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A Comparative Analysis of 
Cognitive Engagement Through 
Embedding Design-Based 
Learning in Fluid Mechanics
Fluid mechanics is an early mechanical engineering course where abstract concepts gain 
physical, applicable meaning. It is therefore a prime venue to teach higher-order engineer
ing skills—problem definition, modeling, and solution analysis—needed for the ill-struc
tured, open-ended problems engineers face in practice. These skills are primarily taught 
in design courses which account for only 20% of the curriculum. Thus, design thinking 
and pedagogy are needed in core engineering courses taught throughout the degree. 
This study evaluates the impact of an authentic learning assignment, titled design your 
own problem (DYOP), on students’ higher-order thinking in a fluid mechanics course. 
Using Bloom’s Taxonomy to gauge cognitive engagement, we conducted content analysis 
of students’ cognitive reflections on typical engineering assessments (quizzes) and the 
DYOP. Results show a significant increase in higher-order cognitive skills during comple
tion of DYOP compared with quizzes. This heightened engagement features greater 
analysis, evaluation, and creativity, indicating a shift toward more sophisticated 
problem-solving and metacognitive awareness among students. This pattern was consistent 
across diverse student cohorts, irrespective of gender, racial, or ethnic background, prior 
internship experience, or initial performance on quizzes. These findings present a simple, 
scalable, and effective method for incorporating higher-order cognitive skills into core 
courses within the engineering curriculum, thereby providing additional avenues of 
design-type training prior to students enrolling in design-focused courses such as senior 
design or capstone. Embedding authentic, open-ended tasks alongside traditional prob
lems cultivates the modeling fluency, judgment, and analysis essential for engineering 
practice. [DOI: 10.1115/1.4070860]
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Introduction
The widening gap between engineering curriculum and practice 

[1,2] has led to recent graduates facing challenges in navigating 
less-defined problem spaces, as noted by employers [3–5]. These 
graduates often require additional workplace training to acquire 
missing competencies [6]. Universities and engineering faculty 
members should be prepared to support these students in bridging 
that gap, as they do indeed possess the intelligence, determination, 
and other qualities needed to succeed [7]. One key issue driving 
this gap is tensions between convergent and divergent thinking in 
engineering training [8]. Many engineering curricula tend to 
emphasize “right answer” or convergent thinking [9]. This type 
of thinking is enforced by assessments that typically focus on 

problems with only one correct answer or solution. This emphasis 
on a single right answer may discourage creativity and unique 
problem-solving approaches, which could in turn limit the 
breadth of perspectives represented in engineering.

Within engineering curricula, design education is one of the 
only places where creative and divergent thinking is emphasized 
[10]. Divergent thinking is a type of open-ended problem-solving 
that involves producing a wide range of responses [11]. Most 
often, this type of thinking is taught through incorporating 
problem-based learning and open-ended questions. In an attempt 
to mitigate this issue, some engineering educators have turned 
to design-based education to “fix what is perceived to have 
been broken for many years: a content-focused curriculum, 
lacking in the context of real problems that would motivate and 
engage students and deepen their learning” [12]. Yet, many 
faculty teaching core engineering courses have limited formal 
training in design processes, methods, and tools [12]. Further
more, project-based and design-focused learning initiatives [13– 
16] account for less than 20% of class time in engineering educa
tion [17]. Faculty from wide-ranging disciplines that teach core 
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engineering courses need an accessible pathway to incorporate 
divergent thinking and open-ended problem-solving into their 
courses.

Authentic learning assignments [18,19] may offer a practical 
way to begin addressing this gap in lecture-based courses. Authen
tic learning assignments are tasks that connect classroom learning 
to real-world situations, requiring students to apply their knowl
edge and skills to complex, meaningful problems that mirror 
those they might encounter outside of school. The goal of this 
study is to assess the effectiveness of an authentic learning assign
ment deployed in a core mechanical engineering class: fluid 
mechanics. The effectiveness of the assignment, titled design 
your own problem (DYOP), is assessed using content analysis to 
measure levels of learning as characterized using Bloom’s Taxon
omy [20,21]. The DYOP was designed to break the dichotomy 
between convergent and divergent thinking by encouraging crea
tive and divergent thinking while reinforcing technical concepts 
that require convergent thinking. We hypothesize that the DYOP 
increases a student’s divergent thinking (engagement with the 
subject matter material by means of upper levels of Bloom’s Tax
onomy: analyze, evaluate, and create) compared to that of a tradi
tional quiz assessment. We evaluated this hypothesis using coded 
reflections capturing the student cognition of 54 students in a 
junior-level fluid mechanics class.

Background
Higher-Order Cognitive Skills in the Curriculum. The skills 

encompassed within the broader scope of critical thinking are inex
tricably tied to the design process. To ensure original and successful 
solutions, the design process, frequently characterized by problem 
definition, ideation, prototyping, and evaluation, depends on suc
cessfully applying critical thinking skills [22,23]. The engineering 
design process involves defining complex problems, exploring mul
tiple solutions, and employing logical reasoning and abstraction 
techniques to address open-ended challenges [24]. It is understood 
that the ability to analyze and evaluate underscores the ability to 
problem-solve, make inferences, and draw conclusions based on 
evidence [25–27].

These design-based skills ground an engineer’s ability to create 
innovative designs, yet creativity is underemphasized in engineer
ing curricula [28–31]. Creativity can be broadly defined to encom
pass innovations or ideas that alter/grow a discipline and/or to 
simply include personally meaningful discoveries that occur while 
a student is learning [32]. As such, concepts of creativity could 
easily be scaffolded into the engineering curriculum.

These design and innovation skills can broadly be categorized 
into high-order cognitive skills like: analyze, evaluate, and create 
[21]. For example, a student’s ability to correctly make assump
tions and approximations falls within the category of analyze. 
Comfort with these analyze-level skills has been found to influence 
a student’s performance in engineering design [33]. Furthermore, 
Girgis correlated these higher-order skills with the Accredidation 
Board for Engineering and Technology (ABET) criteria, emphasiz
ing their importance in applying engineering knowledge postgrad
uation and fostering lifelong learning [34]. This correlation 
suggests that students engaging in higher levels of learning can 
more effectively apply engineering principles in their careers, 
with design and project-based courses naturally encompassing 
analyze, evaluate, and create levels. These higher levels are associ
ated with critical thinking and design-based skills, yet typical engi
neering assessments found in most core courses (quizzes and 
exams) are limited in their ability to assess a student’s ability in 
these areas [35].

The majority of scholarly articles focused on teaching these 
higher-order critical thinking and design-based skills in engineer
ing education are based on studies implemented in or related to 
design-based courses [35]. Yet, in many engineering curricula, 
design is not explicitly taught until a student’s final year (e.g., cap
stone or senior design courses). This may be too late to have an 

impact on student divergent thinking. Indeed, Leonard et al. 
found that capstone courses had little-to-no impact on student 
beliefs about creative and varied problem-solving strategies [36], 
while others have called for a scaffolded approach to teaching 
divergent thinking skills throughout the curriculum [10]. Some 
institutions, recognizing the importance of practical experiences 
to develop the necessary skills for effective thinking and 
problem-solving, emphasize experiential learning through intern
ships and co-op experiences to introduce these skills earlier. As 
such, some curricula rely on co-op or internship programs to 
bridge the curriculum-practice gap [37,38] and hopefully expose 
students to these higher-order skills within real engineering con
texts. Unfortunately, this strategy may not be feasible for schools 
with limited industry partnerships or for students due to location 
and timing constraints. This disproportionately affects rural and 
disadvantaged communities.

The Dichotomy Between Convergent–Divergent Thinking 
and Training in Engineering. With a significant amount of the 
engineering curriculum focused on providing technical content 
knowledge to students, it is natural that the more skill-based engi
neering training (e.g., problem identification and scoping, decision 
making, determining optimal solutions, etc.) gets siloed into design 
and experiential training. Furthermore, there are significant ten
sions between academic rigor and concepts like creativity in tradi
tional engineering education which further cement this divide [8]. 
Traditional engineering instruction emphasizes academic rigor 
which results in an over-emphasis on convergent or “right 
answer” thinking [8]. One reason for this is the relative simplicity 
and ease of assessment and evaluation for closed-ended problems 
[11,39]. This type of problem is typically limited to assessing a stu
dent’s capabilities only at the lower end of Bloom’s Taxonomy 
(remember, understand, and apply) and, in some cases, can discou
rage students from attempting to creatively solve the problem [40]. 
Unfortunately, this emphasis on convergent thinking can contribute 
to students relying on familiar solution patterns that are sometimes 
removed from real engineering contexts [28,41].

On the contrary, open-ended questions encourage and emphasize 
creative and original thoughts from the respondents in their solu
tions and can measure the extent of the respondents’ knowledge 
on a particular topic. In addition to that, open-ended problems con
centrate on the process students utilize to solve problems, allowing 
students to cultivate creative thinking capabilities that will be useful 
in future courses or situations. Advantages include students becom
ing more actively engaged in learning and having numerous ways to 
solve problems, students expressing their opinions more freely 
through their solution strategies, and students developing original 
ideas and attaining higher critical and cognitive communication. 
These types of problems provide teachers with the opportunity to 
pose diverse questions to evaluate the student’s depth of knowledge 
on a specific topic, while improving testing environments by reduc
ing the propensity to cheat during an examination [40].

While the foundations of engineering knowledge are grounded 
in objective theory/physics, the practice of engineering and engi
neering design is inherently subjective with numerous valid path
ways to problem-solve, analyze, and create engineering solutions 
and designs. Engineering curricula broadly reflect this dichotomy, 
with certain components focusing on the former and others empha
sizing the latter. Instructional approaches that integrate both com
ponents are largely absent. There is a need in engineering education 
to break the dichotomy between convergent and divergent thinking 
in engineering problem-solving—teaching students when and how 
to differentiate and employ both types of thinking/problem-solving 
in their solutions [23].

Typical Core-Curriculum Interventions. Engineering educa
tion research is often focused on first-year or lower-level courses in 
the engineering track [18,34,42]. Upper-level engineering courses, 
such as fluid mechanics, build on foundational knowledge. They 
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require students to apply this knowledge to more abstract concepts, 
which can then be used in a variety of physical applications. Fluid 
mechanics is typically one of the first courses mechanical engineer
ing students encounter that requires this skill (e.g., it is one of the 
first courses where students must apply vector calculus, differential 
equations, boundary conditions, and force and mass balances 
simultaneously as appropriate based on real-world context). 
Thus, it is an ideal candidate for a lecture-based course in which 
alternative educational tools and interventions can be used to 
improve student engagement and learning at higher cognitive 
levels.

There have been prior efforts to study learning interventions in 
fluid mechanics [43–49]. These studies largely focus on 
problem-based learning [44,48], multidisciplinary lab experiments 
[45,47,49], and the use of computation as a teaching tool [46]. Prior 
interventions modify the course delivery style by flipping class
rooms, incorporating many activities into lecture, designing 
complex projects for students to complete, and more. While 
these evidence-based practices typically have positive outcomes 
for student learning, the time and effort required by faculty to 
effectively implement them often present a significant barrier to 
adoption. Furthermore, most of these interventions still rely on 
closed-ended problems—where students execute a predetermined 
experiment or analysis that comes with a “correct” answer.

Theoretical Framework and Implications for the Study. 
Bloom’s Taxonomy and the literature on reflections served as con
ceptual frameworks for this study. Here, we reference Bloom’s 
Cognitive Taxonomy (as opposed to Bloom’s Affective and Psycho
motor Taxonomy) and will refer to it simply as “Bloom’s Taxon
omy” throughout this work. Bloom’s Taxonomy was created to be 
a tool for measuring educational goals and standards [21]. There 
are six levels of cognition defined in order of increasing complexity: 
remember, understand, apply, analyze, evaluate, and create. This 
taxonomy is referenced in numerous educational studies as a 
common method for evaluating educational material and the level 
of cognitive engagement it enables [50–52]. Bloom’s Taxonomy 
was selected as a conceptual framework for its simplicity, the famil
iarity that many engineering faculty have with it, and the ease with 
which engineering (in this case, fluid mechanics) learning objectives 
can be categorized into its various levels.

While Bloom’s Taxonomy may provide a sufficient conceptual 
framework for categorizing student cognition, accurately capturing 
student engagement with the corresponding activities is complex. 
Indeed, students are likely unaware of the various levels of cogni
tion that they engage in while working through a problem. Further
more, typical engineering assessments result in completed exam 
solutions or project submissions—leaving out much of the 
thought and development process that took place to develop a 
“final product.” Thus, this study relies on reflections to capture 
this process-based cognition. Within engineering education, reflec
tion has emerged as a longstanding tool for enhancing student 
learning [53,54]. Even so, its application in technical engineering 
courses remains limited as educators employing reflections often 
focus on behavior-based aspects (like discouraging procrastination 
and encouraging thoughtful engagement with homework problem 
sets) rather than emphasizing traditional engineering content 
assessment [55,56]. Outside of engineering education, reflections 
are more often used to prompt higher-order thinking skills 
[54,57]. As such, multiple studies have offered categorical ways 
in which reflections can be coded [57–61]—highlighting their 
utility in capturing various forms of cognition that a person 
engages with during some process. Typically, these coding 
schemes focus on the student’s ability to reflect (as reflection is 
commonly considered an advanced skill). While these categories 
may correlate to different levels of learning, they do not precisely 
evaluate the level or type of learning a student is engaging in with 
respect to the subject matter material. Other authors [58,59] have 
designed coding schemes that focus on the level of learning, as 

defined by Bloom’s Taxonomy [20,21], to measure a student’s cog
nitive process rather than their “depth” of reflection. Therefore, in 
this work, we employ reflections as a tool to capture the student’s 
cognitive process during both quiz and DYOP assessments, then 
categorize that cognition into lower and higher levels of learning 
via Bloom’s Taxonomy.

Pedagogical Design
This study was conducted in a fluid mechanics course in the 

mechanical engineering department at an R1 institution in the south
east United States in the Spring semester of 2021. The course was 
offered in a virtual format due to the COVID-19 pandemic. The 
format of delivery used a mixture of synchronous and asynchronous 
lectures. Theory and technical information were delivered using the 
asynchronous lectures in 5–15-min videos, and the synchronous 
course time was used primarily to complete example problems and 
facilitate discussion. The course included eight assessments: six 
quizzes and two projects. The projects were submitted as a 
midterm and a final. After each assessment, the students submitted 
a one-page reflection on their work within 24 h of completing the 
assignment. The reflection component of the assessment was 
graded for completion-only. The assessments and reflections were 
a mandatory component of the course regardless of a student’s 
choice to participate in the current study. The format of the 
quizzes, the DYOP projects, and the reflection assignments will be 
described in detail in the following section.

The assessments throughout the course were broken up into two 
sections (i.e., two halves of one course). The first section included 
quiz 1 (Q1), quiz 2 (Q2), quiz 3 (Q3), and the midterm project. 
The second section included quiz 4 (Q4), quiz 5 (Q5), quiz 6 (Q6), 
and the final project. Each of the six quizzes corresponded to a 
concept or group of concepts in fluid mechanics: (1) hydrostatics, 
(2) Bernoulli’s principle, (3) fluid kinematics, Reynolds transport 
theorem, and control volume analysis, (4) differential analysis of 
fluid flow, potential flow, and Navier stokes, (5) dimensional analy
sis and pipe flow, and (6) boundary layers and external flows. Stu
dents completed DYOP projects on the quiz topic for which the 
student received their lowest quiz grade. For example, if a student 
received 78% on quiz one (Q1), 95% on Q2, and 82% on Q3, the 
student would complete their midterm project on quiz topic one: 
hydrostatics. We then define Q1 (in this example) as the student’s 
topic-quiz. If a student received equally low grades on more than 
one quiz in the same section (e.g., 76% on Q1 and Q3), they were 
able to choose between the topics. An illustration of the submission 
timeline for the course assessments and example grades can be seen 
in Fig. 1. Students completed Q1–Q6 in the third, fifth, eighth, 10th, 
12th, and 14th weeks of the 14-week semester, respectively. The stu
dents began working on their midterm projects after they received all 
their quiz grades for the first half of the semester but did not turn in 
the midterm project until after they completed quiz 4 (in week 11). 
DYOP final projects were due during the final exam period approx
imately 1.5 weeks after quiz 6.

Quiz Assessment. Students took six quizzes throughout the 
semester. Each quiz followed the same general format: two-to-three 
multiple-choice questions and one-to-two free-response ques
tions. The multiple-choice questions were sourced from the Fluid 
Mechanics Concept Inventory [62,63]. These questions were 
chosen because they had been designed specifically to assess a stu
dent’s conceptual understanding of key topics in fluid mechanics. 
The free-response questions focused more heavily on a student’s 
ability to interpret a problem statement and appropriately apply a 
calculation-based solution strategy. An example quiz can be found 
in Ref. [64].

DYOP Assessment. The DYOP assignment is an Authentic 
Learning Assignment in that it is designed to begin transitioning 
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students toward engaging with subject matter material in a manner 
authentic to practicing engineers. This assignment asks students to 
research a real-life topic that can be modeled leveraging one or 
more of the strategies used in class. Students are tasked with 
researching the application, modeling the problem (which requires 
them to research fluid properties, equipment specifications, and 
system requirements), and then solving the problem. This type of 
assignment is also commonly referred to as Student Generated 
Questions [65]. An example of the assignment prompt used for 
the DYOP can be found in Ref. [64]. While the DYOP assessment 
prompt itself was design-based, key components of this assessment 
include re-engagement with course material (an opportunity not 
typically provided in traditional lecture-based classrooms), 
extended time and open resources, student-driven problem 
framing, and a clear rubric for evaluation. Each key feature is 
reflective of the iterative engineering design process. We empha
size that not only the assessment design but also its implementation 
and integration into the course are key components of this 
intervention.

Reflection Assignment. While reflection assignments in engi
neering might span behavior-based and cognitive outcomes, this 
reflection prompt was developed with the goal of having students 
reflect specifically on their solution strategies (a focus on cogni
tion). The prompt was developed over the course of three months 
in a collaborative faculty development seminar on reflections 
[66]. The prompt asks students to describe their problem-solving 
process and identify the areas that challenged them. In this way, 
students are encouraged to engage with the material for a second 
time in a low-pressure environment. One key component of this 
reflection assignment is that students were asked to reflect on 
their submissions prior to receiving the solutions to the quiz. 
Therefore, students had to use their best judgment and conceptual 
understanding of the material to analyze and reflect on their work. 
The reflection prompt asked questions such as How did you 
decide on a solution strategy for this problem? and What assump
tions did you make while solving the problem? How? The full 
prompt can be found in Ref. [59]. The reflection prompt was 
graded for completion-only. To promote honest reflections, stu
dents were told that the instructor would not read the reflections 
until after the semester had ended. Students were required to 
complete reflections within 24 h following the completion of 
the quiz, before corresponding quiz solutions or grades were 
released. DYOP reflections were submitted with the DYOP. 
Reflection prompts were kept consistent across the quiz and 
DYOP reflections.

Research Design
The current Institutional Review Board (IRB)-approved study 

explores the extent to which students engage with subject matter 
material according to Bloom’s Taxonomy in a typical assessment 

compared to that of an authentic learning assignment. The follow
ing questions guided our research: 

• How does the novel authentic learning assignment, DYOP, 
affect engagement at upper levels of learning (as defined by 
Bloom’s Taxonomy) when compared to traditional 
assessments?

• Given that significant differences are found between student 
cognitive engagement on the quiz and DYOP assessments, 
how might these differ as a function of race/ethnicity, 
gender, prior experiential learning experiences, and initial 
quiz performance?

Validity Considerations. This was a single-section, instructor- 
embedded study. Using another section as a control would have 
confounded instructor and section effects. With only one section 
available, we prioritized internal coherence (same instructor, 
same students) over a nonequivalent comparison. We used 
written reflections to measure expressed cognitive engagement, 
recognizing that reflection can itself prompt metacognition. In 
prior work [59], we estimated reflection-induced content and 
found that for remember–analyze, most statements captured cogni
tion that occurred during the quiz rather than being generated by 
the act of reflecting; only evaluate and N/A were predominantly 
reflection-induced (though statistically significant differences 
were not found). Because the reflection prompt, length, and 
completion-only grading were identical across conditions (quiz 
and DYOP), we expect any reflection effect to operate similarly 
across both, reducing differential bias. Even so, if reflections 
inflate quiz-level codes such as evaluate and N/A, this would 
bias our current study against detecting differences and making 
any observed quiz–DYOP increases at these levels conservative. 
To limit demand characteristics, students were not told the study 
purpose and were told that the instructor would not read their 
reflections (completion checked only), reducing incentives for stu
dents to “perform” higher-order cognition in their reflection 
responses.

Participants. Students were recruited to participate at the 
beginning of the semester by a member of the research team who 
was not involved in the instruction of the course. As all elements 
of the study were integrated into the course design, student partic
ipation in the study required no extra labor. As such, only one of the 
students in the 55-person class was ineligible to participate in the 
study, leaving 54 eligible students who elected to participate. As 
seen in Table 1, of the eligible students, 37 identified as a man, 
16 identified as a woman, and one identified as nonbinary. The 
majority of the class, 31 students, were white, and 28 students iden
tified as students of color and more than one race. Additionally, 
nearly half of the students participated in an internship or Co-Op 
in previous semesters. Specific details of the demographic data 
that were collected can be seen in Table 1.

Fig. 1 Diagram of assessment workflow throughout the semester. An illustration of how a student would select their topic for 
their DYOP assignment is given. Numbers indicating grades are provided as an illustration only and do not come from a 
student who participated in this study.
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While there were 54 students who participated in this study, each 
student submitted two topic-quizzes and corresponding DYOP 
assignment reflections that can be included for analysis (e.g., 108 
total submissions). Only submissions for which both the topic-quiz 
and corresponding DYOP had complete reflections were included 
in the analysis, resulting in a total of N = 97 topic-quiz/DYOP 
reflection pairs available for analysis.

Instrument. To address the questions laid out in this study, 
content analysis of student reflections was conducted. Using 
Bloom’s taxonomy as a conceptual framework, a codebook was 
developed for a priori deductive coding. The course-instructor 
and a student researcher (who had excellent undergraduate-level 
proficiency in fluid mechanics) first created a codebook based on 
learning objectives from the course. The codebook had six codes 
corresponding to the different levels of Bloom’s Taxonomy: 
remember, understand, apply, analyze, evaluate, and create. 
Then they worked together to expand the codebook to operationa
lize the different ways that the various Bloom’s levels might man
ifest during execution of the course assessments. Following the 
development of the initial codebook, five student reflections were 
selected at random and coded. The raters then met to discuss any 
disagreements across applied codes and refine the codebook 
further. This process was iterated on until consensus was reached 
that the codebook was complete. It was during this process that a 
seventh code, not applicable (N/A), was developed. Sentences 
coded as N/A included statements that were often focused on the 
student’s emotional state or material related more to the experience 
of taking the quiz rather than the quiz content itself. The complete 
codebook can be found in the Appendix (Table 7) and Ref. [64], 
with extensive examples of student reflections coded at each 
level found in Ref. [59].

To ultimately test our data for statistically significant differences 
in engagement at each Bloom’s level, the reflection data need to be 
“quantized”—transforming the qualitative reflection data into 
numerical data [67,68]. Therefore, it was decided that for each 
reflection, a calculation of the proportional coverage for each 
Bloom’s level would be calculated (details regarding this 

calculation are in the following section). To ensure consistency 
across reflections, heuristics for how codes would be applied 
were developed. Thus, the reflections were coded at each level of 
Bloom’s Taxonomy in complete sentences such that each sentence 
could be coded as one or more of the Bloom’s Taxonomy levels. 
Applying codes to complete sentences provided a means of 
precise and consistent application of code coverage, but necessi
tated that codes were not mutually exclusive from one another as 
students often mentioned multiple levels in one sentence. Some 
sentences might have clauses that encompass themes from multiple 
levels of Bloom’s simultaneously, while others may have two 
clauses that represent different Bloom’s taxonomy levels. For 
example, a sentence can be coded as both the remember and under
stand levels of Bloom’s Taxonomy. An example of a sentence 
coded as both understand (indicated in bold text)  and remember 
(indicated in underlined text) is shown below:

For the second part of the question, I saw that it was a find the force 
acting on the hinged door type of problem, so I decided that follow
ing the method in our notes (outlined in Module 2) was the best way to 
go about doing it.

In the example above, the student understood the prompt of the 
question and the important characteristics, so the first independent 
clause is highlighted blue to indicate this student is at the under
stand level of Bloom’s Taxonomy. The second independent 
clause is the student describing their decision to refer to their 
notes from class which includes a set of equations and definitions, 
so this section is highlighted yellow indicating this student is in the 
remember level of Bloom’s Taxonomy. Therefore, the whole sen
tence is coded as understand and remember. The only code that is 
considered mutually exclusive with the various Bloom’s levels is 
the not applicable (N/A) code. Thus, it was ensured that the repre
sentative “amount” of code applied was consistent across reflec
tions and interraters.

To further ensure quality in the quantization of the qualitative 
data, interrater reliability and Cohen’s κ were used to evaluate 
the strength of interrater agreement. Codes were applied using 
qualitative analysis software NVIVO. After the first researcher 
coded the reflections, a second researcher coded a random 
sample of 25% of the reflections for each assessment. The κ 
values for each assessment are shown in Table 2 categorized by 
Bloom’s taxonomy level in each column. The values in the table 
range from moderate (0.41–0.6) to near-perfect (0.81–1) agree
ment, with half showing substantial agreement (0.61–0.8). For 
this study, a minimum acceptable κ value of 0.41 was set for 
each quiz-code pair average across reflections, and a minimum 
acceptable value of 0.61 (substantial agreement) was set for the 
complete reflection across all codes. If interrater agreement fell 
below this threshold, raters met and discussed differences until 
consensus was reached. Due to pragmatic constraints around inter
rater time and the sheer amount of coding required in this analysis 
(648 total reflections—162 interrated), moderate minimum agree
ment thresholds for quiz-code pairs were selected. Furthermore, 
because Cohen’s κ is sensitive to prevalence and bias (e.g., 
sparse categories) and we expect variation in coverage to result 
from the variation in quiz topics (i.e., Reynolds transport 
theorem applications require greater levels of analysis than Ber
noulli problems), we report Cohen’s κ by level and percent agree
ment for each assessment to better contextualize reliability.

Quantization of Data Into Percent-Coverage Values. Once 
reflections had been coded for each level of Bloom’s, the 
relative level of student engagement at each level is quan
tified by calculating the percent coverage of each code 
(%Coverage = # of words coded per Bloom’slevel/total # of words 
in reflection). For example, out of a student’s entire reflection, 30% 
of the reflection might be coded as remember while only 5% is 
coded as analyze. The result is a transformed set of qualitative data 
that is now represented as a quantitative set of continuous data 

Table 1 Demographic information 

Individual-level variables N Percent (%)

Gender
Woman 16 29.6
Man 37 68.5
Non-binary 1 1.9

Age in years
17–19 11 20.4
20–22 43 79.6

Ethnicity/racea

Black or African American 4 7.4
Asian, Native Hawaiian, or other Pacific Islander 15 27.8
White 31 57.4
Hispanic or Latino 5 9.3
More than one race 3 5.6
Other 1 1.9

Major
Mechanical Engineering 49 90.7
Nuclear and Radiological Engineering 4 7.4
Computer Engineering 1 1.9

Year of undergraduate study
2 18 33.3
3 27 50.0
4 9 16.7

Internship/co-op experience prior to taking class
Yes 23 42.6
No 31 57.4

aStudents were given the option to select all that apply. Totals do not equal 
100%.
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ranging from 0% to 100%. This quantification allowed us to better 
analyze larger trends in the engagement level across different assess
ments and student groupings. This method is a form of summative 
content analysis [69]. Accordingly, a greater percent coverage is 
taken to indicate higher priority by the writer: a larger percent cover
age of a given Bloom’s level means the writer placed greater emphasis 
on that cognitive level in their reflection (and in the assessed work) 
than on other levels. This process, through the utilization of a catego
rization framework, facilitated the use of statistical tests without gen
eralizing the population [70].

The percent coverage is calculated using the word count (as 
opposed to character count). A comparison between word count 
and character count was conducted, and it was found that the dif
ference in percent coverage calculated between the two methods 
was less than 1%. This is approximately equivalent to 10 words 
which is well within the uncertainty levels at each code based 
upon the interrater agreement. Therefore, the word count metric 
was used for this calculation as it was less cumbersome to 
extract from the NVIVO coding software. The reader should note 
that the percent coverage for each reflection can sum to greater 
than 100%. This is due to the fact that codes at each Bloom’s 
level are not mutually exclusive. This analysis allows us to calcu
late the percent coverage at each level of Bloom’s Taxonomy for 
each student.

Statistical Analysis. To answer the aforementioned research 
questions, this study conducted statistical analyses to determine 
the percent-coverage difference between the students’ topic-quiz 
reflections and DYOP reflections. Analyses were planned as 
within-person contrasts of DYOP versus quiz for Bloom coverage. 
Our primary interest was investigating outcomes in higher-order 
categories (analyze, evaluate, and create) based on the interven
tion’s theory of change; tests on other categories presented in 
this article are considered exploratory. It should also be noted 
that because reflections were constrained to one-page, Bloom-level 
percent coverage is compositional. Thus, percent-coverage differ
ences reported here reflect the relative emphasis students placed 
on different cognitive processes within a fixed narrative space. 
Additional analyses were conducted to evaluate the effect of 
topic-quiz grade, demographics, and work experience; these are 
also constructed as exploratory queries.

To address our primary research question, How does the DYOP 
assignment affect engagement at various Bloom’s Taxonomy levels 
of learning when compared to traditional assessments?, a standard 
t-test was conducted on each data stream (remember, understand, 
apply, analyze, evaluate, create, and N/A). The t-test allows us to 
compare the percent-coverage means of the two groups (1. topic- 
quiz reflection coverage versus 2. DYOP reflection coverage) 
and determine if they are statistically significantly different. 
Notably, the coverage data spread for each taxonomy level are dif
ferent; some code coverages have a normal, nonskewed spread 
with no outliers, while others have a very skewed, non-normal 
spread with outliers. Assumptions for paired t-tests were evaluated 
on DYOP–quiz difference scores using Shapiro–Wilk (SW) and 

Kolmogorov–Smirnov tests. Differences for remember and under
stand did not deviate from normality (SW p > .10), while apply, 
analyze, evaluate, create, and N/A showed statistically detectable 
departures (SW p < .05). With N ≈ 97, few outliers were identified 
(0–3 per category). Fortunately, the sample size for this data is suf
ficiently large (N = 97) and therefore the central limit theorem can 
be imposed such that the t-test is used for analysis. To verify the 
efficacy of this assumption, the t-test, Wilcoxon signed-rank test, 
and sign tests were run (as applicable based on assumption crite
ria). These resulted in consistent conclusions throughout, and 
therefore only the t-test results are presented here. For all tests, a 
95% confidence interval (α = 0.05) was used.

Our secondary research question, posed as an exploratory ques
tion, focuses on how the DYOP assignment might differently affect 
different groups as a function of demographic variables like race/ 
ethnicity and gender, topic-quiz performance, and experiential 
learning experiences (internships and co-ops). To conduct this 
analysis, a second variable was generated that represents the 
percent-coverage difference for each code:

%Coverage DifferenceDYOP-TQ = DYOP % Coverage

− Topic Quiz % Coverage 

For example, if the analyze level comprised 30% coverage on a 
DYOP reflection and 10% coverage on the corresponding topic- 
quiz reflection, then the percent-coverage difference would be 
20%. Thus, tests for differences between groups like analysis of 
variance (ANOVA) and the Mann–Whitney U test can be 
employed. While this variable can be useful for determining if 
certain groups benefit more or less from the DYOP (a greater 
benefit represented by a larger %Coverage differenceDYOP-TQ), it 
is a function of two independent variables. Therefore, any signifi
cant differences found across groups could originate from one var
iable versus the other. To provide insight into the source of these 
differences, for any test on %Coverage differenceDYOP-TQ, a paral
lel test for each of the independent % coverage variables was run.

The first between-group test assesses the growth in a student’s 
engagement level based on their initial topic-quiz grade. We seek 
to answer questions such as whether a student who received an F 
on their topic-quiz showed more improvement in Bloom’s level 
engagement during DYOP compared to a student who received a 
B. Thus, grade groups are defined. The dataset is divided into 
groups based on topic-quiz grades, which averaged 67% (not 
unreasonably low given that the topic-quiz is, by definition, the stu
dent’s worst quiz grade). Due to the skewed distribution toward 
low grades, a K-means clustering analysis [71] was employed to 
determine unique clusters. Fortunately, this resulted in relatively 
evenly distributed grade groups (n = 29, 35, and 33, respectively) 
with grade divisions at 65.5% and 79.1%. Thus, an A/B, C/D, 
and D/F group was generated. DYOP grades were not considered 
for grade-grouping purposes due to minimal variation (mostly A 
grades). Comparisons between groups were made by running 
ANOVAs on all three variables. For any between-group 

Table 2 Cohen’s κ agreement for Bloom’s Taxonomy codes 

Cohen’s κ

Remember Understand Apply Analyze Evaluate Create N/A Total agreement

Quiz 1 0.69 0.49 0.61 0.61 0.71 1 0.81 0.71
Quiz 2 0.62 0.55 0.7 0.67 0.92 1 0.75 0.74
Quiz 3 0.79 0.73 0.8 0.46 0.97 1 0.92 0.81
Quiz 4 0.54 0.5 0.68 0.5 1 1 0.88 0.72
Quiz 5 0.46 0.51 0.66 0.44 1 1 0.85 0.70
Quiz 6 0.81 0.75 0.83 1 1 1 0.93 0.90
DYOP 1 0.81 0.63 0.86 0.92 0.94 0.74 0.67 0.79
DYOP 2 0.91 0.97 0.97 0.97 0.99 0.97 0.94 0.96
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comparison that indicated significant differences, Tukey’s honestly 
significant difference (HSD) was conducted.

Next, we were interested in whether the DYOP impacted cogni
tive growth as a function of work experience status, gender- 
minority status, and race/ethnicity-minority status. First student 

submissions were grouped by student-relevant work experience 
(e.g., having participated in an engineering internship or co-op pre
viously). This resulted in (n = 45) samples from students who had 
experience and (n = 52) samples from those without. Gender differ
ences were examined by dividing student submissions into two 

Table 3 DYOP–topic-quiz percent-coverage differences by Bloom’s level 

Difference

σ Skewness Kurtosis t p-ValueMinimum Mean Maximum

Remember −31.92 4.0 45.21 2.9 0.41 0.68 2.9 0.005
Understand −50.25 −16.7 41.20 −9.1 0.73 1.10 −9.1 <0.001
Applya −56.75 −3.5 33.24 −1.9 −0.11 0.16 −1.9 0.05
Analyzeb −33.50 5.7 30.25 6.4 −0.14 3.81 6.4 <0.001
Evaluatea −7.10 13 37.56 12.3 0.38 −0.79 12.3 <0.001
Createa 0.00 26.6 75.23 17.3 0.65 0.32 17.3 <0.001
NAa −61.46 −20.6 29.50 −5.0 −0.16 −0.70 −5.0 <0.001

Notes: Values show descriptive statistics for the difference scores, standard deviation (σ), skewness, and kurtosis, along with inferential tests comparing 
DYOP versus topic-quiz. Results from the paired t-tests (two-tailed, α = .05) are shown; N = 97 paired reflections.
When Shapiro–Wilk indicated non-normal differences, confirmatory nonparametric tests were run and are marked as follows: asign test, bWilcoxon 
signed-rank.

Fig. 2 Histograms: % coverage difference between the DYOP and topic-quiz reflections for each level of Bloom’s. For each, the 
mean, standard deviation (std. dev.), effect size (dz), and 95% confidence interval have been included. Bar chart: mean % cover
age for each level of Bloom’s for both the DYOP and topic-quiz reflections.
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groups: women/nonbinary (n = 30) and men (n = 67). This distribu
tion aligns with the gender-minority status in the engineering 
program at this institution. Race/ethnicity-based groups comprised 
of student submissions from nonwhite students (n = 48) and white 
(n = 49) students. The nonwhite group includes all students who 
selected “Black or African American,” “Asian or Pacific Islander,” 
“Hispanic/Latinx,” or “other” due to low numbers in each individ
ual minority group. The Mann–Whitney U test, suitable for non
parametric data with independent groups and no assumption of 
homogeneity of variance, was employed for these analyses. The 
independent t-test was not used due to the lack of homogeneity 
of variance and insufficient group sizes to impose the central 
limit theorem.

Limitations
This study evaluated the DYOP in a single, core mechanical 

engineering course grounded in Newtonian mechanics; generaliz
ability to other domains should be tested. The implementation 
occurred during remote instruction in the COVID-19 period, 
which may have influenced results, although similar patterns 
have since been observed in in-person offerings (outside the 
scope of this IRB). Reflections served both as the measurement 
of expressed cognition and as a metacognitive component of the 
quizzes and DYOP package, so some measurement–intervention 
interaction is possible; prior work from our group found no signif
icant reflection-induced differences at higher Bloom levels [59], 
but reactivity cannot be ruled out. The one-page reflection cap 
also makes percent coverage a compositional measure, so our esti
mates capture relative emphasis in students’ discourse rather than 
total cognition. It should also be noted that Bloom’s Taxonomy 
is hierarchical, thus to engage at higher levels, one must pass 
through lower levels, so increases in upper Bloom’s levels 
(which may correspond to less discussion of lower levels during 
reflection) do not necessarily indicate less engagement at those 

levels during assessment. Moreover, repeated engagement with 
the same topic (quiz then DYOP) likely contributes to learning; 
without a control group, we cannot isolate the effect of any 
single component of the DYOP package. Finally, we conducted 
paired comparisons for seven Bloom categories: analyze, evaluate, 
and create were specified a priori as primary outcomes, with other 
levels treated as exploratory. We did not apply multiplicity correc
tions and therefore interpret marginal p-values cautiously; future 
work testing this or similar interventions should preregister out
comes, include controlled or counterbalanced designs, and 
control the false discovery rate.

Results and Discussion
DYOP Impact on Bloom’s Taxonomy Level Engagement. 

Table 3 shows the descriptive statistics, skewness, kurtosis, and 

Table 4 One-way ANOVA results comparing Bloom-level percent coverage across grade groups 

% coverage 
differenceDYOP-TQ % coverage DYOP % coverage topic-quiz

F p-Value F p-Value F p-Value

Remember 1.54 0.22 1.12 0.33 0.36 0.70
Understand 0.10 0.90 0.42 0.67 0.91 0.41
Apply 0.44 0.64 0.71 0.49 0.41 0.67
Analyze 9.23 <0.001* 9.73 <0.001* 4.28 0.02*
Evaluate 2.35 0.10 1.71 0.19 1.30 0.28
Create 0.09 0.92 0.09 0.92 – –
NA 0.59 0.59 4.11 0.02* 1.17 0.31

For each Bloom’s level, we tested between-group differences on three outcomes: (1) the DYOP–topic-quiz coverage difference (percentage points), 
(2) DYOP coverage, and (3) topic-quiz coverage. Values are F statistics with two-tailed p-values (α = .05). Grade groups were defined by final course 
grade bands with divisions at 65.5% and 79.1%. N = 97. Results are interpreted cautiously given multiple tests.

Table 5 Tukey’s HSD post hoc comparisons among grade bands at the analyze level following the significant one-way ANOVAs in 
Table 4

Mean diff.

% coverage difference(DYOP-TQ) % coverage DYOP % coverage topic-quiz

A/B group C/D group D/F group A/B group C/D group D/F group A/B group C/D group D/F group

A/B group – 8.7* 5.3* – 7.42* 8.04* – −1.34 2.57
C/D group – – −3.4 – – 0.62 – – 3.91*
D/F group – – – – – – – – –

Notes: Outcomes are percentage-point measures for (1) DYOP–topic-quiz coverage difference, (2) DYOP coverage, and (3) topic-quiz coverage. Entries 
are mean differences computed as row−column; positive values indicate higher coverage in the row group. Significant contrasts (familywise α = .05 within 
each ANOVA) are marked with*.
Group divisions: (A/B) 79.2–100%, (C/D) 65.6–79.1%, and (D/F) 0–65.5%.

Table 6 Tukey’s HSD results for differences found between 
grade groups at the N/A level

Mean diff.

% coverage DYOP

A/B group C/D group D/F group

A/B group – −6.10 −7.54*
C/D group – – −1.44
D/F group – – –

Notes: Tukey’s HSD post hoc comparisons among grade bands at the N/A 
level following the significant one-way ANOVA in Table 4 (DYOP 
coverage only). Entries are mean differences in percentage points (row– 
column); positive values indicate higher N/A coverage for the row group. 
Significant p-values (familywise α = .05 within this ANOVA) are marked 
with an asterisk (*).
Group divisions: (A/B) 79.2–100%, (C/D) 65.6–79.1%, and (D/F) 0– 
65.5%.
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results of the t-test for the percent-coverage comparison between 
the topic-quiz and DYOP reflections for each Bloom’s Taxonomy 
level. For all levels of Bloom’s Taxonomy, the mean value of the 
DYOP reflection coverage was significantly different from the 
DYOP topic-quiz reflection coverage. Understand, analyze, evalu
ate, create, and N/A have p < 0.001; remember has p = 0.005; and 
apply has p = 0.05. To better interpret these results, Fig. 2 shows 
histograms of the % coverage difference variable for each 
Bloom’s Taxonomy level. Positive values indicate higher DYOP 
percent coverage compared to the topic-quiz percent coverage 
for the respective Bloom’s Taxonomy level, while negative 
values indicate the opposite.

It can be seen in Fig. 2 that remember, analyze, evaluate, and 
create Bloom’s levels show a higher percent coverage in the 
DYOP reflection compared to that of the topic-quiz reflection. It 
can also be seen that understand, apply, and N/A Bloom’s levels 
show lower percent coverage in the DYOP reflection compared 
to that of the topic-quiz reflection. These results might be explained 
by the fact that students were requested to write a 1-page reflection 
for both the topic-quiz and DYOP. Given that the total length of the 
reflections is consistent, it is reasonable that for some levels to 
increase, others must decrease. Since problems designed by stu
dents on the DYOP were of similar complexity as those they com
pleted on quizzes, a decrease in percent coverage at the understand 
and apply levels likely indicates less emphasis placed on engage
ment at these levels during reflection rather than less engagement 
at them. Indeed, it would be difficult for students to engage at 
the analyze level without first having engaged fully in the under
stand and apply levels. The decrease in N/A (−20.6%) may 
reflect lower performance-related commentary (e.g., anxiety) 
during DYOP compared to quizzes.

This highlights the unintended yet positive result of the DYOP 
intervention: students are provided an opportunity to demonstrate 
mastery of a course topic in a format that de-emphasizes the 
testing anxiety felt by most students, allowing them to focus 
more on course content and their own learning. In general, the 
higher levels of Bloom’s Taxonomy showed an increase in 
percent coverage in the DYOP assignment, with a mean percent- 
coverage increase of 13% for evaluate and 26.6% for create. 
These results suggest the DYOP assignment was associated with 
deeper engagement, particularly at higher Bloom’s levels, in this 
course offering.

Influence of Topic-Quiz Grade on Cognitive Growth. 
Table 4 shows the results of the ANOVA that tested differences 
between grade groups. The grade groups broadly represent stu
dents who made A/B grades (group 1), C/D grades (group 2), 
and D/F grades (group 3). For each Bloom’s level, three separate 
ANOVAs were run: 1. on the % coverage difference(DYOP-TQ), 
2. on the % coverage DYOP, and 3. on the % coverage topic-quiz. 
Table 4 includes the F-statistic, with higher F-values indicating 
that the variance between grade groups is larger than the variance 
within grade groups, and a p-value <0.05 indicating there are sig
nificant differences found between grade groups. As our main 
focus is on cognitive growth seen between the topic-quiz and 
DYOP, we will first focus on the ANOVA results from the % cov
erage difference(DYOP-TQ) variable. The only significant difference 
found between grade groups was at the analyze level. Interest
ingly, when looking at the ANOVA results for the % coverage 
DYOP and % coverage topic-quiz variables, a significant differ
ence was found between grade groups at this level for both vari
ables. This indicates that the growth seen at the analyze level is 
influenced by both independent variables. To better understand 
the nature of this difference in growth between grade groups, 
the results of Tukey’s HSD for the analyze ANOVAs can be 
seen in Table 5. First, for the percent-coverage difference 
between the DYOP reflection and topic-quiz reflection, group 1 
is significantly different than groups 2 and 3 with p < 0.001 and 
p = 0.039, respectively.

A similar result was found for the ANOVA run on the percent 
coverage for the DYOP reflections only. The A/B group is signif
icantly different than the C/D and D/F groups with p < 0.001 for 
both. Last, for the ANOVA run on the percentcoverage for the 
topic-quiz reflections, only a significant difference was found 
between the C/D and D/F groups with p = 0.01. When looking 
at the DYOP reflections alone, these results indicate that the 
A/B group engaged at the analyze level more than the C/D and 
D/F groups. This could indicate a possible higher level of com
plexity of the problems designed by the A/B students for their 
DYOP assignment. Further analysis of the DYOP submissions 
would be required to determine if this is the case. Alternatively, 
when looking at the topic-quiz reflections alone, these results 
indicate that the C/D group engaged at the analyze level more 
than both the A/B and D/F group while taking their quiz. This 
result indicates that there might exist an optimum amount of 
uncertainty regarding the accuracy of an answer or solution strat
egy that will prompt students to engage more deeply at the 
analyze level. It follows that this optimum value would exist in 
the middle grade group.

Finally, a significant difference was found between groups for 
the ANOVA run on the % coverage DYOP variable at the N/A 
level. A significant difference was found between the A/B and 
D/F groups. In this case, the D/F group engaged at the N/A level 
more than the A/B group (as shown in Table 6). Since the N/A com
ments were representative of generalized comments on the assess
ment and statements representing student confidence, anxiety, and 
uncertainty, it makes sense that the D/F group might face the most 
uncertainty and anxiety while completing the DYOP compared to 
the other groups. The unbounded nature of the DYOP requires a 
reasonable grasp of fundamentals for students to even begin to 
identify a problem or system to model that relates to the course 
content. It is likely that the D/F group struggled to identify and 
scope a problem more than the students in the C/D and A/B 
groups, resulting in higher levels of anxiety felt during the comple
tion of this project.

Influence of Demographic Factors on Cognitive Growth. We 
conducted exploratory Mann–Whitney U comparisons of Bloom- 
level coverage between demographic groups (co-op versus no 
co-op; male versus nonmale; white versus nonwhite) for both 
topic-quiz coverage and the DYOP–quiz coverage difference. 
Across tests, we found no statistically significant differences, 
with one exception: a difference at the analyze level for the 
DYOP–quiz coverage change between male and nonmale stu
dents (p = 0.04). Given the number of tests, the compositional 
nature of the outcomes, and our aggregated groupings, this iso
lated finding should be interpreted cautiously. Accordingly, we 
feel these exploratory results indicate a potential for the DYOP 
intervention to promote comparable engagement across broad 
groups thus promoting equity; however, aggregation of minority 
categories can mask heterogeneity. Determining whether DYOP 
promotes equity requires a study specifically designed and 
powered for that purpose (e.g., disaggregated categories, prereg
istered primary outcomes, and error-rate control). Here, we 
simply note the potential of the DYOP assessment to promote 
equity in engineering and leave quantification of this impact to 
future work.

Conclusion
This study reveals that an authentic learning assignment like 

the DYOP can increase student engagement with subject matter 
material at the higher levels of cognitive learning. By incorporat
ing an assessment that requires the application of design-based 
skills such as problem framing and definition to solve an open- 
ended problem (without a predetermined solution), students are 
guided to more deeply engage with subject matter concepts. 
Exploratory analyses did not show consistent differences across 
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broad demographic or experience groups, which may indicate the 
potential for equitable engagement; targeted studies would be 
needed to confirm this.

The analysis of percent-coverage comparison between topic- 
quiz and DYOP reflections across Bloom’s Taxonomy levels 
reveals significant differences. While understand, apply, and 
N/A levels show lower percent coverage in the DYOP reflection 
compared to the topic-quiz reflection, remember, analyze, evalu
ate, and create levels demonstrate higher coverage in the DYOP 
reflection. These findings suggest a trade-off between different 
cognitive levels during reflection writing, possibly influenced 
by the nature of the DYOP assignment and decreased perfor
mance anxiety. Notably, higher Bloom’s Taxonomy levels 
exhibit substantial percent-coverage increases in DYOP reflec
tion, emphasizing the effectiveness of DYOP assignments in fos
tering deeper engagement, particularly at advanced cognitive 
levels.

The ANOVA analysis revealed insights into the engagement 
levels of students across different grade groups, focusing on their 
engagement levels in DYOP reflections, topic-quiz reflections, 
and the difference between the two. Overall, there were no signifi
cant differences found between grade groups, suggesting similar 
levels of engagement on both assessments across all levels of 
Bloom’s Taxonomy irrespective of quiz accuracy. Students achiev
ing near-perfect grades and those struggling with mastery benefited 
similarly from the DYOP. However, notable exceptions were 
observed at the analyze level, where group 1 (A/B grades) dis
played significantly higher engagement compared to groups 2 
and 3 on their DYOP reflections. This disparity indicates potential 
differences in problem complexity designed by students. Con
versely, in topic-quiz reflections, group 2 (C/D grades) showed 
greater analyze-level engagement than groups 1 and 3 (A/B and 
D/F grades), suggesting an optimal level of uncertainty during 
assessment might prompt deeper analysis. Additionally, a signifi
cant difference was noted at the N/A level for the DYOP reflec
tions, where group 3 (D/F grades) exhibited higher engagement, 
possibly influenced by student feelings of anxiety and lack of 
confidence.

Ultimately, this study presents a feasible approach for integrat
ing design concepts into a core engineering course. This integration 
is a first step toward breaking the dichotomy between convergent 
and divergent thinking in engineering training. Not only does inte
grating design concepts into core-curriculum courses improves the 
depth of cognitive engagement with technical material, but it has 
the potential to facilitate more equitable pathways toward 
concept mastery (as demonstrated by consistently high grades on 
DYOP assessments and higher cognitive engagement across all 
demographic groups). Strategies such as these could be considered 
for entry- and mid-level courses, with the potential to support both 
design skills and technical content mastery.
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Appendix

Table 7 Coding guide for all levels of Bloom’s Taxonomy 

Code Indicators

Remember • Student cites/states facts/definitions, memorized equations 
not in the context of the way they are solving the problem

• Student references equations
• Student notices a mistake (either during the test or during 

reflection) but does not correct the mistake

Understand • Student demonstrates understanding of how an equation/fact 
is to be used

• Assumption: student makes assumption that comes directly 
from the problem statement

• Student demonstrates ability to understand important 
characteristics of the problem/student restates or 
summarizes problem in their own words

• Student can demonstrate incorrect understanding, but still be 
applying understanding as it makes sense to them

• Student understands what certain equations mean and the 
context of the current problem they are solving

Apply • Free body diagram (FBD): student completes FBD as part of a 
process they are repeating

• Assumption: student assumes from practice/applies a correct 
assumption but does not demonstrate reasoning behind it

• Student applies skill they have practiced before
• Student uses an equation to define a system
• Student solves equations even when stating they are unsure
• Student solves or implies that they solved equation
• Student states or restates answer: emphasis on the action of 

solving the problem
• Student catches mistake and recalculates equation/describes 

correct answer

Analyze • Student checks/defends answer using different assumption 
or solution method, but does not provide an assessment of 
the impact of their decision or different solution

• Free body diagram: student provides reasoning/logic behind 
why FBD is used

• Assumption: student makes assumption that is not directly 
given in the problem statement AND provides a defense 
based on physical understanding of why assumption applies

• Student identifies multiple ways to arrive at an answer, 
chooses one, and defends it

• Student responds to new information—must indicate not 
having seen before, no similar examples, etc.—by analyzing 
an approach to solve problem

• Student explains link between an equation and its 
application/impact

• Catching mistakes: when a student has a reason to go back 
and check their answer or do the problem again another way

Evaluate • Student provides reasoning for certainty/uncertainty of 
applicability or accuracy of their solution in the context of 
an engineering problem

• Student evaluates the efficacy of their solution (ex: checking 
answers)

Create • Student provides insight into problem design/mentions 
combining different principles of fluid mechanics or 
engineering to design a problem

• Student explains reasoning behind new method to solve 
problem that was not taught in class

• Student discusses process of modeling a real-world 
engineering problem within the scope of a typical course 
example problem

• Student recognizes an initial solution/model was flawed and 
makes adjustments to better represent the engineering 
problem (revision of original concept/problem)

• Student develops the model of the problem
• Student ideates or brainstorms
• Student independently develops or demonstrates a skill that 

is novel to them while doing this assignment

N/A • General comments on the problem
• Statements of confidence with no technical reasoning/support
• Generic statements of certainty/uncertainty
• Comments on testing strategy
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