full Professor, Tier 5, Male, Hispanic), or “to have all time outside of class to be free
and uncommitted” (Respondent 12, Assistant Professor, Tier 5, Male, Hispanic) to be at odds with
their work/life balance (i.e., “high productivity, no work-life balance” (Respondent 28, Lecturer, Tier 5,
Male, White)).

Broader educational goals that faculty were expected to deliver included providing a high-quality
engineering education, conferring credentials only to the deserving students, and meeting the
Accreditation Board of Engineering and Technology (ABET) criteria [65]. More specific qualities
that engineering faculty were expected to have included problem-solving, attention to detail, good
communication skills, ability to work in a team, and being self-critical.
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Being able to solve an equation is good, but what is more important is to be able to see if
the answer is correct or not, like finding a negative resistance in a circuit problem can be
mathematically correct but practically inconsistent with real circuit. Self-criticism should be
taught more. This is what I try in my classes.

(Respondent 18, Lecturer, Tier 1, Male, White)

Two faculty commented that a professional expectation is to “not ask many questions”
(Respondent 19, Full Professor, Tier 1, Female, White) and “not create any problems” (Respondent 5,
Associate Professor, Tier 5, Male, Hispanic) and that “mantras such as ‘engineers provide solutions,
not problems’ ” (Respondent 33, Full Professor, Tier 5, Female, White) are valued more among
engineering departments.

Other faculty elaborated that among professional expectations, there are elements of advocacy and
allies that are needed, especially when considering the experiences of women and underrepresented
groups in engineering:

I am a woman and an immigrant. I am a first generation student. I often have not seen
students and colleagues respect me. After I stood up for myself things have started to change.

(Respondent 46, Associate Professor, Tier 1, Female, White)

Other important features are having the right networks/allies to get stuff done, as well as
identifying allies of the majority group to speak up as well. When a woman stands up and
talks about gender bias issues being a problem, it’s often not listened to as much as a man
doing it.

(Respondent 48, Full Professor, Tier 1, Male, White)

4.2.2. Sources of Professional Expectations

Survey respondents identified several origins to these professional expectations but most notably
from students, peers, and themselves. Specifically, when describing faculties’ impression of student
expectations, some respondents elaborated on their role in helping uncover HC in the classroom:

“I may be the only influence on this topic [hidden curriculum] the students are exposed
to regularly”

(Respondent 34, Assistant Professor, Tier 5, Male, White)

Personally, I don’t think many of these . . . [HC statements] are truly hidden curriculum,
at least in my classes I try to explain lessons whether they are part of mainstream engineering
education or not.

(Respondent 28, Lecturer, Tier 5, Male, White)

Others, on the other hand, indicated that their intersectional identity and role could result in
an opposite response from students in the classroom:

“ . . . as a faculty [ . . . ] students are less respectful of me due to my race/nationality/color
of skin/religion...”

(Respondent 36, Assistant Professor, Tier 1, Female, Black)

“In an effort to be professional and polite there are times that I let it [students disrespecting
me] slide and regret it later . . . ”

(Respondent 23, Associate Professor, Tier 1, Female, White)

Another theme that emerged was around how professional expectations from peers related to the
intersectional identities of the faculty. One respondent said:
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“As a woman in engineering, service is also expected of me more than my male colleagues.
My female colleagues and I get asked constantly to do service, while our male colleagues are
rarely asked (or, when they are on a committee, have no reservation about saying they are
‘too busy’ and ‘having the women to do work’)”

(Respondent 47, Assistant Professor, Tier 1, Female, Black)

Others faculty indicated that they too recognize their roles as being a source of encouragement
and mentorship for underrepresented peers:

As I mentioned before, we are still doing things the way they were done 100 years ago.
Maybe this is why our enrollment of women and minority groups continues to be so low.
I made an effort to recruit minority and women faculty. I mentored them and was successful
in helping them to earn tenure. In turn, they have attracted a more diverse group of students.
So, I have seen how paying attention to diversity pays off!

(Respondent 32, Associate Professor, Tier 5, Male, White)

Keep on doing what you’re doing [referring to a main character in the video]! Although
maybe do decrease your service level as an Asst. Prof. And go ahead and include questions
on diverse engineers on the exam. It’s important.

(Respondent 49, Full Professor, Tier 1, Female, White)

4.2.3. Consequences of Meeting Professional Expectations in Engineering

Several respondents expressed that some of the consequences they experienced while meeting
professional expectations in engineering lied in trying to keep a work/life balance: “I could work 24/7
and still never be caught up” (Respondent 47, Assistant Professor, Tier 1, Female, Black); “there is never
a break” (Respondent 44, Full Professor, Tier 1, Female, White); and “all areas of concern are unrealistic
even for the most dedicated faculty” (Respondent 17, Assistant Professor, Tier 1, Female, White).

Thirty respondents stated that meeting the expectations of being a faculty member led to personal
consequences, such as exhaustion and frustration. On the other hand, four faculty members elaborated
that they do not feel meeting expectations should be exhausting because they love their jobs, suggesting
that if faculty love their job they should not feel exhausted about meeting expectations. Among the
participants that referenced reasons why meeting job expectations in engineering can be exhausting
included confusion and pressures regarding grading, fulfilling administrative duties, responding to
service requests and navigating an outdated system in engineering education. One respondent stated,
“trying to be academically rigorous and supportive to the students and somehow getting research done
at the same time is completely exhausting” (Respondent 23, Associate Professor, Tier 1, Female, White).
Some respondents suggested that the exhaustion derives from their interactions with students who
are underprepared and underperforming. One faculty wrote that “many students do not work hard
enough” (Respondent 29, Assistant Professor, Tier 2, Female, White) and several faculty members
elaborated on the academic rigor of the engineering curriculum. Three respondents referred to the
competitive research environment coupled with the pressure to conduct innovative research.

Regarding the “frustrations” experienced by many engineering faculty participants, the challenges
with navigating an outdated system in engineering education and the powerlessness that many feel
for creating sustainable changes in engineering exist:

I am so completely frustrated with the older generation of professors. They’re mostly white,
almost all male, and completely uninterested in how to teach better. They refuse to see
student struggles as anything but laziness. I was first generation college student - I know
what that’s like. I get good evaluations, I advise and mentor students, and I bend over
backward to make sure their experience is good. But because it feels like I get no credit for it,
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and previous attempts to advocate for change go nowhere, I don’t feel like I can ever make
a difference outside of the students I directly interact with.

(Respondent 25, Tier 1, Associate Professor, Female, White)

I can advocate for this in my classrooms, but not among the all-male, mostly white faculty.

(Respondent 47, Assistant Professor, Tier 1, Female, Black)

For others, these frustrations became their personal sources of motivation for changing the status
quo in engineering:

It is difficult to do the right thing. The first step is rejecting the status quo. My anger and
shame about the “good ole boys club” in engineering has helped me to fight against it!

(Respondent 32, Associate Professor, Tier 5, Male, White)

5. Discussion

5.1. QUAN Findings

In this study, it was found that engineering faculty were able to recognize the presence of hidden
curriculum for some scenarios and not for others. For those statements that predominantly identified as
HC, faculty recognized that the high demands for engineering (HC #3) and the professional demands
of their field, may influence how engineering instructors are perceived regarding their care to students’
success (HC #6). This parallels to what the engineering education literature states are the difficult
nature of the field [44–50]. Additionally, regarding instructor care, it appears that there may be a level of
awareness from the faculty that students may have a difficult time envisioning this care in engineering
education [66].

We also found that HC awareness paralleled a lot of the emotional responses from participants
and among the HC statements and as seen by the regression analysis results. It is possible that the
design and presentation of the survey questions may have elicited unconscious or meta-conscious
processes that influenced their awareness [24,25] to some of the HC statements or that it elicited
indirect interpretations from the participants [23–25,57]. Further work is needed to understand these
potential relationships better.

For self-efficacy, most faculties reported high levels of confidence in their ability to succeed despite
statements like HC #4 (“Not everyone can be an engineer”) suggesting an individuals’ internal motivations
to persist and belong in such fields (Bonner et al., 2009). However, low levels of self-efficacy were
reported for more systemic factors like HC #1 (“Senior faculty in engineering (e.g., tenured professor)
deserve higher status, voice, and have more influence that engineering junior faculty). This parallels to what
the higher education literature states about the status and power faculty gain with the promotion and
tenure process [38–40]. For self-advocacy, similar results were found compared to the self-efficacy
results suggesting that these two factors may be related although additional participants and work
would be needed to confirm these relationships in more detail.

In terms of prevalence, gender and institutional types appeared to have the greatest influences
among research-intensive institution (Tier 1). It was interesting to find that among the prevalence of
responses, Tier 1 (Ph.D. granting) and Tier 4 (M.S. granting) were more closely similar in influence
compared to the other tiers. This is a unique finding and one that will warrant further exploration.
It will be necessary to include higher representations of other institutions to identify if this trend still
stands if other institutional types are represented in higher numbers.

One interesting observation was that neither faculty rank nor race appeared to result in differences
among the faculty responses. For faculty rank, it appears that all faculty regardless of their role
(e.g., lecturers, associate professors) are privy to the hidden curriculum of their fields in engineering
and that these appear to not change regardless of the discipline of engineering that they may be
teaching. Regarding race, it is still unclear if race did not play a role in faculty responses or if these

140



Educ. Sci. 2018, 8, 157

perspectives may have been muffled through the dominant perspectives from the White faculty in this
study. Again, added participants to this study can help us clarify these in more detail.

Finally, the three hypotheses were partially confirmed in that all faculty were able to recognize
some HC in their fields but our findings also suggested that identification of such were highly
contextual (institutional type) and gendered but irrelevant to faculty rank (e.g., lecturers, associate
professors). The literature points to the differential experiences that women and intersectional women
have compared to their male counterparts [67,68] in engineering [59,69]. However, more studies are
needed to understand the influences the formalization of institutional types had on the HC gained
from these women faculty in engineering.

5.2. Qual Findings

From the qualitative findings and in response to RQ1, we were able to identify in more detail
the lived realities of many of the engineering faculty who responded to this survey. In these, we also
confirmed the predominant viewpoints of the inequalities existing for women and intersectional
women in engineering in terms of fulfilling the professional expectations from students, peers,
and themselves [59,67–69].

While there were many expectations expressed by the engineering faculty, many of them mirrored
those found across institutions of higher education [38–40]. However, other field-specific nuances were
identified. For example, many engineering faculties indicated attaining accreditation (e.g., ABET) was
a characterizing factor of their success as educators. ABET is the leading accreditation that dictates
the expectations of the education and training of engineering as is the main agency that faculty and
administrators respond to in order to meet the increasing demands of the field [69]. Additionally,
the need for rigor in the engineering education curriculum and the level of skill and preparedness
of the student in the classroom was also referred to as important by the faculty. This finding
parallels what engineering education researchers have referred to as the meritocratic nature of the
discipline [44–50,69]. As Stevens and colleagues [69] have suggested, “one of the most significant
implications of the meritocracy of difficulty in engineering is how it led engineering students to
distinguish themselves from students in other majors and to place their discipline in a clearly superior
position to others.” ([69], p. 1). It appears that some engineering faculty are mirroring this belief.
Additional work is needed to explore this phenomenon further.

One encouraging finding was in the recognition from some faculty, across institutional types and
faculty ranks, to advocate and encourage others for changing the status quo of engineering education.
It appears that there is an overall sentiment that the system in engineering education has not changed
in over a century (e.g., Respondent 32, Associate Professor, Tier 5, Male, White) and that personal and
classroom changes through their roles as instructors (e.g., Respondent 34, Assistant Professor, Tier 5,
Male, White) can help effect this change. Self-advocacy or a person’s willingness to take action and
speak up about a matter to improve their quality of life [35] cannot occur without individuals having
the motivation or desire to take control over their immediate situation or environment. It appears
that for some engineering faculty, this sense of advocacy is becoming an integral component of their
professional roles and responsibilities.

6. Limitations

This special issue study was conducted on 55 engineering faculty across different institutions
of higher education but the perspectives of multiple faculties within the same institution were not
explored. This would have allowed for a more granular study to explore potential similarities or
differences between faculties within similar professional environments. Furthermore, more questions
of the professionalization of engineering disciplines (e.g., mechanical engineering versus biological
engineering) could have provided additional domain- and context-driven of the HC statements and
perspectives analyzed in this work.

141



Educ. Sci. 2018, 8, 157

While it is not the belief that the findings are generalizable as HC is dependent on the individual,
the situational, and the contextual [1–8], the findings of this work can help readers to understand how
faculty are, or were, influenced by HC. Even though the results of this work may not represent the
findings that were attained from the fully validated instrument, they represent the initial interpretations
of faculty to our questions during the process of validation. Future studies will compare and contrast
the findings from this study on engineering faculties and other participant groups (e.g., graduate
students, undergraduate students, etc.) when data from the fully validated survey is analyzed [21].

Regardless, the findings from this special issue study can begin to shed light into the perspectives
and mechanism by which engineering faculty understand HC, which may help scholars to see and
understand the lived realities of many of these professionals.

7. Conclusions and Recommendations

The findings of this special issue study suggest a possible influence gender and institutional type
in the beliefs, values, and attitudes that faculties carry about the HC in engineering. We also found that
while some faculties are interested or are using their current roles to advocate on issues of engineering
to their students and peers. However, some of the challenges for this action appear to relate to issues
of gender and intersectionality, as well as race and institutional type.

From this work, the authors encourage the readers and, in particular, researchers and
administrators, to conduct similar types of hidden curriculum studies internally at their institutions
and colleges of engineering to explore the dynamics of the professional environments that
different faculties are a part of. The authors call for a closer examination to the degree by which
institutional resources are responding to the intersectional experiences of faculty (e.g., unequitable
workloads for minoritized faculty). Finally, the authors encourage that for all faculty (tenure and
non-tenure track), career trajectories and promotional paths become clearer to ensure transparency in
evaluation processes.

8. Implications

This study has several implications. The first is that through a mixed-method, hidden curriculum
approach, more awareness on the professional needs of each institutional type can be elevated. Second,
the need for more individually- and culturally-responsive resources and interventions in engineering
are presented. The findings of this special issue study purposed readers to reflect upon the connections
that mechanisms such as emotions, self-efficacy, and self-advocacy can play in empowering and
enabling all members of an academic engineering faculty group to participate in an equitable and
safe environment. Finally, the techniques used in this work (i.e., decision tree) introduces a new way
to handle complex datasets such as these and use them to more deeply inform the research and
educational communities on the influences that professionalization of engineering faculty can have in
their experiences at their colleges and institutions.
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Abstract: A major goal in Engineering training in the U.S. is to continue to both grow and diversify the
field. Project- and service-based forms of experiential, problem-based learning are often implemented
with this as a goal, and Engineering Projects in Community Service (EPICS) High is one of the more
well-regarded and widely implemented. Yet, the evidence based on if and how participation in such
programs shapes student intentions and commitment to STEM pathways is currently limited, most
especially for pre-college programming. This study asks: How do high school students’ engineering
mindsets and their views of engineering/engineers change as they participate in project–service
learning (as implemented through an EPICS High curriculum)? This study employed a mixed method
design, combining pre- and post-test survey data that were collected from 259 matched students
(63% minority, 43% women) enrolling in EPICS High (total of 536 completed pre-tests, 375 completed
post-tests) alongside systematic ethnographic analysis of participant observation data conducted in
the same 13 socioeconomically diverse schools over a two-year period. Statistical analyses showed
that participants score highly on engineering-related concepts and attitudes at both pre- and post-test.
These did not change significantly as a result of participation. However, we detected nuanced but
potentially important changes in student perspectives and meaning, such as shifting perceptions
of engineering and gaining key transversal skills. The value of participation to participants was
connected to changes in the meaning of commitments to pursue engineering/STEM.

Keywords: high school; engineering curriculum; STEM; service-learning; project-based learning;
underrepresented minorities; outcomes

1. Introduction

Professional Engineering training is not currently meeting perceived national needs for
competitiveness, meaning there is a push to recruit, and then retain to graduation, larger cohorts
of suitable students [1]. In addition, even though relative gains have been made, the goal of
equitable representation of women and historically-underrepresented minority (URM) students in the
Science, Technology, Engineering, and Math (STEM) fields in the U.S. has also not yet been achieved.
For example, even though women now earn the majority of bachelor’s degrees overall, they represent
only 20% of those awarded in Engineering. Similarly, African-American students graduate with 9.5%
of the undergraduate degrees in the U.S. but represent only 3.8% of those in Engineering [2].
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This underrepresentation in STEM begins prior to university entrance, being clearly evident in
high school. For example, Asian and White students are much more likely to successfully complete
calculus by the 12th grade compared to URM students [3]. Thus, there has been a significant
national push to find the best means to both engage and build the relevant skills for diverse students,
and students more generally, as potential STEM graduates while they are still in the K-12 system.
A fundamental goal of this broader agenda is to integrate pedagogies that focus on collaborative forms
of community service, practical application, and project-based learning that articulate solutions for
real-world problems. Innovative high school mathematics and science curricula have been developed
along these lines to address this challenge, both aiming to orient students towards and prepare them
better for advanced study in these fields [4,5]. One of the most widely applied is EPICS (Engineering
Projects in Community Service) High [6].

EPICS is one of the more widely applied means to meet this goal. The EPICS strategy is based on
connecting students interested in engineering and computing design with local community partners
to solve practical problems [7,8], including over extended semesters [9]. This strategy of “designing
for others” [10] was originally intended for engaging college students, with the assumption that
project-based and service-learning modalities would spark a broader interest in and commitment
to STEM careers. The underpinning philosophy for Engineering, for example, is that highlighting
and engaging Engineering’s concern for people, local communities, and broader societal welfare
would better draw women and URM students into the field [9]. The approach of EPICS is consistent
with an array of published research that indicates that use of dynamic curricula that incorporate
service-learning and/or project-based learning predicts improved student outcomes in potentially
advancing minority and female students in engineering/STEM at the college level [7,11–15].

In 2006, responding to this recognition that attrition from the STEM training pipeline was
occurring earlier in students’ education and needed to be addressed sooner, the program developed a
high school curriculum [16]. This fits with research showing that students who excel in mathematics
in high school (specifically 10th- through 12th-grade math) and have self-belief in their mathematic
abilities are more likely to pursue STEM degrees in college [14]. Early exposure to mathematics
and science related courses seems to be key but should be done in a way that engages students and
makes learning these subjects enjoyable [17–19]. Project/problem-based learning, particularly in early
grades, can act to foster creativity through problem-solving, a much-needed skill in engineering [18].
Thus, earlier education is considered central to instilling the necessary skills and knowledge to create
successful STEM pathways for future practitioners [19].

The EPICS curriculum was subsequently deployed in high schools across the country (“EPICS
High”). At the high school level, the technical capacities of students to engage in human-centered
engineering solutions to real work may be less [12], but the underlying assumptions remains the
same: That such programs should: (a) Fundamentally change students’ perceptions of engineering by
making the engineering design process fully human-centered and (b) that the greatest positive shifts
in perception should be for URM and female students.

Operationally, EPICS High programming is integrated into existing classrooms and school
arrangements. During the summer, math/science teachers are trained on the EPICS High curriculum,
which is then incorporated into their STEM or career and technical education (CTE) classes,
or in afterschool clubs. Usually, projects seek to engage with the needs of partners local to the
specific school. The EPICS High approach fits within a broader trend in STEM education toward
supporting innovations in STEM-project-based learning (PBL) [12,14,20]. Unlike problem-based
learning—where students are given a hypothetical, real-world problem to solve through thinking
through different steps [20]—project-based learning includes actual projects that have clients and real
applications [11,12,14]. Specifically, PBL mimics professional work in that the projects take longer to
complete, it applies knowledge rather than simply acquiring it, and students must self-direct their
time and energies as they work on a team [14]. In general, student outcomes from participation in PBL
include improved teamwork, greater communication skills, a better understanding of the complexity
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of professional problem-solving and the knowledge needed in order to apply solutions, as well as
increased motivation to continue on [11,12]. Conversely, because of the project–solution focus, students
may be deficient in understanding the fundamentals of engineering concepts [12]. Much of the research
suggests the gains are seen in all participants, not just URM and female students.

The EPICS High approach also purposefully focuses student activity in service, not just project
learning. As a form of pedagogy, service-learning is experiential education that educators design
as structured opportunities where students partake in activities that address community needs in
order to foster learning and development [21] (p. 5). Within engineering, service-learning can help
students to build skills useful to the prolonged professional practice of engineering while also fostering
civic responsibilities [15]. Service-learning is quite distinctive because, when done most effectively,
it gives students a voice to choose what project they want to complete and it involves community
partners—both factors that help to motivate students to gain the best learning outcomes as well as make
the experience meaningful [22,23]. For example, students who fully engage in service-learning report
enjoying school more and becoming more civically inclined [23]. Furthermore, students who engage
in service-learning that incorporates STEM problem-based learning techniques increase their academic
engagement, increase achievement in science, and become more resilient and civically engaged [13].

The college-based Engineering Projects in Community Service (EPICS) program typically integrates
both service-learning and project-based learning into one program that spans one or more semesters.
College students’ reflections on EPICS programs suggest students believe they gained skills in
teamwork, communication, project planning, leadership, and that engineering could be viewed
as a “caring profession” [6,9,24]. Moreover, Purdue University enrollment data over a decade suggest
female students in Mechanical and Electrical and Computer Engineering majors were 170% more
likely than male students to participate [9,25]. Using a case-study approach, Huff et al. (2012) [24]
suggested benefits in this engaged learning (in international settings) also had value for advancing
basic engineering competencies.

EPICS-related gains at high school levels are even less well studied, but early signs suggest
that impacts might be hampered by a lack of basic skills (such as mathematics). In a pilot study
comparing EPICS High program participants to those in another program without the service-learning
components, Kelly et al. (2010) [26] reported participants in both programs exhibited significant
challenges in solving basic problems; differences by gender or ethnicity were not studied (the sample
was small) [26]. Zoltowski, Oakes, and Cardella (2012) [27] used a qualitative–phenomenological
approach to identify the ways that 33 students, enrolled in EPICS and in several similar programs,
understood and reacted to the idea of engineering as a human-centered design. They concluded that
students understood the needs of the end-user and were able to integrate those needs into their designs.
Although the sample was selected for diversity, the role of this diversity in shaping perceptions was
not an interpretive focus.

Considering the broader potential of EPICS and similar instructional modalities for changing
the engineering pipeline at the high school level, the evidence base must include a systematic
assessment of how these students might be differently impacted; many of the available studies
are preliminary in nature. Based on the demographics of students participating in 50 schools in three
states, Oakes et al. (2012) [28] concluded relative participation by girls (44%) and URM students and a
high percentage of students eligible for free or reduced school lunches (46%) were markers of success.
In addition, of the students who said at the beginning of the program they would “not at all” be
interested in a STEM major, 53% of girls and 47% of boys had subsequently changed their response to
“a lot”.

To our knowledge, however, there are currently no detailed studies focused on how EPICS High
(or similarly designed project- and service-learning curricula) might differently impact women and
minorities compared to other students—i.e., those that the fields of Engineering and STEM more
generally are seeking to advance into careers. Our goal in this study was to do just that, as a first
step in establishing a solid evidence base for identifying which strategies should best help to meet
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the much larger goal of supporting and diversifying the student pipeline in Engineering and related
STEM fields. Our research question is: How do high school students’ engineering mindsets and their
views of engineering/engineers change as they participate in project-service learning (as implemented
through an EPICS High curriculum)?

To answer this, we used pre- and post-test data to identify if the degree of change after program
completion was predicted by low beginning scores. Since the theory behind EPICS High curricula is of
value to enhancing a diverse STEM pipeline because project–service-based learning changes students
perceptions, our research strategy engaged in collecting and analyzing qualitative data on student
perceptions alongside quantitative ratings of pre- and post-test mindsets.

2. Materials and Methods

Arizona State University (ASU) began delivering the EPICS college program in 2009 and then
collaborated to deliver an EPICS High curriculum with local high schools that could act as potential
pipelines to their Engineering degrees. Now the ASU program serves as one of three EPICS High hubs,
meaning that EPICS High schools in the large metropolitan area work directly with our university
program, whereas other EPICS High programs work with Purdue University. As the largest hub, the
ASU program currently serves just over 800 high school students within 32 schools in the Phoenix
Metro area, and the EPICS programming specifically makes it a point to partner with more diverse
student bodies. For example, out of the 32 schools, 13 are classified as serving low-income, high
ethnic-minority schools. The core curriculum mirrors Purdue’s EPICS High (curriculum can be found
at https://engineering.purdue.edu/EPICS/k12), defined by student engagement in the design process
(Figure 1). EPICS High at ASU is a highly coordinated endeavor with dedicated staff to implement
the program and support the high school teachers throughout the year. Teachers are given access
to the curriculum via Purdue University’s website portal, provided a week-long summer training,
have dedicated college student mentors who visit the classrooms regularly, are offered a funding
competition to support project development throughout the school year, and host a showcase as a
culminating experience at the end of the spring semester. The EPICS High model is integrated into
existing classroom frameworks, either through their STEM or career and technical education (CTE)
classes or in afterschool clubs. The curriculum is grounded in design education and service-learning
pedagogies and seeks to promote engineering as a force for social good.

Figure 1. The engineering projects in community service (EPICS) design process (reproduced from
EPICS website).
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By pairing meaningful community service with engineering instruction, EPICS High seeks
to provide a conduit for students to engage in project-based learning to master course content
while fostering greater civic responsibility and community engagement. Moreover, the curriculum
incorporates human-centered design—focusing on the needs and uses for the end-stakeholder—and
key engineering processes to foster engineering habits of mind, such as systems thinking, optimism,
and ethical consideration in engineering, as well as entrepreneurial mindsets such as the three Cs
(curiosity, connections, and creation of value) from the KEEN Framework [29]. Across EPICS High
programming, students continuously explore, at increasing levels of sophistication, solutions to
problems identified by their community partners by applying skills they are learning in the classroom.
Ultimately, students work with members of the community to create engineering solutions to address
real-world problems (see Table 1 for selection of projects).

Table 1. Sample selection of student team projects. STEM: Science, Technology, Engineering, and Math.

Community Partner Project Goals

Audubon Society
Redesign and renovate the seating and shading structure
of the Butterfly Garden, a space used to host community

environmental events and school field trips

County Animal Care and Control Create a durable, hygienic, and inexpensive dog bed for
animal shelters

Student’s Own High School Rebuild their school hypnotherapy garden to make it
more accessible for those with physical disabilities

Local STEM Outreach Program Teach children in foster homes about STEM to create
better opportunities

Neighboring Elementary School Create an app that is tailored to the curriculum to
enhance student reading skills

Horse Rescue Create a water catchment system to avoid stalls
becoming flooded when it rains

Family-centered not-for-profit organization Improve soundproofing of the community room in a
low-income family housing complex

Students’ Own High School Community
Build a community garden to provide fresh fruits and

vegetables to members of the community (the high
school is located in a food desert)

Homeless Youth Organization Assess the location most in need of help for the
organization to expand

Housing/Health/Community Service Organization Design a robotics curriculum for a summer program for
homeless children aged 5 to 12

Data for this study were collected during the 2016–2017 and the 2017–2018 school years, covering
two separate sequential implementations of the EPICS High program. Human subjects’ approval for
this study was acquired through the ASU Institutional Review Board (STUDY00004523), and each
school also provided individual administrative approval.

2.1. Scalar Data Collection and Analysis

We began data collection with an online survey targeting all participating students, deployed at
the beginning of each school year. Surveys (N = 838) were completed by high school students from
15 schools (Wave 1 N = 361, Wave 2 N = 344). The surveys included a set of items for pre-testing
of outcomes (see “scale construction” below). The second wave survey also presented open-ended
narrative responses to questions to be assessed through systematic qualitative analysis. These questions
included their goals after high school and their views of engineering, pre- and post-test. Post-test
surveys were given at the end of each spring semester. We excluded from post-tests any students who
proved from the pre-test to be outside of the grade range for the EPICS High program (6th and 7th
graders, N = 10), as well as all students from the one high school that failed to implement the EPICS
program in full during the semester (N = 121 students). After these exclusions, we had a total of N =
705 unique students across both waves. Unforeseen issues with the unique identifiers (required for
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ethics protection), and follow-up response rates, resulted in additional students being excluded from
the post-study pool. This resulted in a final matched pre/post-test sample of 259 (Table 2). Students
self-identified ethnicity and gender as part of the survey demographics.

Table 2. Participant sample size and demographics.

Pre-test (N = 578) Post-test (N = 386) Matched (N = 259)

Grade N % N % N %
8th 35 6.1 15 3.9 9 3.5
9th 44 7.6 39 10.1 26 10
10th 184 31.8 110 28.5 73 28.2
11th 205 35.5 122 31.6 89 34.4
12th 94 16.3 90 23.3 62 23.9

Missing 16 2.8 10 2.6 0 0
Gender
Male 312 54 218 56.5 142 54.8

Female 225 38.9 143 37 110 42.5
Prefer not to respond 21 3.6 15 3.9 7 2.7

Missing 20 3.5 10 2.6 0 0
Ethnicity

White 226 39.1 144 37.3 96 37.1
Latino(a) 200 34.6 137 35.5 98 37.8

Asian 48 8.3 45 11.7 34 13.1
URM (Latinx, African

American) 43 7.4 23 6.0 17 6.6

Missing/Refused 61 10.6 37 9.6 14 5.4
Parent College Graduate

None 345 59.7 196 50.8 126 48.6
One Parent 118 20.4 92 23.8 60 23.2

Both Parents 115 19.9 98 25.4 73 28.2
Parents Engineer

Parent an engineer 94 16.3 65 16.8 50 19.3
Title I

Non-Title I School 217 37.5 170 44 134 51.7
Title I School 361 62.5 216 56 125 48.3

Total 578 100 386 100 259 100

The surveys contained 23 items for pre/post-test using scale items directly related to the
learning outcomes for EPICS High (Table 3) and adapted from scales developed to assess the
KEEN Framework’s 3Cs [30,31]. These items were selected to assess status (and thus growth) in
the following domains: Attitudes towards engineering (learning about engineering, considering
studying engineering, understanding the importance of engineering); improving ideas (inventing
new ways of doing things); importance of feedback (identifying needs of stakeholders, seeking input,
incorporating feedback into designs); growth mindset (seeing obstacles as opportunities, not giving up
on difficult tasks, seeing failure as a chance to improve); social responsibility (contributing to the good
of society, seeking opportunities to improve lives of others); and importance of multi-perspectives
(putting self in other’s shoes, incorporating different expertise/ideas). The item responses were on
5-point Likert scale ranging from strongly agree (5) to strongly disagree (1). These scales demonstrated
a high reliability across both the pre- and post-test (Table 3). Students overall scored highly on all scale
items, resulting in a left-skewed distribution for all scales at both pre-test and post-test.

Given we were only able to match 259 students across pre-test and post-test surveys, we performed
more liberal statistical analyses on the scalar responses for the full analytic sample, comparing all
pre-test scores with all post-test scores using the Mann–Whitney U test for binary groups and the
Kruskal–Wallis test for tests among multiple groups. We then focused a second set of more conservative
analyses on the matched sample and tests for growth within students from pre-test to post-test for
those surveyed twice using the Wilcoxon signed-test.
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Table 3. Scale reliability and the original contributing scale items.

Pre-test Scale Reliability Post-test Scale Reliability

N Alpha N Alpha

Improve Ideas 562 0.79 375 0.83
Importance of Feedback 563 0.83 370 0.86

Growth Mindset 557 0.73 372 0.71
Social Responsibility 560 0.82 371 0.85

Importance of Multiple
Perspectives 562 0.79 372 0.82

Attitudes towards Engineering 559 0.72 375 0.63

2.2. Qualitative Data Collection and Analysis

Qualitative data collection, in the form of open-ended questions to students, was applied via
two different methods. First, in the wave 2 (pre- and post-test) surveys, we added open-ended
elicitations, asking students to reflect on the program. Examples of the questions were: “What are your
views of engineers?” and “What are your plans after high school?” Second, over the two years of the
study, we conducted extended participant observation—overseen by a PhD anthropologist—across
the 13 schools. The ethnographic procedures included regular site visits and extended note-taking on
informal interviews with students and teachers at least at two points in time for each school, once in
the beginning of fall semester and again towards the end of the program in the spring semester. Since
our research questions focused on the experiences of students, more detailed ethnographic attention
was given to six schools designated as Title I as well as women and ethnic minorities across school
types. The Title I label signifies that they serve low-income students, and these schools typically
have a large number of ethnic minority students. For example, in Arizona, 41.5% of students in
Title I schools are White, and Latinos represent 43% of the school population [32]. The site visits
included classroom observations, documenting the forms and levels of student engagement with
the curriculum, and talking informally with as many students as possible as many times as possible
about their curricular experiences and evolving community projects. These informal interviews are
unstructured and conversational in form, and the procedure is for the interviewer to take copious
notes during the conversation and/or immediately afterward, including quotes [33]. The trained
ethnographic researcher conducting these informal interviews was female, non-White, and relatively
young; it was hoped this would support greater disclosure by the students. The site visits also involved
taking copious field notes on the following: Student motivations for joining EPICS High; motivations
for enrolling in engineering; students’ experiences working and designing for a stakeholder; and
student team dynamics, among other topics. In these interactions, some students offered direct or
indirect information on their ethnicity, but the researcher did not directly ask. Findings from the data
set should be assessed with this in mind, and this also explains why we more simply coded students
generally as White or non-White solely as indicative and did not take a further step of conducting
URM versus other student comparisons.

Using systematic methods of qualitative data coding and analysis [34], we analyzed the resulting
detailed field notes in addition to the narrative responses (Section 2.2, N = 215) of pre/post-test surveys.
This process yielded a total of 60,324 words of text. Then again, using normal procedures for code
generation and assignment, we developed a codebook and used deductive coding techniques to
identify theme repetition within the body of text. Literature on the benefits of K-12 STEM-based
project-based curricula, and the literature on developing engineering mindsets, were used as the
general guide for what to look for first in the process of code identification [34]. An example of a
code is: “Failure and Learning,” described as: “Students discuss the ways in which project failures,
shortcomings, and mistakes, small and large, impact their learning experiences throughout the class.”
Once we coded all the text, we were able to retrieve the coded segments to verify we indeed had
repeating themes and were then able to make generalizations about the student learning outcomes.
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Then, in order to illustrate these analytical findings below, we identified specific exemplars (i.e., coded
sections of text that clearly met inclusion criteria for that specific code or code set, and thus exemplified
the theme that was identified) [33].

3. Results

3.1. Survey Pre- and Post-Test Scale Results

The scale means pre- and post-test for the full sample are presented in Table 3. The results
of the Mann–Whitney U test show that scores at post-test are significantly statistically higher than
scores at the pre-test, for all scales (Figures 2 and 3): Improvement of ideas, importance of feedback,
growth mindset, social responsibility, importance of multiple perspectives, and attitudes toward
engineers/engineering. Assessing the same set of pre-test and post-test scores in the matched sample
showed improvement in scores; however, none of the observed differences were statistically significant.

Figure 2. Mean Likert scale response score for pre- and post-test: Full sample.

Figure 3. Mean Likert scale response score for pre- and post-test: Matched sample only.
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Comparing gender differences in all completed pre-test surveys (N = 578) showed female students
had significantly lower scores on attitudes toward engineering, improving ideas, importance of
feedback, and the importance of multiple perspectives than their male counterparts. However, in all
completed post-test surveys (N = 386), only differences in attitudes toward engineering remained
statistically significant between males and females. In the matched sample analysis (N = 259),
female students saw significant growth between pre-test scores and post-test scores in the attitudes
towards engineering and the importance of multiple perspectives. Additionally, female students
had significantly more growth in the importance of feedback compared to males, i.e., the difference
between pre- and post-test scores was significantly larger for female students.

In the completed pre-test sample, Title I schools had significantly lower scores on the importance
of feedback and the importance of multiple perspectives scales in the full sample. While the scores on
these scales increased for both Title I and non-Title I schools, the differences remained significant when
assessed in the full post-test sample. Analysis of the matched sample showed none of the differences
between pre- and post-test were significant for either Title I or non-Title I schools.

In the full pre-test sample (N = 578), the nonparametric ANOVA showed significant differences in
the importance of feedback and the importance of multiple perspectives across different ethnicities.
Primarily, those self-identified as Asian scored the highest on the importance of feedback and multiple
perspectives. Furthermore, these were significantly greater than those in the “other” category who
self-identified as African-American, Native American or Pacific Islander, or were missing data on
ethnic background. These other and missing categories had the lowest scores on these two scales.
Differences in the importance of feedback and multiple perspectives were also observed in the full
post-test sample (N = 386) and were again driven by the low scores of students in the “other” or
missing ethnicity category. In addition, differences emerged at post-test for three of the other scale
items: Attitudes toward engineering, improving ideas, and social responsibility. Again, the relatively
low scores drove these significant findings for those students in the other or missing ethnicity category.
The matched sample (N = 259) suggests that these differences were driven primarily by growth among
Asian students in their attitudes towards engineering, improving ideas, and social responsibility. These
were the only scales to show significant growth, and only among self-identified Asian students.

In the full pre-test sample (N = 578), results showed significant differences in the scores for
attitudes toward engineering, importance of feedback, and the importance of multiple perspectives
across varying levels of parental education. Attitudes toward engineering were similar among
students with parents having no college degree, or with one parent having a college degree. However,
the differences in the importance of feedback and multiple perspectives were driven by students
with parents who did not have a college degree and students with at least one parent who had a
college degree.

In the completed post-test sample (N = 386), we saw a reversal in the attitudes toward engineering.
Students with no college-educated parents had the highest scores on attitudes toward engineering,
compared to students with at least one college-educated parent. Additionally, the differences in the
importance of feedback remained significant, with students without college-educated parents showing
the lowest scores. However, the matched sample analysis (N = 259) shows none of the between or
within group growth was statistically significant.

3.2. Student Open-Ended Responses, Pre- versus Post-Test

Using the two systematically coded student survey narrative questions for the matched sample for
Year 2 (N = 215) (“What are your views of engineers?” and “What are your plans after high school?”)
provided a different form of pre/post-test analysis.

Based on coded responses to open-ended questions, the majority of students (79.1%) who
entered the EPICS High program expressed a favorable view of engineers at the start of the program
(see Table 4). Only three students (1.4%) had a negative view of engineers, and the remaining students
(19.5%) had a neutral view of engineers or did not comment. After an academic year of participation
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in the EPICS High program, there was a decrease in students who had previously provided a negative
or neutral view of engineers and engineering (0.5% and 13.1%, respectively) and an increase in the
number of students who had a positive view of engineers and engineering (84.4%) (noting the actual
numbers of students coded differently between pre/post-test are few in number). Here are two
exemplar quotes of students’ pre- and post-test answers regarding their views on engineering.

Table 4. Coding of responses on student views of engineers.

Positive (%) Negative (%) Unknown/Neutral (%) TOTAL (%)

Pre-test 170 (79.1) 3 (1.4) 42 (19.5) 215 (100)

Post-test 184 (86.4) 1 (0.5) 28 (13.1) 213 (100)

Female, Latina, 12th Grade at non-Title I School:

Pre-test answer: “Boring.”

Post-test answer: “I think they are amazing at what they do and make it interesting.”

Female, Asian, 11th Grade at non-Title I School:

Pre-test answer: “I don’t really know much about engineers but I am interested in exploring.”

Post-test answer: “What I’ve learned is that engineers are those that work on certain projects
to better the economy. There are engineers who build things and engineers who work with
other things such as computers and technology. There are many types of engineers. There
are civil and there are aerospace [engineers]. Personally, I’m not sure if I want to be an
engineer, but I am trying to explore the field of engineering and what I am most interested
in is aerospace engineering. The whole concept of engineering intrigues me and I might
consider going into engineering in college.”

Based on codes applied to the student narrative responses to open-ended survey questions, most
of the students who entered the EPICS High program indicated at pre-test that they planned to attend
college after they graduate high school (see Table 5). For example, 175 students (80% of the matched
responses) indicated they were planning to go to college after high school. This number remained
unchanged in the post-test. This confirms that high school students who enter the EPICS High program
already want to go to college prior to entering the program. However, there is evidence that their goals
become more refined after finishing the academic year, as demonstrated by this exemplar quote.

Table 5. Plans after high school *.

College Military Unsure

Pre-test 175 9 12

Post-test 175 14 15

Note: * Responses could be coded more than once if more than one answer was provided.

Male, Latino, 12th Grade, Title I School:

Pre-test answer: “I want to pursue a career in some form of engineering while learning about
entrepreneurship on my own or through a mentor. I plan to obtain a four-year degree in
some form of engineering and later work as an engineer while building up my very own
business.”

Post-test answer: “After high school, I want to attend the Honors College at ASU and major
in Computer Systems Engineering. At the same time, I also want to be involved in my
community, working alongside my peers to bring solutions to problems.”
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3.3. Participant Observation/Interview Data Analysis

Based on inductive systematic coding of the qualitative data, three salient themes, with
corresponding subthemes, emerged from the data analysis: (1) Increase in engineering self-efficacy
and skills; (2) community embeddedness; and (3) increase in resiliency and positive relationship with
failure. Below, we illustrate these findings using exemplar quotes from students.

Theme 1. Increase in Engineering Self-Efficacy and Skills.

Subtheme 1a: Confidence and self-efficacy. Throughout site visits, students shared the ways in
which participating in EPICS High helped to expand their self-efficacy in engineering. Students
discussed how program participation allowed them to view themselves as engineers and gain
confidence in their engineering skills. To illustrate, when asked what they gained from participating in
EPICS High, this student stated:

“Getting a chance to learn engineering, seeing it’s not as hard as I thought. I can see
myself possibly doing engineering. I initially thought you had to be super smart.” (female,
non-White, non-Title I)

From the notated conversations with students, we learned that program experiences served to
both demystify engineering and help students to make connections to engineering, especially for
students who may have come into the program indifferent or uninterested in engineering.

Subtheme 1b: Skills and real-world engineering experience. Students spoke of how the class
enabled them to gain real-world experience and witness how engineering can be used beyond the
classroom. Students spoke of how they liked that the class was hands-on, and that they not only are
learning but are applying what they are learning as they engage in the EPICS High design process.
They often cited how EPICS High serves as an opportunity for them to learn to “think like engineers”
and work to implement solutions. Students expressed that working on their EPICS projects helped to
increase their critical thinking and problem-solving skills, while fostering creativity.

“[EPICS] gives you a little taste of what engineering is like. It’s a lot of thinking outside
the box and handling different problems based on the scenario—it’s really cool.” (male,
non-White, Title I)

“EPICS forces you to work on a project that doesn’t have a right or wrong answer, leaves
more room to be creative.” (male, White, non-Title I)

Additionally, students often spoke of how they had to learn to construct a project budget and plan,
conduct research, use Gantt charts to track task assignments, and increase their technology literacy to
learn new software for their projects.

Subtheme 1c: Collaboration and communication skills. While learning how to do their projects,
students were able to increase their teamwork and communication skills. Through conversations
with students, we learned that project experiences provided opportunities for them to leverage the
synergy of different skills, personalities, and competing goals to benefit from intragroup collaboration
and creativity.

“I learned in engineering that it’s hard to work on a project by yourself, you need others to
help. This is good—with other people, you get new ideas, and this helps change your project
for the better.“ (male, non-White, Title I)

“It didn’t start off well with my group in the beginning. There were two female strong leaders
in our group. Eventually, I gained a new friend. I learned not just about her and about the
group, I learned to mature and let everyone contribute.” (female, non-White, Title I)
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“It [EPICS] taught me things I will need to know in the real world. It teaches you how to
work in a team and to step outside of your comfort zone. You have to work with someone
else [the stakeholder] who agrees with what we said.” (female, non-White, non-Title I)

These exemplar quotes highlight that EPICS High provides a space for students to improve their
peer-to-peer collaboration skills as well as communicating with community partners, which also fosters
unique student gains.

Theme 2. Community Embeddedness and Civic Engagement.

Throughout the program, EPICS High asks its students to continually explore problems in the
community that can be solved by the skills they are learning in the classroom and identify those in
their community that would benefit from an EPICS project. During site visits, students expressed that
they liked that their EPICS projects connected them to a community or issue and cited how the class
provided opportunities to not only gain experience working with a client, but exposure to skills and
values necessary to design with someone else in mind.

Subtheme 2a: Empathy. The curriculum focuses on human-centered design as a core principle.
As students spoke of their experiences, many cited that their projects enabled them to foster greater
empathy to better understand the viewpoints, social conditions, and needs of their stakeholders and
community partners. Through experiences working on a long-term project with a client, students cited
the value of empathy for both their persistence to finish and effectiveness of their projects as well as
reflecting on their own learning.

“I think our stakeholder is doing more for us. They’re helping us have an understanding of
their everyday life. It helps us learn more about people different from ourselves . . . I see how
my skills can help, but also how they in turn help us as well.” (female, White, non-Title I)

Moreover, students expressed that their projects provided value to themselves, stating that their
projects were “more than just a grade” for them. Throughout the informal interviews, students
expressed that project experiences provided the opportunity to create something of value for a client.

“EPICS wasn’t what I expected. There’s so much more of an adjustment period- learning to
do projects that aren’t just for myself but for the betterment of the community.” (male, White,
non-Title I)

“In EPICS you have to live up to a nonprofit and not a grade. It is more fun and you hold
yourself more accountable because you have to help people.” (female, non-White, non-Title I)

For many students, working with a client was a new experience and a paradigm shift from
traditional STEM projects that may be abstract and hypothetical. Through doing engineering and
working with an actual client, students learned to foster empathy as an engineer and learned to
position the user at the center of the design solution.

Subtheme 2b: Impact in the community. Site visits also served as an opportunity to learn the ways
in which EPICS High serves as a conduit for students to learn more about engineering (and STEM)
through service. Throughout the informal interviews, students often discussed the benefits of having a
direct impact on the community. In fact, an overwhelming number of students expressed that they
were drawn to the program for the opportunity to impact and help the community.

“As a minor [under 18 years of age], it’s hard to impact the community. In STEM, you can
have an impact on the community.” (female, White, non-Title I)

“EPICS is to serve the community—all of our projects are school-based. The idea of the class
is to give and help the community—this was a big push for a lot of us I feel, doing something
positive and being a role model to younger students.” (male, non-White, Title I)
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During discussions with students, we found that they were able to articulate with whom they are
working, but also how their stakeholders would benefit from their projects. From the site visits, we
see that students’ experiences working on projects helped them to increase their awareness that they
can play a part in fixing problems in their community as the desire to impact the community taps into
students’ intrinsic motivation. Ultimately, after working on their projects, students stated how they are
able to see how engineering can be used to help the community.

Subtheme 2c: Personal connectedness to projects. EPICS High provided opportunities for students
to not only impact their communities but make individual connections to their projects as they impact
their communities. Moreover, students expressed that by working with and designing solutions for
members of their local community, they were able to identify and connect the ways in which their
skills and interests can be used to creatively solve problems.

“ . . . I’ve always been passionate about the environment. In class, I was able to tie engineering
and combine two of my passions. In engineering, there’s not just one job, you can do many
things and tie it to your passions—it’s one of the great things about engineering.” (female,
White, non-Title I)

For many, the EPICS High service component connected students to a problem, need, or interest
they were passionate about and enjoyed. This served as an additional source of motivation to adhere
to and complete project deadlines when teams experienced unintended setbacks.

“Other projects you do for other classes aren’t personal—you’re just following instructions
to get things done; with this class, it’s more personal.” (female, non-White, Title I)

Additionally, students discussed that while working on their projects, tasks were assigned
according to each person’s skills, experience, strengths or interests, further enabling students to
make personal connections to their projects. Doing a project for an individual purpose helped students
to be empowered in their learning and to take more ownership of their learning.

Theme 3. Increase in Resiliency and Positive Relationship with Failure.

In the EPICS High curriculum, students are encouraged to approach the design process with a
mindset that is open to failure, ambiguity, and feedback.

Subtheme 3a: Importance of feedback. An intended outcome of EPICS High is to impart in
students a particular philosophy of engineering, which is to create human-centered solutions that
provide value for real people, and this includes asking for feedback from their stakeholders. Many
students highlighted that gaining experience working with and getting feedback from a client as not
only a major pull to participate in the program, but a major takeaway from the program as well.

“ . . . getting to see what an engineer actually does. Our teacher has made a point that we are
engineers and we’re getting feedback and criticism like engineers do—we’re getting a lot of
real- world experience. How else will I get that kind of experience?” (female, non-White, Title I)

“[EPICS High] prepares us for real human interactions between us and our partners. It’s our
responsibility [to meet their needs].” (female, White, non-Title I)

Additionally, students shared experiences learning how to compose and execute communications
with their client and incorporate stakeholder requests and feedback.

Subtheme 3b: Overcoming challenges. Throughout the conversations with students, they
expressed that they learned that failure is a critical part of engineering.

“I was raised to be an honors student . . . I always heard that failure was okay from music
students—I didn’t accept this, and it took me a while to accept the concept of failure . . . it’s a
matter of decoding yourself because it challenges how you’re traditionally taught.” (female,
non-White, Title I)
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Students often had to pivot, redesign, iterate or restart a project to ensure their solutions were
both feasible and of value to their stakeholders. Many students expressed that EPICS High provided
a space for them to comfortably fail in a safe environment and gain confidence in their mistakes to
increase their learning potential.

“In other classes, failure is a big deal and you only get one chance and it’s more punishing
to make those mistakes. You do something wrong and get a bad grade and no opportunity
to do it better. It feels like you can’t make mistakes in other spaces whereas in engineering,
failure is seen as progress.” (male, non-White, non-Title I)

“The class is a life teaching class. It gives you the opportunity to have trial and error—not a
lot of courses provide this.” (male, White, non-Title I)

Furthermore, students often expressed that the opportunity to positively impact their communities
kept them motivated to persist with their projects, especially when they encountered setbacks or
design difficulties. These examples demonstrate how the program provides opportunities for students
to learn to embrace their mistakes, evolve when necessary, and foster resilience to increase their
learning potential.

4. Discussion

Prior research on problem-based and service-learning programs has also concluded that they
promote valuable development of skills and knowledge at the college level [7,11–15]. These findings
are echoed with students from the EPICS High program we tested here, and our results bolster prior
smaller studies on EPICS High in particular [16,26]. We found that students who enrolled in EPICS
High over a one-year period showed increasingly high positive views of engineers and were more
likely to recognize the importance of feedback, multiple perspectives, and social responsibility and
were more likely to see themselves as resilient to challenges and improving on existing ideas. Narrative
pre- versus post-test responses also showed that they learned more about engineering and honed their
career goals during the program.

Furthermore, our analysis by student and school characteristics identified who best benefitted
from program participation. First, attitudes toward engineering increased for all students,
but significantly for female and Asian students. Second, the importance of feedback and the
importance of multiple perspectives were significantly different at baseline across gender, Title I
schools, self-identified ethnicity, and across students with different levels of parental education. Female
students closed the gap at post-test for these scales; however, differences remained for Title I schools
and ethnicity. Finally, at post-test, we observed no differences in the importance of feedback across
students with different levels of parental education, though the importance of multiple perspectives
still showed significantly higher scores among students with both parents having a college degree.

Scalar data also showed that students who participate in EPICS High overall scored high on
engineering-related mindsets and attitudes at the outset of programming, suggesting that these
students already had a great interest and regard for engineering upon starting EPICS High programs.
The ethnographic/qualitative analysis based on site visits and informal interviews provides a
crucial additional set of evidence for interpreting the scalar pre/post-test findings, most especially
because—while statistically significant student gains were observed—it was also hard to interpret the
impact of change since starting values were surprisingly high. Qualitatively, participants increased
their confidence as engineers, learned about engineering processes, used and further developed
their problem-solving and creative abilities, increased their collaboration and communication skills,
and learned to embrace failure as positive and how to persist when challenges arose. For instance,
through gaining exposure to the culture of engineering (e.g., failing, rapid prototyping), students said
they are able to decrease their aversion to failure and learn to turn it into opportunity. Furthermore,
students recognized gains in understanding the applicability of engineering design to solve problems
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in their community as well as became civically engaged. These results suggest that EPICS High
offers meaningful improvements in student outcomes that should help to meet the larger goals of
increasing diversity in engineering/STEM. Thus, quantitatively, the student scores suggest EPICS
High participation is not creating much change in the skills domains that could support any students’,
including URM and female students’, pathways into Engineering/STEM. However, the systematic
analysis of two years of ethnographic (participant observation and interview) data provides a very
different set of insights in this regard and suggests the programs are positively impacting URM and
female students in particular, and in ways that are meaningful and could potentially orient them
toward STEM.

Based on this, we concluded that we are able to identify small but highly personally meaningful
shifts in how students align engineering careers with their own diverse backgrounds, particularly
the unique needs of the communities they come from and/or wish to serve. Students also expressed
a sense of greater resiliency to challenges; together, these two aspects of the experience were highly
meaningful to them in ways that could be predicted as important to the likelihood they will persevere
in the engineering/STEM tracks even if they encounter barriers. In this way, there are grounds
to conclude the EPICS High programs are serving diverse students well, most especially when
project-based and experiential learning focuses them on considering and engaging the needs of
local communities. This finding—of subtle but important shifts—also highlights the importance of
tracking program impacts not just through scalar changes on attitudes and skills, but also using
qualitative/ethnographic approaches to identify changes in what students give meaning to as they
consider STEM/engineering careers.

We have several suggestions for the next steps to identify the strengths and weaknesses and track
the impacts of project-based learning programs like EPICS High for meeting the goal of orienting
more students toward and enhancing the diversity of STEM/engineering degree and career pathways.
Given that diverse students came to these programs already positively viewing engineers/engineering,
it may be better to focus on early educational (e.g., mathematics) interventions and training [17]
and/or having much earlier exposure to STEM problem-based learning to show its applicability as a
career [18], such as in middle schools.

There are several limitations of the study we highlight. While the liberal comparison of the total
completed sample found more significant differences than the conservative matched samples tests,
few of the results were replicated in the matched pre/post-test sample. This could be a power issue,
given the low sample size. Power analysis indicates that in order to have 80% power to detect an
effect close to those observed in the full sample tests (small to medium effect size: D = 0.1–0.3) at
alpha = 0.05, we would need between 90 to 786 matched pairs. While the power analysis indicates
we have a sufficient sample size to detect medium effects (~0.3), given the high scores on the scales
at pre-test, we would expect smaller effect sizes (i.e., there may be insufficient room for increases to
be observed). On a related point, the scales failed to capture optimum levels of variation in response,
that is, to avoid further ceiling effects. Results may have been easier to interpret if Likert response
scales had been 7-point rather than 5-point. Additionally, more orthogonal scale items could have
helped to reduce correlations between scales, helping to identify more concretely the domains in which
students are thinking about engineering and engaging with the program content. More generally, all
the pre/post-test scale items are self-reported attitudinal measures. The gold standard would be to
validate the scales with behavioral measures, such as pre- and post-test engineering problem-solving
assessments that can measure the application of curricular elements that students learn [35]. Further,
the study as designed did not include a comparison group of students in the same schools but not
enrolled in EPICS. This would have helped to identify more clearly any self-selection into the EPICS
High program by students that already hold more positive views of STEM. It could have also helped
us to better understand differences between schools and student demographic groups in both baseline
and post-test scores.
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