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ABSTRACT ARTICLE HISTORY

In this paper, we introduce ‘Concept Questions,’ a weekly writing Received 28 August 2020

assignment that has been incorporated into multiple upperdevel  Accepted 7 June 2021

engineering courses at a single university with the intent of enhancing

students’ conceptual understanding of the course content. To explore .
) ) . : conceptual understanding;

the influence of this activity on students in these courses, we compared writing assignments;

students’ scores on the Concept Question assignments with their final learning approaches; student

exam scores, analysed students’ open-ended responses to questions perspectives

regarding their learning in the course, and surveyed students who had

taken these courses in previous semesters to understand how the

Concept Question assignments may have influenced their learning

approaches in subsequent courses. Our analysis revealed that students

highlighted a variety of learning outcomes from the Concept Questions

assignments and their performance on the assignments was correlated

with their final exam scores. However, most students did not report that

these assignments had changed their learning approaches overall. This

paper supports prior work suggesting that such assignments can be

helpful in individual engineering courses, but further work is needed to

explore student learning across courses.

KEYWORDS

To prepare engineering students for success in engineering work environments, it is important that
they develop the ability to transfer knowledge from the classroom to the workplace (Bransford,
Brown, and Cocking 2000). However, gaps have been identified between the types of problems
that students typically solve in the engineering classroom (i.e.,, often closed-ended in structure)
and the more open-ended problems addressed by engineers in the workplace (Jonassen 2014).
Developing conceptual understanding of engineering content is one way to help students transfer
their knowledge between settings because the concepts transfer, whereas the procedures of solving
the problem may not (Streveler et al. 2008). Research of engineering work has suggested that growth
in conceptual understanding plays a significant role in how engineers approach open-ended pro-
blems in the workplace (Bornasal et al. 2018). However, traditional engineering problem sets do
not provide students the opportunity to learn how to approach problems in this manner. This
study explores one type of assignment that provides students with the opportunity to approach
course content through a more conceptual lens.

The purpose of this study is to explore students’ perceived learning following a writing assign-
ment focused on Concept Questions in upper-level engineering courses. We consider students’
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perceptions of learning within the specific courses with the intervention as well as in students’ sub-
sequent engineering coursework and address the following research questions:

RQ1: What do students describe having learned in the courses that embed writing assignments focused on
Concept Questions?

RQ2: What relationships exist between students’ Concept Question work and their final exam grades in the
courses?

RQ3: What learning approaches do students who have completed courses that embedded Concept Questions
use when learning further engineering course content?

Our study contributes a unique longitudinal evaluation of a research-based pedagogical intervention
in that we collected student perspectives both at the end of the courses as well as several semesters
later. Through our findings, we provide an enhanced understanding of student approaches to learn-
ing in upper-level engineering courses that seeks to overcome some of the shortcomings of focusing
on procedural, as opposed to conceptual, knowledge building.

Literature review

Over time, different learning theories have emerged that correspond with different approaches to
teaching and learning. The oldest approach is the behaviourist view of learning, which suggests
that knowledge is a collection of facts (or responses) which can be learned in response to specific
questions (or stimuli; Greeno, Collins, and Resnick 1996). Assignments that focus on students per-
forming observable behaviours or procedures align with this learning theory (Newstetter and Svi-
nicki 2014). An alternative approach is the cognitive view of learning, which suggests that
knowledge focuses on concepts and cognitive abilities which are best learned through inquiry-
based activities that allow the learner to construct an understanding of the course content
(Greeno, Collins, and Resnick 1996). The situated learning framework has emerged most recently
and suggests that knowledge is distributed across people and their environment (Greeno, Collins,
and Resnick 1996). Learning in this framework involves moving from peripheral to full participation
in a community of practice, and thus assignments might focus on self-reflections or portfolios
demonstrating such participation (Newstetter and Svinicki 2014). Our focus on conceptual under-
standing in this study is grounded in constructivist learning theory, which falls most squarely
within the cognitive approach to learning. However, the design of the concept question assignments
is also informed by the situated framework’s focus on presenting engineering problems in authentic
environments (Johri, Olds, and O'Connor 2014).

Conceptual understanding refers to an individual's beliefs about how concepts relate to each
other, forming mental models. Mental models are the collections of concepts and beliefs that the
individual uses to explain phenomena (Streveler et al. 2014). Engineering graduates have been
found to lack understanding of foundational engineering concepts, making conceptual change a
focus in engineering education research (Streveler et al. 2014). Conceptual knowledge is differen-
tiated from factual knowledge (i.e., knowledge of terminology), procedural knowledge (i.e., knowl-
edge of techniques and methods), and metacognitive knowledge (Krathwohl 2002). In
engineering education, it can be easy for students to focus on procedural knowledge (i.e., how to
solve a problem) without developing the associated conceptual knowledge (Venters, McNair, and
Paretti 2014). Such an approach hinders students from developing expertise in the field, which
requires both procedural and conceptual knowledge (Bransford, Brown, and Cocking 2000;
Venters, McNair, and Paretti 2014). To help students develop conceptual understanding, it is impor-
tant to support students’ ability to develop mental models and general problem-solving approaches
within a domain (Greeno, Collins, and Resnick 1996). Our study presents an example of how such
support can be provided within upper-level engineering courses, where it is important for students
to move beyond abstract and compartmentalised understanding of engineering concepts toward
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learning to apply these concepts in more complex and contextualised situations (Bornasal et al. 2018;
Lord and Chen 2014).

A related branch of research has explored students’ approaches to learning. Beginning with
studies in Sweden, researchers described surface and deep approaches to learning (Biggs 2003;
Marton and Siljé 1976a). A surface approach is characterised by low-cognitive effort activities
when more complex understanding is actually required; an example of this approach is memorising
facts rather than interpreting or synthesising information. On the other hand, a deep approach to
learning occurs when students seek to understand the content being presented, exploring both
details and the big picture (Biggs 2003). The learning approaches students use can be connected
to their academic performance (Biggs 1985) and is influenced both by student characteristics and
their learning environment (Biggs 2003). In particular, students’ interpretations of their instructors’
expectations communicated via assessments can inform students’ decisions about how to approach
learning new content (Biggs 1993; Marton and Saljé 1976b). Thus, incorporating assignments that
encourage a deep approach to learning is an important step that instructors can take in supporting
students’ development of conceptual understanding.

Within engineering education, this idea of learning approaches has been explored specifically in
the context of solving engineering problems. Venters (2014) interviewed students in statics courses
about how they solved problems and asked them to talk through a problem using a think-aloud pro-
tocol. Based on these interviews, Venters (2014) characterised student learning approaches as a
spectrum ranging from conceptual to procedural. Students fell at different places on this spectrum,
although most were either heavily procedural or balanced between the two ends. Students with a
procedural approach to learning focused on more algorithmic or step-by-step methods for solving
problems. A conceptual approach to learming involved making efforts to understand the concepts
behind engineering problems, perhaps through referencing notes or the textbook. Students using
a balanced approach focused on developing both procedural and conceptual knowledge at the
same time, often describing these types of knowledge as inseparable (Venters 2014; Venters,
McNair, and Paretti 2013, 2014). Based on the earlier studies related to learning approaches, the
design of course assignments may be one way that instructors can support students in developing
a more balanced approach to learning engineering concepts (Biggs 2003; Marton and Saljé 1976b).

Prior studies have explored how pedagogical interventions can help students develop conceptual
understanding in different engineering courses (e.g., Goncher et al. 2015; Hermundstad et al. 2016;
Meyer et al., 2015a; Venters, McNair, and Paretti 2012). Many misconceptions stem from having inac-
curate mental models or assumptions about a topic, so an important part of the learning process is
helping students communicate their mental models and assumptions (Streveler et al. 2014). An
increasingly common approach is incorporating writing, reflection, or metacognitive activities into
engineering classrooms. For example, Venters, McNair, and Paretti (2014) used written ‘process pro-
blems’ in statics classes, where students had to describe their process for solving a problem in words.
This study found that students in course sections that assigned these problems were reflecting on
why they were approaching problems in certain ways, an important step in connecting procedural
and conceptual knowledge. Goncher et al. (2015) compared this approach with having students
respond to concept-focused questions, finding that the different types of questions revealed
different aspects of students’ understanding. In addition to having students respond to a conceptual
question, Meyer et al. (2015a) asked students to rate several responses of varying quality to the same
question. Students in this study suggested that seeing different ways of responding helped them
understand the level of understanding expected in such problems and recognise gaps in their
own understanding. These types of assignments build on earlier examples of incorporating
writing into engineering courses to develop communication skills (Hanson and Williams 2008).
Thus, building such assignments into engineering courses has the potential to benefit students in
various ways.

In our current study, we sought to understand these various potential benefits of our ‘concept ques-
tion’ assignment. Although the studies cited here have also introduced writing-focused and/or
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concept-focused assignments, our study introduces innovations on this foundation by grounding the
Concept Question assignments in real-world environments and contexts (as suggested by the situated
learning framework) and by providing students opportunities to resubmit the questions after receiving
a first round of feedback (as suggested by the constructivist learning framework). Further, our research
explores not only grade-based outcomes of this intervention, but also students’ perceptions of their
learning and whether they experienced a change in their learning approach in multiple semesters
beyond the course in which they encountered the Concept Question assignments.

Concept Question assignment implementation

This study was conducted at a large research-focused university in Australia. Based on a desire to
improve students’ critical thinking and communication in a way which encouraged conceptual
understanding of material in engineering courses, one of the authors developed an intervention
known as Concept Question assignments. We use the term ‘concept question’ to indicate a short
assignment which requires students to demonstrate conceptual understanding, typically in a
written answer. This approach differs from more typical engineering problems in that the questions
are open-ended rather than asking students to make calculations to provide the ‘right answer.” By
using the concept question format, the instructors hoped students would shift their perspective
of the course content beyond facts and figures to abstraction, allowing them to apply this knowl-
edge to unseen situations and ideally extend it through mathematics or experiments. The
purpose of these assignments, as communicated with the students, were to:

- Encourage you to review what you have learned each week and apply that information to solve
problems;

« Challenge you to think critically about the fundamentals of heat and mass transfer [or other
course content, as specified], and how to communicate these concepts;

- Give you practice in writing concise, precise explanations of important engineering concepts: to
work out what the main point is, and how to efficiently communicate that point to others using
logic and dlarity;

« Provide feedback to the teaching staff about what you are learning.

These assignments were implemented across three different engineering courses in two depart-
ments at the same university (see Table 2 in the Methods section).

The Concept Question assignments were short-answer open-ended questions, for which students
were required to submit a response of up to one page in length. The assignments were submitted
online, but could be hand-written and scanned. The assignment questions were always related to a
key concept(s) in the course but the context could vary widely from personal experiences to global
sustainability impacts. Responses were graded using criteria based on critical thinking intellectual
standards (Paul and Elder 2006). These criteria (shown in Table 1) were developed to strike a
balance between clarity to students and fast marking for staff. One of the key elements of the
Concept Question assignments was that students were given two submission dates one week
apart. If they submitted by the first due date, they received a mark and written feedback within
3-4 days, which they could use to revise and resubmit by the second due date. No written feedback,
in the form of comments, was given on assignments submitted on the second date, regardless of
whether it was the student’s first or second attempt. The maximum mark of the two submissions
was recorded as the final mark. The courses were each run over a 13-week semester, with 5-6
concept questions included in each course. Students who utilised the option for a second
attempt at each assignment after receiving feedback would therefore submit a response approxi-
mately weekly over the course of the semester. See Appendix A for sample Concept Question
responses that were provided to students with the marking criteria and Appendix B for the
Concept Questions that were used for one of the courses in the study.
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Table 1. Marking citeria for concept question assignments.

0 No correct content Mo submission, or no correct information

1 Very little correct content  Very limited correct information

2 Little correct content Limited correct information

3 Rudimentary observational Response contains simple observations with some correct information, with substantial

errors or omissions. Wording may be quite unclear and imprecise.

4 Observational Response contains simple observations with correct information. No connections are made
between different components of the problem OR some connections correctly made but
response contains significant errors. Wording may be ambiguous.

5 Rudimentary analysis Some important connections between different aspects of the problem are identified or
explained. May include minor errors or imprecise wording.

6 Analysis Important connections between different aspects of the problem are dearly identified and
explained. There may be minor errors or wording may lack precision.

7 Rudimentary synthesis Response identifies and explains the significance of important connections between

different aspects of the problem, with some degree of original insight. Writing is quite
precise and concise but may indude minor errors.

8 Synthesis Question answered with no errors, drawing connections between different aspects of the
problem. The answer provides information concisely and precisely, and the significance of
the answer beyond this specific problem is clear.

Students in all courses used in this study were provided with the marking criteria (Table 1). Train-
ing in critical thinking and communication differed between the courses, and in some cases between
cohorts within a course. In Introduction to Environmental Engineering, students spent 1-2 hours
developing their critical thinking skills, in a one-hour guest lecture on critical thinking from a philos-
ophy lecturer in 2016, and in completing a two-hour tutorial on argumentation in 2017. In Heat and
Mass Transfer, students received example answers to a sample question, with marks and comments
attached (see Appendix A), to provide tangible evidence on the difference between observation,
analysis and synthesis as defined in the marking criteria (Table 1). In both courses, examples of sub-
missions receiving full marks were posted after each assignment was completed. Two to three
answers would be posted for each assignment, to demonstrate to the students that answers
which met the marking criteria for Synthesis (Table 1) were typically written quite differently and
may have focused on different points. Showing alternative approaches to the same problem was
intended to help shift students from procedural thinking (with one ‘correct’ approach) to conceptual
thinking (different ways to approach a problem).

Methods

We conducted two studies to explore students’ experiences with the Concept Question assignments
and understand the realised learning outcomes of these assignments. One study used student reflec-
tions and course grades to assess learning (RQ1 and RQ2), and the second used a survey to explore
students’ perspectives on these assignments after completing the courses (RQ3). Both studies were
approved by the University’s Engineering, Architecture and Information Technology, Low and Neg-
ligible Risk Ethics Subcommittee (Project # 2017001656).

Table 2. Participant summary.

Student year No. of CQ Each CQ % of Total Students
Course Year level assignments final grade students  w/Reflections
Intro to environmental engineering 2016 >=2 6 25% 46 42
Intro to environmental engineering 2017 >=2 6 25% 45 41
Heat & Mass transfer 2016 >=3 5 2% 204 108
Heat & Mass transfer 2017 >=3 5 2% 199 117
Coastal & Estuary Processes 2017 >=4 5 0% 1 4

TOTAL 505 312
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Study 1: Courses with Concept Question assignments

In the first study, we used both qualitative and quantitative methods to explore student learming in
courses where Concept Question assignments were used. We used qualitative methods to analyse
student reflections on learning outcomes to address RQ1 and quantitative methods to understand
relationships between Concept Question assignments and final exam grades to address RQ2.

Participants

This study analysed data from three courses in which concept questions were included as an assign-
ment across multiple years. Table 2 summarises the sample of students whose grades and reflections
were used in this analysis. Note that not all students submitted a final reflection, which is why there
are fewer students in that column. The students in these courses range from first to fourth year of
study, but a majority of participants were enrolled in Heat and Mass Transfer, which is compulsory
course for third year by chemical engineering students. Intro to Environmental Engineering is a
second-year course for chemical-environmental engineering students, but approximately half the
students enrolled are in third year or above, and many are taking the course as an elective.
Coastal and Estuary Processes is a fourth-year advanced elective for civil-environmental engineering
students.

Data collection

The quantitative data for this study includes students’ grades on the Concept Question assignments
(both first and second attempts) and their final exam scores in the course. The qualitative data come
from the final Concept Question assignment in each course, which was a reflection on learning in the
course as a whole. The prompt for this assignment was:

Part 1: What is something valuable you learned in [Course Name]? You may refer to skills, concepts, content,
perspective, way of thinking etc. If you didn't learn anything valuable, explain why.

Part 2: Explain how one or more learning activities affected your learning.

In response to these questions, most students wrote two to three paragraphs, although some stu-
dents wrote less and some students wrote more. Students generally mentioned multiple learning
outcomes and multiple learming activities in their responses.

Data analysis

To address RQ1, we used concept coding to characterise the learning outcomes students described
in the student reflections. Concept coding assigns a code to a portion of text to summarise the larger
idea or concept being described. We chose concept coding as an approach within this study,
because we were analysing fairly long written pieces and wanted to assign codes that harmonised
the bigger picture of what students were saying rather than focusing on smaller details (Saldafha
2013). We started with a smaller sample of 30 reflections that were used to generate the concept
codes and then all 312 reflections were coded with the final codebook. The coding itself was con-
ducted by one researcher, but the concept codes and coding process were reviewed iteratively
by the larger research team, including both educational researchers and instructors from the rel-
evant courses. Team discussions supported the development and refinement of codes and their
associated descriptions (provided in the Results section). Throughout the process, the researcher
conducting the analysis kept a clear audit trail of research decisions and team discussions
(Leydens, Moskal, and Pavelich 2004).

To address RQ2, we used correlation analysis to investigate relationships between students’ per-
formance on the Concept Questions and their final exam score in the course. We note that although
the final exams in these courses did not include Concept Questions in the format used in the assign-
ments, all the exams required conceptual thinking because students were required to interpret the
significance, meaning and/or implications of the results of their calculations. We considered scores
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on the Concept Questions, number of attempts, and changes in scores between attempts. Corre-
lation analysis was the logical choice for this study because we were not using an experimental
design and therefore can make no causal claims about our results (Shadish, Cook, and Campbell
2002).

Study 2: Student survey post-course

In the second study, we explored student approaches to learning engineering content by adminis-
tering a survey to students who had taken courses that used Concept Question assignments (i.e., the
same courses from Study 1). We focused on students’ open-ended survey responses to explore
research question three because they provided more insights into the unique approaches used
across the survey participants. Open-ended questions risk a lack of detail if participants are unfamiliar
or uncomfortable with a topic, but because these questions were about familiar and non-controver-
sial topics, we expected that students would be able to write about them easily (Singleton & Straits
2009). The survey also included a series of closed-ended questions related to student processes for
learning (based on work by Venters 2014) and knowledge resulting from reflection (survey devel-
oped by Turns et al. 2017). We do not report on these results here because of space restrictions
and the higher relative usefulness of the open-ended responses. However, in designing the
survey, we worked to order the topics in a way that flowed from more general topics (e.g.,
approaches to engineering coursework) to more specific topics (e.g., concept question assignments)
to reduce bias in the students’ responses (Singleton& Straits 2009).

Participants

The survey was sent to all students who had taken the courses listed in Table 1 (n =505). The survey
was sent in August 2018, so 8-24 months had elapsed since students had taken the course with
Concept Questions. A total of 75 responses were received for a 15% response rate, which is a com-
parable to other studies in engineering education (e.g., Lattuca et al. 2017). Of the survey respon-
dents, 45 students had taken one Concept Question course, and 30 students had taken two
Concept Question courses. With approval by the ethics board at the university, a raffle for a $100
gift card was held to encourage student responses to the survey invitation.

Data collection
The survey included four open-ended questions aimed at understanding how students approached
learning engineering concepts and what they learned from the Concept Question assignments. The
questions were:

(1) What do you do to learn the content in your engineering courses beyond going to classes?

(2) What does your process look like for solving engineering tutorial problems? What steps do you
typically follow? What resources do you use?

(3) What, if anything, did you feel you learned from the Concept Question assignments?

(4) How, if at all, did the Concept Question assignments lead you to change your study habits?

Most respondents included a response for each of these questions, and most responses were one
to two sentences in length (although a few were longer).

Data analysis

In vivo coding was initially used in reviewing the students’ open-ended responses to identify 'key
phrases’ that students used in response to each question (Strauss 1987). This coding approach
uses words directly from the participants’ responses as codes to describe the main concepts of inter-
est (Saldafia 2013). We selected this approach for this study because we wanted to focus on the stu-
dents’ perceptions of their experiences in their courses. For each question, these phrases were then
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consolidated to a short list that captured the most common responses. All responses for the question
were then coded for those key phrases, and we calculated the percentage of responses where each
topic was discussed. Similar to Study 1, one researcher conducted the analysis, but the coding was
reviewed and refined through discussions with the larger research team.

Limitations

These studies explore student experiences and outcomes with Concept Question assignments
within a limited context. Because all student participants are from one university and mostly
within one department, these results may not generalise to other contexts. Further, it is important
to note that we cannot claim a causal relationship between the Concept Question assignments
and the measured academic outcomes. There are many factors that could influence students’
exam scores, so we are only able to look at correlations between these variables. Our results are
also limited by the students who self-selected to take the survey. Although the raffle may encourage
more students to complete such a survey, it is also possible that those who choose to participate are
those who had particularly positive or negative experiences with Concept Questions. Students par-
ticipating in the survey also varied in the length of time that had passed since they completed a
course with Concept Question assignments. This may have resulted in differences in their responses
based on their ability to remember their experiences with these assignments.

Results

In this section we first report the results from the analysis of student reflections (RQ1; Study 1), then
the quantitative results from the grades analysis (RQ2; Study 1), and lastly the results of the survey of
students who had taken courses that used Concept Questions (RQ3; Study 2).

RQ 1: Student reflection results (study 1)

We coded the final Concept Question reflections to identify themes in the topics that students dis-
cussed learning about in their courses. These reflections focused on learning outcomes of the course
as a whole, but many students (n= 215, 69%) also discussed the Concept Question assignments
specifically. Out of the 312 students whose reflections were coded, 74% (n = 230) included at least
some technical course content in their reflection on what they learned, but 79% (n = 246) of students
who completed the reflection assignment listed at least one other learning outcome. Table 3 lists the
codes we identified along with the definition and frequency for each. Descriptions of the codes with
representative quotes are included in the following sections.

Several of the learning outcomes that were intended through the use of the Concept Questions
assignment were identified by students in their final reflections. Problem Solving was a common code
for when students stated they had improved in their ability to solve engineering problems or had
developed new approaches to solving problems. Specifically, students discussed learning new
ways of defining problems, using diagrams or charts to solve problems, and being able to apply
mathematical modelling to open-ended or ‘wicked’ problems. For example, one student said:

Something valuable | learned in this course is to tackle engineering problems. The problem-solving approach
taught in this course is drawing a diagram, listing assumptions, and listing relevant equations before solving
for a value [...] Laying everything out in a succinct order meant | was able to understand the problem in
depth, which resulted in finding a correct solution. This problem-solving approach not only helped me under-
stand the content of this course, but | have used this method in other courses.

Communication was another desired learning outcome that was frequently mentioned in students’
reflections. This code captured students’ comments about improvement in their written, oral, or
visual communication skills and statements about having a better understanding of how
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Code

Frequency

Definition

Technical content
Applying concepts in a real-world context

Problem solving

Communication skills

Personal or career development

Economics / financial influences on
engineering

Learned about the field of engineering

Systems thinking / multidisciplinary skills

Writing skills

Critical thinking

Time management

230

97

73

62

38

35

26

26

23

22

Students describe specific technical concepts or skills that they
learned from the course.

Students state that they have a better understanding of how
engineering concepts apply in real world examples.

Students state that they have improved in solving problems,
developed a new way of solving problems, or describe having
learned about ‘wicked problems’ and the complications
associated with addressing these issues.

Students state that at least one of their communication skills
(written, oral, visual) improved as a result of the course or that
they have a clearer understanding of how communication is
important in engineering work.

Students describe a personal change as a result of the course,
including changes in self-confidence, interest in a topic,
motivation in their academic work, career goals, personal
behaviour, or their mindset in approaching engineering
courses,

Students describe learning about financial or economic
influences on engineering projects and/or how to do valuation
analyses.

Students state that they have a different perspective on a
specific field of engineering or on engineering as a whole. This
change could be a shift in viewing the role of engineers, what
engineering work looks like, or what jobs are available to
engineering graduates.

Students state that they have learned to look at issues from a
systems or multidisciplinary perspective, induding
considering the various stakeholders or perspectives that can
influence a problem (e.g., economic, social, political).

Students specifically state that their writing skills have improved
as a result of the course (also coded as Communication, but
listed separately because it was a goal of the CQ assignments).

Students state that they have learned how to think through an
issue from multiple perspectives and challenge their own
ideas.

Students state that they learned to manage their time better as
a result of the course.

communication is important in engineering work. Students talked about learning what needs to be
communicated in different settings or with different audiences. One student put it this way:

The fortnightly concept questions encouraged me to practice the skills of communication and problem solving. |
learnt to be more concise in my communications and the importance of having a well-structured response. [...]
The extra week to resubmit the submission after mentor feedback was also a great idea and | found my feedback
very insightful and clear, which allowed me to improve my writing skills.

Systems Thinking and Critical Thinking were related codes that highlighted students’ abilities to think
about problems from multiple perspectives. Systems Thinking specifically focused on multidisciplin-
ary approaches to problems and acknowledgement of social, political, or other ‘'non-technical’ influ-
ences on technical problems. Critical Thinking focused on students’ willingness to think about an
issue from multiple perspectives and challenge their own ideas. This code includes learning reflective
thinking and metacognitive skills. For example, one student described it this way:

| have been challenged in the way that | think. [...] Metacognition is a concept that | learnt a lot about through
high school, but never found the need to apply it until this course. In the content, concept questions, and even
the final assignment there was a lot of open-ended questions meaning there was no one correct answer. This
resulted in me needing to think about what it was | was thinking about, or as was said above, metacognition.
Often, | found that with many solutions to a question that my answers were often jumbled with multiple key
points. Clarity was also often lacking. | would tangent and attempt to offer more than one solution to the ques-
tions where | should have focused on exploring one in depth.
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In addition to these intended outcomes from the Concept Question assignments, there were several
additional topics that students discussed in their reflections. The Personal Change code captured a
wide array of student comments about how they had changed as a result of the course. These
ranged from development of self-confidence, interest in a new topic, motivation toward their aca-
demic work, and specific career goals. Several students also described how the courses in the
study had changed their mindset or approach to engineering courses that they hoped would
help in future coursework. For example, one student said:

[Course Name] taught me that perseverance pays off, especially through the concept questions. By reviewing
concepts every week, it sticks without me even realizing it. It has also taught me that wild guesses can some-
times be right, and other times may just be nonsense. But the concepts are more burned in when | learn from
mistakes that | have done in the past.

Similarly, the Field of Engineering code captured students’ comments about how these courses pro-
vided different perspectives on a specific field of engineering or engineering as a whole. This code
included the development of a clearer idea of the role of engineers in the workplace or what types of
jobs are available to engineering graduates. One student described in this way:

Prior to [Course Name], I'd thought that the only things that chemical engineers do were to optimize the pro-
cesses to maximize profit and efficiency. However, [...] | have realized that putting a proposal into a story is an
important part of being a successful engineer. Although it is easy to do calculations and determine the best
outcome, convincing stakeholders on why it's an appropriate plan is a tougher feat.

Overall, students described a wide range of learning outcomes from the courses included in this
study. Not all outcomes directly linked to the Concept Question assignment, but many students
referenced these assignments specifically in their reflections. Although a majority of students
described learning the technical content associated with the course, most students also highlighted
other learning outcomes.

RQ 2: Concept questions and grades analysis (study 1)

To see if there were any relationships between students’ work on Concept Question assignments and
their overall success in the course, we ran correlation analyses between both Final Exam grades and a
variety of variables related to concept question responses (Table 4). Because we made multiple compari-
sons, we adjusted p-values for family-wise error rate using the Holm correction (Field, Miles, and Field
2012). Students were given two attempts at each Concept Question, so we considered both their
average scores on 1st Attempts and Final score. To find out if using the second attempt option was
beneficial, we also considered the number of attempts students made over the course of the semester
(Total CQ Attempts), the number of Concept Question assignments for which they made a second
attempt, and the average difference in their scores between the first and second attempts.

Table 4. Correlation results — Final exam grades.

Comparison variable DF Pearson r p-value R2

Average Final CQ Score 503 0391 <.001 0.153
Average Score 1st Attempt 503 0330 <.001 0.109
# CQ with at least 1 Attempt 503 0.206 <.001 0.043
# CQ with 2 Attempts 503 0.251 <.001 0.063
Total CQ Attempts 503 0.269 <.001 0.072
Average Difference 1st to 2nd 503 0.184 .004 0.034
Q1 - Final Score 503 0.280 <.001 0.079
Q2 - Final Score 503 0.230 <.001 0.053
Q3 - Final Score 503 0328 <.001 0.108
CQ4 - Final Score 503 0.340 <.001 0.116
€Q5 - Final Score 503 0323 <.001 0.104
Program GPA 503 0.563 <.001 0316

Note: CQ= Concept Question. Bold text = strong correlation. Underlined text = medium correlation.
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Although all of the variables significantly correlated with students’ final exam grades, most the
variables exhibit only a weak correlation (0.1 < r<0.3). Five of the 11 Concept Question variables
achieve a medium correlation (0.3 < r<0.5), Average Final CQ Score, Average Score 1st Attempt, and
the Final Scores on CQ3-5. The R? value indicates the amount of variability shared between these
variables and the Final Exam Grades, revealing around 10% in common for these five variables.
Only one variable exhibits a strong correlation (r > 0.5), Program GPA, which shares 31% variability
with the final exam grade.

In summary, the scores on the concept questions have a greater correlation with the final exam
grade than attempts. This observation suggests that performing well on concept question assign-
ments related to performing better on the final exam. Although attempting concept questions
may help toward that end, the attempts alone are less related to final exam performance. This
finding could indicate that students who perform well on Concept Question assignments have a
better understanding of the material that is needed to be successful on the exams. It is notable
that the scores on the final 3 concept questions relate more closely to final exam grades than the
scores on the first two concept questions. This finding may relate to student comfort with the
course content increasing over time or their increasing familiarity with the Concept Question assign-
ments and expectations. It also could indicate that students began utilising the concept question
assignments more fully later in the semester, or perhaps suggests that the more motivated students
are the ones who stayed engaged until the end of the semester. Lastly, students’ program GPA is the
most closely related to their final exam score, indicating that students who do well in the engineer-
ing programme overall tend to do well on the final exams in these courses. This effect is much stron-
ger than any effect of the concept questions. The marks on CQ3, 4, 5 are also strongly correlated with
GPA, but the marks for CQ1 and CQ2 are not. This is consistent with the observations of the teaching
staff: the Concept Question assignments required students to develop their critical thinking and
communication as well as learning the course content. As a result, most students received low
marks for the first few questions. As the students developed the requisite skills and gained an
appreciation of what constitutes an excellent answer, the correlation between Concept Question
assignment marks and GPA was established.

RQ 3: Student survey (study 2)

Reading students’ responses to the Concept Question reflections gave some insight into their learn-
ing strategies. In particular, we were curious about whether students typically used a more pro-
cedural or conceptual learning approach. To explore students’ learning approaches in more detail,
we conducted a survey of students who had taken courses with Concept Question assignments
to understand their typical approaches to learning within their engineering courses. Here we
report the results of four open-ended questions from this survey that gave useful insights regarding
student learning approaches and their experiences with the Concept Question assignments.

Student learning approaches
The first two questions explored student approaches to learning by asking students to describe what
they do to learn course content and to solve engineering tutorial problems. Figure 1 shows the most
common responses for Question 1, and Figure 2 shows the most common responses for Question 2.
Question 1 asked students to reflect on their preferred approaches to learning engineering course
content aside from attending classes. The responses to Question 1 revealed that many students
prefer tutorial material to lecture material for learning course content. Tutorial materials typically
consist of practice problems without much explanation related to concepts, suggesting that these
students may be using a more procedural approach to learning (i.e., repetitively practicing pro-
blems). It is also notable that students are more likely to consult classmates, textbooks, and the inter-
net before consulting teaching staff. The instructors for these courses have observed this behaviour
and find that it can encourage incorrect information to spread, particularly when students are not
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Students prefer tutorial materials to lecture materials for learning course content.
0% 5% 10% 15% 20% 25% 30% 35%

Review Tutorial Material 2
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Review Textbooks |
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Review Lecture Material £
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Figure 1. Most Common Responses to Question 1: What do you do to learn the content in your engineering courses beyond
going to dasses? (n=75).

Lecture materials are by far the most common resource students reported
using in solving engineering tutorial problems.

0% 10% 20% 0% 40% 50% 0% 70% 80%

Review Lecture Material

Define the Problem

Review Textbooks

Search the Internet

Consult Teaching Staff

Consult Classmates

Identify Related Concepts

Attempt Problem without Aids

Apply Procedures from Similar Problems
Review Provided Solutions

Reflect on the Solution

Review Tutorial Material

Figure 2. Most Common Responses to Question 2: What does your process look like for solving engineering tutorial problems?
What steps do you typically follow? (n=75).

sure why a certain approach works. Lacking conceptual understanding, students may simply try to
find a process to get the right answer.’ Finally, it is important to note the relatively few students who
reference their own notes to learn course content. The instructors also have found that few students
write their own notes, either tending only to review the slides or copy slide content during a lecture.
Taking notes, reviewing them, and condensing them can be an important part of the learning
process, so this finding highlights a potential area for helping students improve their study habits.

Question 2 asked students to consider their approaches in solving engineering tutorial problems,
aregular aspect of engineering coursework. In contrast to Question 1, students suggested that they
prefer to use lecture material to help solve tutorial problems. In fact, the large majority of students
mentioned using lecture material in problem solving in response to this question. Students were also
more likely to consult teaching staff in the specific context of solving tutorial problems compared to
generally learning course content. Solving tutorial problems could be interpreted as a more pro-
cedural task than learning course content overall (from Question 1). Perhaps in this context where
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Student responses aligned with findings from Study 1 and desired learning
outcomes from the CQ assignments.
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Figure 3. Most common responses to Question 3: What did you feel you learned from the Concept Question assignments? (n =
75).

there is a specific question to be addressed, students feel more comfortable looking for relevant
topics in their lecture material or approaching teaching staff with a specific question. The obser-
vation that these students didn't find value in reviewing previous tutorials in tackling current tutor-
ials may suggest that the tutorials in their courses dealt with compartmentalised topics, rather than
integrating content from previous weeks.

Student responses to Concept Questions

The next two questions asked students to describe what they learned from the Concept Question

assignments and how these assignments influenced their study habits. Figure 3 shows the most

common responses to Question 3, and Figure 4 shows the most common responses to Question 4.
Question 3 sought to understand how students’ perspectives on the Concept Question assign-

ments may have shifted between taking the courses that included these assignments and the

Although CQ were helpful in courses with these assignments, they
did not change most students' study habits.

0% 10% 20% 30% 40%

Study Habits Unchanged

Encouraged Conceptual Learmning _
Increased Focus on Defining the Problem -
Reviewed Course Content Earlier -
Sought Real World Applications .

Visualised Problems Earlier I

Figure 4. Most common responses to Question 4: How, if at all, did the Concept Question assignments lead you to change your
study habits? (n =75).
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survey administration (a few months or years later). Overall, the responses aligned with the learning
outcomes discussed by students in their course reflections from Study 1. In particular, many students
focused on learning real-life application of the concepts and the engineering-related concepts
associated with the course. However, many also mentioned communication and critical thinking,
which were two of the key learning outcomes that were targeted by the Concept Question assign-
ments. Some new insights from this survey are that, rather than discussing problem solving more
generally, students discussed specific aspects of problem solving such as framing problems and
visualising engineering problems. Overall, most students described learning something specific
from the Concept Question assignments.

Given the various learning outcomes students listed in Study 1 for the Concept Question assign-
ments, we wanted to know if they had carried any of these new approaches over into their other
classes. Thus, Question 4 asked students how the Concept Question assignments may have
changed their study habits. Contrary to our hopes, a majority of students stated that their study
habits were not influenced by the Concept Question assignments. A minority of students did feel
that they were more likely to focus on learning concepts and others approached problems differ-
ently as a result of the Concept Question assignments.

Discussion

Our study explored the implementation of a Concept Question assignment in multiple upper-level
engineering courses. We first considered students’ perceived learning outcomes from this assign-
ment, which included both the technical content of the courses as well as several of the other learning
outcomes desired through this assignment (e.g., communication skills and critical thinking). Most stu-
dents described learning outcomes beyond the technical content of the courses as a part of their final
reflection on the course, and many referenced the Concept Question assignment as a contributing
factor. These findings align with the results of prior studies, which have suggested that writing or con-
ceptual understanding assignments like the Concept Question assignment help students develop
critical thinking and communication skills (Hanson and Williams 2008; Hermundstad et al. 2016;
Meyer et al. 2015a, 2015b). The students in our study also mentioned other outcomes that have
not been highlighted in previous more focused studies, including developing a better understanding
of engineering as a field and being exposed to examples of how the concepts from the class actually
play out in the ‘real world.” These findings suggest that incorporating more assignments informed by
situated learning theory into engineering courses could be an opportunity to help students see the
meaning and purpose behind course content. Understanding the utility of the content has been high-
lighted as one way to improve student motivation in classrooms (Jones 2009).

We next explored whether students’ performance on the Concept Question assignments related
to their final exam scores in the courses. Students’ average scores on the assignments significantly
correlated with their final exam score with a medium-strength relationship. The Concept Question
assignments later in the semester were more strongly correlated with the final exam score than
those earlier in the semester, which may indicate that students who were continuing to put effort
into the assignments throughout the semester performed better on the exam, or that marks on
final exams depended less on their initial comfort with the Concept Questions, but rather their
ability to learn and improve over time at a task. However, the variable that was most strongly corre-
lated with final exam scores was GPA, suggesting that student performance in this class generally
aligned with their performance across the engineering curriculum. Overall, these results provide
some support for the idea that students’ conceptual understanding of the course content (as
measured by the Concept Questions) is related to their overall performance in the course. This
finding provides an alternative perspective to the results from Venters, McNair, and Paretti’s
(2012) quasi-experimental study which found no relationship between students’ completion of
concept problems and their course performance. The earlier study did not look at the scores on
the concept problems, however, but only considered whether or not a student enrolled in a
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course section using these assignments, so our study provides a new insight in this regard. Our
findings were more aligned with Venters, McNair, and Paretti (2012) in that the number of attempted
Concept Questions was only weakly correlated with students’ final exam grades. Thus, simply going
through the motions of the exercise did not have as strong of a relationship with course performance
relative to success on the exercise. On the other hand, many students commented in their reflections
that the opportunity to respond to feedback made the feedback more valuable for their learning. For
example, one student said:

Having the opportunity to receive feedback on concept questions and actually use this feedback to improve is
something | would love other courses to adopt, as it gives a direct use for the feedback received. | have learned
far more through this process than if | had just received the feedback without the opportunity to try again.

This strategy of giving students ‘two takes’ to improve the value of feedback for their learning is
aligned with constructivist learning theory and represents an opportunity to help students
develop a deep approach to learning (Biggs 2003). Exploring assignments following this format
further is an opportunity for future research.

Lastly, we surveyed students who had taken courses using the Concept Question assignments to
understand their approaches to learning engineering content. Our results indicated that students
prefer tutorial materials (e.g., practice problems) over lecture materials (e.g., slides or notes) in learn-
ing engineering content. This result may suggest that students do not see how concepts build on
each other throughout their courses, which has been identified as a challenge in engineering
courses (Knight et al. 2014). These findings also reveal a preference for procedural learning
approaches over more conceptual approaches. However, when asked how they approached tutorial
problems, students frequently discussed using the lecture material as a resource. This pattern aligns
with the interview results reported by Venters, McNair, and Paretti (2014), where many students dis-
cussed using practice problems as the most effective way to learn course content. Their results indi-
cated that students fall on arange from procedural to conceptual approaches to learning, with many
students near the ‘balance’ point on the continuum. These students were likely to reference text-
books and lecture notes to ensure that they understood concepts even as they were working on
more procedural problem sets (Venters, McNair, and Paretti 2014). Our survey results also supported
the earlier findings regarding student learning outcomes from the Concept Question assignments
but indicated that students did not feel that their study habits changed as a result of these assign-
ments. Thus, although the assignments seem to have benefitted students in the courses where they
were embedded, this benefit may not have been carried over to other courses. This result aligns with
Meyer et al.'s (2015b) findings that 50% of students in their study reported no change in their learn-
ing strategies as a result of a conceptual learning intervention. It is notable that in our study, students
who had taken two courses with Concept Question assignments were more likely to say their study
habits had changed. It is possible that incorporating these types of assignments across multiple
courses would have a greater effect on student behaviour and learning. Future work could
explore the impact of a more integrated approach to conceptual learning across the engineering
curriculum.

Conclusion

Our study presented a longitudinal evaluation of a pedagogical intervention based in constructivist
and situated learning theory to support conceptual learning in advanced engineering courses.
Although students reported a wide range of learning outcomes from the Concept Question assign-
ments and there was a relationship between the assignments and their final exam grades, most stu-
dents did not report that their study habits changed in subsequent courses as a result of this
intervention. Our findings provide a new perspective on the longitudinal effects (or lack thereof)
of such interventions, suggesting that supporting students in developing deep learning approaches
and conceptual learning habits requires a more integrated strategy across the curriculum. Overall,
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we provide an enhanced understanding of student approaches to learning in upper-level engineer-
ing courses.
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Appendices

Appendix A: Sample Concept Question Answers

Below are sample answers provided to students in Heat and Mass Transfer, along with the marking criteria in Table 1,
prior to them undertaking the concept question assignments. Final submissions were longer than these simple answers.

Example Question: The bottom of a saucepan is made of a 4 mm aluminum layer. An engineer proposes to increase the
rate of heat transfer into the saucepan by changing to a 4 mm layer of copper sandwiched between two 2 mm layers of
aluminum. Will the new design conduct heat better? Explain your answer.

0 - No submission, or no correct information
Example answer:

* The new design will conduct heat better.

The answer above is graded 0 because it does not contain any correct information.

2 - Limited correct information.
Example answers:

+ The new design will conduct heat better, because copper is a better conductor.
* The new design is better, because copper has a higher thermal conductivity than aluminum.

The answers above are graded 2 because they have very limited information, some of which is correct. The use of
the term ‘better’ here is imprecise: better at what?

4 - Observational: Response contains simple observations with correct information. No connections are
made between different components of the problem OR some connections correctly made but response con-
tains significant errors. Wording may be ambiguous.

Example answers:

* The new design will not conduct heat as well as the old design.
* The new design will conduct heat better, because copper has a higher thermal conductivity than aluminum.

The answers above are graded 4: the first answer is correct but very limited, the second answer contains a mix of
correct and incorrect information.

6 — Analysis: Important connections between different aspects of the problem are clearly identified and
explained. There may be minor errors or wording may lack precision.
Example answers:

* The new design will not conduct heat as well as the old design, because the new base has higher thermal resistance.
* The old design will conduct heat better, because the new design has an extra layer of resistance.
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+ The thickness of aluminum is the same in both designs, but the new design has an extra layer of resistance, therefore
won't conduct heat as well.

* The old design is better, because it has a lower resistance to conduction. There is an extra resistance in the new
design.

The answers above are graded 6 because they provide clear, correct answers to the problem, drawing connections
between important information, but don't provide more general insights. The use of the term ‘better’ in the second
point is imprecise: better at what? A much longer paragraph with some variation on the information as above and
no real additional content would receive the same mark.

8 - Synthesis: question answered with no errors, drawing connections between different aspects of the
problem. The answer provides information concisely and precisely, and the significance of the answer
beyond this specific problem is clear.

Example answers:

« Even though the thermal conductivity of copper is more than 50% higher than that of aluminum, the new design will
not conduct heat as well as the old design. This is because the new design has the same thickness of aluminum as the
old design but contains an additional resistance (the extra layer of copper), and hence has a higher resistance to heat
transfer. Adding a high thermal conductivity material to the design will only increase the rate of heat transfer if the
overall resistance is reduced: in this case, the thickness of the aluminum would need to be reduced for the second
design to be a better conductor.

The answer above is graded 8 because it provides clear, correct information in a precise and concise format, which
draws connections and answers the specific question in a way which helps the reader solve other, similar problems.
Alternative responses which would also be graded 8 could include a similar explanation using the equations for
overall heat transfer coefficient and resistance, calculation of the thickness of copper with equivalent thermal resistance
to 4 mm of aluminum, a comment on how a thicker base might benefit other aspects of the saucepan design, (e.g.. even
heating across the base), or other relevant points.

Appendix B: Concept Questions Assigned

Concept questions provided to Heat and Mass Transfer in 2016

Concept Question 1

Consider two houses which are identical, except that the walls are built from bricks in one house, and from wood in
the other house. If the walls of the brick house are twice as thick as the walls of the wooden house, which house will be
more energy efficient? Explain your answer.

Concept Question 2

Consider a typical scenario of making a cup of tea with teabag. Explain the principles of heat and mass transfer
involved. Also, compare the shallow submergence and the deep submergence of the teabag into the hot water.
Which one makes the process of the tea-making faster? and why?

Concept Question 3

| have a beautiful piece of barramundi in the freezer, I've been saving it specially for a special dinner tonight.
However, | forgot to take it out of the freezer, and it is now midday. My guests are due at 7 pm. | can defrost it in
the microwave, but that seems to adversely affect the texture and flavour. | rang my Dad, and he suggested that |
leave it on the bench to defrost. Mum got on the phone after him, she says it's more likely to give someone food poi-
soning if | defrost it on the bench. She suggested that | put it in a bowl of water in the fridge. The fridge is at 4°C, the
barramundi fillets weigh 1 kg and are currently frozen at —20°C, the outside air temperature is 30°C. | know that | should
minimise the time spent on defrosting at a temperature between 6 and 60°C in order to reduce chance of bacterial
contamination. What should | do? (Hint: remember there will be natural convection in the cases suggested by my
Mum and my Dad)

Concept Question 4

Consider small spherical peaches (diameter 2 cm), initially at a uniform temperature of 20°C. The peaches need to be
cooked at 100°C for 2 h for preserving. They can be cooked in a conventional oven (h~ 10 Wm‘zK_1, Teo~ 100°C),
stewed (h~ 100 Wm™2K™", Teo~ 100°C) or boiled (h~ 1000 Wm™2K™", Teo~ 100°C). How will the different cooking
methods affect the temperature distribution of the peaches, and the cooking time? (Note: both stewing and boiling
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involve cooking the peaches in water in a saucepan. Boiling has an open lid, and the water is actively boiled. Stewed
peaches are in a saucepan with the lid on, which is not actively boiling)

Concept Question 5

Humans typically generate around 100 W of heat during low activity, and around 1 kW at high activity. Despite this
large variability in heat generation, a complex system of thermoregulation keeps our body temperature relatively con-
stant at 37°C. However sometimes things go wrong. If the rate of heat loss from the body is less than the rate of gen-
eration, then body temperature will rise. Heat exhaustion occurs when body temperature is above 37°C, but less than
40°C. Heat stroke is a potentially life-threatening condition which occurs when body temperature rises above 40°C.

When exercising in the hot and humid conditions of a Brisbane summer, what precautions do you recommend to
reduce the risk of heat exhaustion or heat stroke? Explain your answer using the principles of heat and mass transfer
learnt in this course.

Concept Question 6
1. What is something valuable you learned in this course? You may refer to skills, concepts, content etc. If you didn't
learn anything valuable, explain why.

2. Explain how one or more learning activities (e.g., field trip, assignments, prac, concept questions, lectures, tutorials)
affected your leamning.
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