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Investigating students’ thinking in routine classroom tasks, especially in science and engineering, is cru-
cial. Given the rising interest in STEM Ways of Thinking (SWoT), in this exploratory study, we focus on two
multi-week Engineering Design tasks within an undergraduate physics laboratory. Given that the term ‘ways of
thinking’ has varied interpretations, we aim to further the discourse by identifying four SWoTs: Design Think-
ing, Physics Concepts, Mathematical Constructs, and Metacognitive Reflection. Analyzing discussions from 14
student-groups reveals notable differences in how students solve an instructor-assigned challenge given earlier
in the semester and a student-generated challenge later in the semester. Students considered physics concepts
more frequently and combined mathematical and physics concepts in more detail in the latter task. Our findings
underscore the value of small-group discussions in understanding and operationalizing SWoT. We acknowledge
the need for diverse frameworks and believe our study can benefit educators and researchers exploring similar
strategies.
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I. INTRODUCTION

In preparation towards STEM careers, students must de-
velop strong understanding of disciplinary core ideas, in-
terdisciplinary crosscutting concepts, and key science and
engineering practices [1]. Embedding Engineering Design
(ED) into physics laboratory tasks is a promising approach
to achieve these objectives [2-5]. The ED process model in
the context of this study involves six interactive phases for
solving ‘ill-structured’ [6] problems. Student groups identify
the problem, generate ideas using relevant physics, create and
test plans, record results, and explain outcomes using scien-
tific knowledge. They then share ideas, gather feedback, and
revise and retest their models accordingly [7, 8].

Research suggests that science education should empha-
size disciplinary ‘ways of thinking’ (WoT) [9-13] in addi-
tion to mastering abstract concepts and problem-solving [14].
WoT, in the context of this study, is about how students "think,
act, and engage in their projects and make decisions" [9]. Ear-
lier studies examined students’ thinking while solving a real-
world instructor-assigned ED problem [15, 16]. The current
study aims to compare students’ thinking between instructor-
assigned and student-generated ED problems.

Our research question is: How do student-groups’ ways of
thinking compare while engaging in two multi-week ED tasks
- an instructor-assigned task and a student-generated task?

We aim to further the discussion on ‘STEM Ways of Think-
ing’ (SWoT) [9-13], that would be of interest to STEM edu-
cators and researchers.

II. LITERATURE REVIEW

With the advent of the Next Generation Science Stan-
dards [1] there have been calls to update our expectations
about what students should learn in college-level introductory
STEM courses [17]. One approach [18] is to structure learn-
ing experiences that infuse Engineering Design (ED) into sci-
ence classrooms to bridge ‘tactics and strategies’ (Engineer-
ing Design) with ‘practices and the nature of science’ (Sci-
ence Thinking) [1].

Research has shown that by observing what students are
doing, such as engaging in peer interactions, it is possible to
ascertain how they are thinking [19]. Peer interactions en-
able learners to leverage diverse expertise, encounter varied
viewpoints, question, explain, exchange ideas, and articulate
their reasoning [20, 21]. Small-group discussions help stu-
dents "explore their ideas and move from understandings that
may often be naive to towards more valid scientific ideas and
explanations" [22], apart from contributing to STEM achieve-
ment, motivation, engagement, and problem-solving [23].

The focus on SWoT has been underscored by several stud-
ies [9-13]. Efforts have been directed towards developing
theoretical frameworks to delineate and characterize these
ways of thinking (WoT) [9, 11]. While emphasizing the im-
portance of exploring WoT, it is acknowledged that the field
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is "still at a nascent stage" [9], signaling the necessity to move
beyond intuitive or ‘common sense’ understandings of what
WoT may entail [24]. Our analysis has some commonalities
with the SWoT framework suggested by English [13], and we
intend to elaborate in an extended publication.

Our earlier studies [15, 16] reveal that capturing students’
‘in-the-moment’ thinking provides rich data on their ap-
proach to the ED challenge. Although group discussions
alone may not fully capture students’ thinking entirely, they
offer valuable insights into students’ "interthinking" [25] in
naturalistic settings. We aim to address our research question
by analyzing these discussions.

III. METHODS

This study is situated in a large-enrollment, first-semester,
calculus-based, undergraduate physics course at a large U.S.
Midwestern land-grant university. This course has an annual
enrollment of about 2500 students, of which about 85% are
engineering majors and the remaining are science majors.

The course adopts the principle-based approach [26], with
content divided into three units each focused on a funda-
mental principle: momentum, energy, and angular momen-
tum. Common threads include a focus on systems thinking,
modeling, and making assumptions and approximations. The
weekly schedule includes two 50-minute lectures, one 110-
minute laboratory, and one 50-minute recitation focused on
problem-solving.

This study centers on the 14-week laboratory experience
in the course. Student-groups of sizes two or three, in weeks
01-06, completed labs related to the Momentum principle. In
addition to the laboratory experiments each week, student-
groups also completed an instructor-assigned ED challenge
(ED1) (Fig.1).

FIG. 1: Instructor-assigned engineering design challenge
(ED1) statement. Plan-view of the warehouse provided to the
students is not produced in this paper.

"A partner shipping company is requesting your team to develop an algorithm to
remotely control its Automated Guided Vehicles (AGVs) at the warehouse in a
timely and safe manner. Provide a written or visual description of how it works
and any additional information that you consider relevant. They will review your
proposal and send the algorithm to a team of expert programmers who will
implement it. The parameters of AGV robots are: Mass (no load): 145 kg;
Dimensions: 75x60x30 cm; Maximum load: 340 kg; Maximum momentum:
220 (kg m/s). The layout of the warehouse area provides 25 x 25 sq m space for
AGVs to operate. The size of each work station is about 2 x 2 sq m."

Labs related to the Energy principle were completed in
weeks 07-09, and those related to the Angular Momentum
principle were completed in weeks 10-14. In weeks 08-14,
student-groups completed a student-generated ED challenge
(ED2). Student-groups framed their ED challenge consider-
ing aspects such as: identifying the clients and stakeholders,
stating the metrics, outlining the criteria and constraints, and



making trade-offs. Teaching assistants (TAs) did not influ-
ence students’ choice of the ED challenge, but guided stu-
dents to progress towards a solution iteratively.

The participants in our study were 14 student-groups in the
laboratory section for which the first author was the Grad-
uate TA. At the end of each ED task, in response to written
prompts provided in the lab write-ups in weeks 06 and 14, stu-
dents were prompted to discuss and record: relevant physics
and math concepts and their application to the ED problem,
and the evolution of their ideas through multiple iterations of
their design solutions. They were encouraged to engage in
"free-flowing" [27, 28] discussions lasting about five minutes
per task.

The audio recordings of the discussions, our primary data
source, were manually transcribed, and qualitatively coded
inspired by an earlier study [15]. Students recorded discus-
sions in the laboratory or corridors, and the resulting back-
ground noise made it extremely challenging to uniquely asso-
ciate conversation segments with individual speakers. Conse-
quently, this study does not explore individual students’ ways
of thinking, but that of the group. In the transcripts, textual
segments of varying lengths were chosen as coding units, a
decision that may invite criticism for potential subjectivity
and bias. However, this flexible approach was adopted after
careful consideration of factors such as the complexity of stu-
dent discussions and unique conversation styles within each
group [29]. We are of the view that choosing a fixed text
length would not capture the diversity and richness in stu-
dents’ approach to discussions, in addition to not being re-
spectful to their communication styles. Multiple codes may
be attributed to the same textual segment.

For ‘trustworthiness’ and ‘dependability’ of our analysis,
we were guided by Lincoln and Guba [30, 31]. The lead au-
thor performed the initial coding. Another experienced TA
coded seven transcripts per task based on code definitions and
multiple examples. The two coders discussed, reviewed, and
‘coded to consensus’ [31]. The lead author then re-coded the
remaining transcripts.

IV. FINDINGS & DISCUSSION

The four emergent codes were: Engineering Design Think-
ing (DT), Physics Concepts (PC), Mathematical Constructs
(MC), and Metacognitive Reflection (MR). Descriptors (tai-
lored to reflect the study’s context) and example quotes for
each code may be seen in Table I.

The code frequencies for each code are shown in Fig.2. As
shown in Fig.1, the instructor-assigned ED task (ED1) was
about the motion of an automatic guided vehicle (AGV) in a
warehouse. In contrast, the student-generated ED task (ED2)
encompassed a diverse array of real-life problems such as:
designing golf-carts, enhancing traction in race cars, creating
toy catapults, and improving roller skates, among others. A
more complete description of the variety of student-generated
ED challenges may be seen in [35]. The fact that no two
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groups worked on the same problem suggests that student-
groups explored independently and genuinely pursued their
own ideas.

FIG. 2: The bar graph displays code frequencies vs the codes.
The blue and red bars represent the instructor-assigned (ED1)
and student-generated (ED2) engineering design tasks re-
spectively. Error bars depict the standard error of mean.
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The following themes were emergent from our analysis.

A. Is ‘agency’ playing a role?

Although we had asked students to keep their discussions
to around five minutes, we found it striking that the duration
was notably longer for the student-generated task (ED2) in all
the groups. A paired t-test shows that the difference is statis-
tically significant with a p value of 0.0090. Further, the num-
ber of times students used physics concepts (PC) was signif-
icantly higher in ED2 as seen in Fig.2. While these observa-
tions may seem predictable given that the student-generated
(ED2) task occurred later in the course, we wonder whether
students’ ‘sense of authorship’ or ‘agency’ [36] could have
influenced the outcomes, a view supported by research which
shows that providing students with agency can lead to higher
levels of motivation and engagement [37—40].

B. Everyone can design

We found no significant differences in students’ engineer-
ing design thinking (DT) between the two tasks. Within each
team, instances of design thinking were spread throughout
their conversations. This finding is consistent with the view
that "everyone designs and can design", and that students
have innate enthusiasm towards designing and making their
creations, taking things apart, and figuring out how things
work [41, 42].



TABLE I: The table below shows the codes for Types of Thinking, code descriptions, and example quotes.
DT-Design Thinking; PC-Physics Concepts; MC-Mathematical Constructs; MR-Metacognitive Reflection.

Code Code Description

Example Quote

DT

PC

MC

MR

State the problem; identify criteria and con-
straints; brainstorm multiple solutions; iterate, se-
lect the best solution; consider design aspects;
prototype the solution; communicate. [32]
Identify related physics terms, concepts, or prin-
ciples; cause and effect; system and surroundings;
scale; change and rate of change. [33]

Mention a formula, equation, or a mathematical
concept; refer to a scientific statement in terms of
a relation among several variables and constants;
proportional reasoning; units analysis; use of ex-
plicit equations.

Reflect on their design and science ideas and pro-
gression towards the solution [34].

We will focus on the batter’s perspective and calculate the exact
time, position, and technique that should hit the ball in order to get
the best outcome. We will explore the specific question: what are
the optimal conditions for a baseball player to hit a home run.

The physics concept was Newton’s II law. We used that so that
we’ll know the constant speed over time which means there will be
no acceleration.

One of the math concepts for this lab was relabeling x and y coor-
dinate vectors or having them in a different position. This is like
linear algebra where we are rearranging coordinate vectors as basis
vectors.

In our first iteration attempt to solve this problem, we did during
lab 11 but this problem did not have...we had too many variables
which we didn’t know and it made it too hard to solve this problem.

C. Opportunities for Design Thinking

Almost all teams clearly articulated their problem state-
ments within their conversations. Fig.3 captures a portion
of the conversation from Team-X. In addition to identifying
clients and stakeholders, providing metrics, and integrating
physics ideas, this team adeptly kept the problem simple,
yet authentic. Most teams, in contrast, opted for far more
complex problem statements, which potentially created chal-
lenges in their progress towards a solution [43, 44]. The
student-generated ED task (ED2) created a direct opportu-
nity for students to engage in problem framing, an important
aspect of Engineering Design (ED) thinking [45].

FIG. 3: Example for an ED2 problem statement.

We are the toy catapult group, and we are being commissioned by
Dunkins toy chest. We are creating a safe and fun toy catapult for this
toy company to make a better and safe toy for their product line. They
have given us a few specifications including that the toy catapult must
not launch a projectile above 6 feet so that the toy catapult could be used
indoors. Also they have given they will be using a spring with a given
spring constant. We need to ensure that this toy is safe and fun and is
able to launch a soft small beanbag projectile of a weight of 0.04 kg."

D. Few Mathematical Constructs deployed

Mathematical Constructs (MC) had the lowest overall rep-
resentation in both tasks, consistent with an earlier study [15].
Despite prompts for discussing mathematical ideas, teams of-
ten used lengthy, occasionally repetitive sentences for scien-
tific concepts, with only a few employing mathematics for
concise, detailed statements.
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E. Interplay of Physics and Mathematics

There were significantly more instances of teams weav-
ing together mathematics (MC) and physics concepts (PC) in
ED2 than in ED1. Team-Y, which had identical code frequen-
cies for ED and PC in both tasks, states: "One of the main
concepts for this design was the momentum update which is
final momentum = initial momentum + Fnet x delta t. And we
used this to calculate the momentum of the AGV by finding
the load and net force and the time it takes to reach the other
side of the map." In ED2, working on YoYo design, the same
team states: "we can find the angular acceleration using the
angular momentum principle. We are going to use the rela-
tion that torque = I x alpha and torque = r x F ...then we’re
going to use the fact that the angular acceleration = torque / I.
That will give us the angular acceleration and the angular ve-
locity of the YoYo which tells us how fast the YoYo is moving
and how fast it is speeding up." The team employs a mix of
formal mathematical reasoning coupled with conceptual ob-
servation, despite the constraints in ‘talking’ mathematics and
not putting it down in writing. We believe this merits a more
detailed and layered analysis [46].

From the ways teams used math and physics, one wonders
if there is any difference at all between the two. Our findings
reinforce the view that physicists not only use math in doing
physics, but also use physics in doing math [47].

F. Design Thinking complements Science Thinking

All teams had several textual units coded for both DT and
PC, highlighting how students intertwined design aspects and
physics concepts. For example, in ED1, Team W states: "We
also needed to figure out friction so that we’d be able to slow
down the vehicle so that the boxes would not go flying off



and because the boxes are not necessarily stuck to the AGV."
Similarly, in ED2, Team-XX states: "we additionally solved
for the height that the axe could reach at a range of different
angles of projection in the approximate range where the user
would throw the axe... We used the velocity found earlier
after the throw to find these values and provide the client with
the range of possible angles that the axe could be thrown at.
With the height and range values calculated we were able to
come up with the recommendations for our client."

G. Design Science gap - opposite trends

Almost all teams coded higher on physics concepts (PC) in
the student-generated task (ED2) compared to the instructor-
assigned task (ED1). Many teams discussed physics concepts
in greater detail in ED2. Surprisingly, the use of physics
concepts (PC) was more frequent than design thinking (DT)
in the student-generated tasks (ED2). Studies on ‘design-
science gap’ [48-51] reveal that students tend to adopt ‘trial
and error’ approaches, or ‘gadgeteer’ [52] their way to a so-
lution without making detailed use of science and math con-
cepts. While studies [48—50] show that design thinking tends
to dominate science thinking, in the student-generated tasks
(ED2), intriguingly, we saw a reversal of this trend.

V. SUMMARY & CONCLUSION

Despite being limited to ED-based laboratory tasks, we
posit that this study can further the discourse on developing
and operationalizing “WoT’ frameworks [13], particularly in
integrated STEM contexts, potentially moving towards ‘con-
verting the classroom into a community of inquiry’ [44].

In our analysis, we often debated if science, engineering,
and technology are indeed distinct. Owen [53] views "Design
thinking as a complement to science thinking." To muddy the
debate further, Radder [54], in his thought-provoking philo-
sophical essay states that the differences "will be a matter of
degree and that they do not add up to an unambiguous con-
trast between science and technology."

The lack of mathematical constructs in both types of ED
challenges is concerning. Though one may acknowledge the
difficulty and apparent unnaturalness of incorporating math-
ematical equations in discussions, students must be "encour-
aged to discuss and explain the mathematics which they are
doing" [55]. The view: "Learning science means learning to
talk science" [22, 56] would certainly be applicable to math-
ematics so as to foster diverse ways of thinking. Given the
view that all our thinking, including mathematical thinking,
is essentially discursive [57], educators need to look strate-
gies that encourage students to actively deploy mathematical
thinking while solving ill-defined problems [58].

We did not observe significant differences in students’
metacognitive reflections (MR) between the two tasks. Given
that effective use of metacognitive strategies can enhance
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learning [59], we speculate that the nature of the prompts may
have influenced the outcomes.

In summary, we find notable qualitative differences in
students” ways of thinking in the two tasks. Specifically,
in the second engineering design task (ED2), students not
only exhibited a higher frequency of physics concepts but
also demonstrated a more intricate integration of physics and
mathematics. Intriguingly, we find a reversal of the ‘design-
science gap’ in the student-generated task (ED2), in that the
use of physics concepts (PC) is more prevalent than design
thinking (DT). It probably suggests that the open-ended na-
ture of the student-generated task (ED2) fostered a greater
discussion of the underlying physics concepts. Our findings
merit further investigation.

VI. LIMITATIONS & FUTURE WORK

While group discussions are rich sources of ‘in-the-
moment’ thinking, they often lack the depth and cogency
of thought found in written work. Also, large enrollment
courses, overseen by multiple TAs with varying styles, in-
troduce uncontrollable variables. Our analysis does not delve
into the variations in thinking among individual group mem-
bers, nor does it account for group dynamics — another hidden
variable. Any differences that we find between the instructor-
assigned (ED1) and student-generated (ED2) tasks could be
partly due to the fact that ED2 occurred later in the semester.
Our findings are specific to the instructor-assigned task which
may influence student motivation and engagement. The 14
groups of students selected for the study may not be repre-
sentative of the entire student population. Further, our find-
ings are dependent on how student-groups may interpret the
term ‘free-flowing’ in the prompts. Similarly, definitions of
‘science’, ‘technology’, and ‘engineering’ continue to be de-
bated [54]. Moreover, the ways of thinking presented here
are not mutually exclusive. Human learning is a complex,
continuous process occurring through our interactions with
the world, influenced by our prior knowledge, and ongoing
reflection [20, 60].

While students used Python for coding, our study reveals
nothing about their coding skills. Future research will analyze
students’ written reports for insights into their mathematical
thinking and Python coding skills, addressing Computational
Thinking as a fifth dimension to WoT. [11, 61].

VII. ACKNOWLEDGEMENTS

ChatGPT-3.5 was employed only to ‘wordsmith’ passages,
but not for any analysis. Thanks to Dr. Amogh Sirnoorkar
for his insights on qualitative analysis. This work is sup-
ported in part by U.S. National Science Foundation grant
DUE-2021389. Opinions expressed are of the authors and
not of the Foundation.



[1] National Research Council, Next Generation Science Stan-
dards: For States, By States (The National Academies Press,
Washington, DC, 2013).

[2] F. Fischer, C. Wecker, A. Hetmanek, J. Osborne, C. A.

Chinn, R. G. Duncan, R. W. Rinhart, S. A. Siler, D. Klahr,

and W. A. Sandoval, The interplay of domain-specific and

domain-general factors in scientific reasoning and argumenta-
tion (Boulder, CO: International Society of the Learning Sci-

ences, 2014).

M. Honey, Committee on Integrated STEM Education: Mar-

garet Honey, Greg Pearson, and Heidi Schweingruber, Editors

(Publisher Name, 2014).

[4] N. R. Council et al., A framework for K-12 science educa-
tion: Practices, crosscutting concepts, and core ideas (Na-
tional Academies Press, 2012).

[5] N. R. Council et al., STEM integration in K-12 education:

Status, prospects, and an agenda for research (National

Academies Press, 2014).

V. Shekoyan and E. Etkina, Introducing ill-structured problems

in introductory physics recitations, in AIP Conference Proceed-

ings, Vol. 951 (American Institute of Physics, 2007) pp. 192—

195.

C. J. Atman, R. S. Adams, M. E. Cardella, J. Turns, S. Mos-

borg, and J. Saleem, Engineering design processes: A compari-

son of students and expert practitioners, Journal of engineering

education 96, 359 (2007).

S. Mosborg, R. Adams, R. Kim, C. Atman, J. Turns, and

M. Cardella, Conceptions of the engineering design process:

An expert study of advanced practicing professionals, in 2005

Annual Conference (2005) pp. 10-337.

[9] M. Dalal, A. Carberry, L. Archambault, et al., Developing
a ways of thinking framework for engineering education re-
search, Studies in Engineering Education 1, 108 (2021).

[10] D. Slavit, E. Grace, and K. Lesseig, Stem ways of thinking.,
North American Chapter of the International Group for the
Psychology of Mathematics Education (2019).

[11] D. Slavit, E. Grace, and K. Lesseig, Student ways of thinking in
stem contexts: A focus on claim making and reasoning, School
Science and Mathematics 121, 466 (2021).

[12] Y.-C. N. Lien, W.-J. Wu, and Y.-L. Lu, How well do teach-
ers predict students’ actions in solving an ill-defined problem
in stem education: a solution using sequential pattern mining,
IEEE Access 8, 134976 (2020).

[13] L. D. English, Ways of thinking in stem-based problem solv-
ing, ZDM-Mathematics Education 55, 1219 (2023).

[14] V. Talanquer and J. Pollard, Let’s teach how we think instead
of what we know, Chemistry Education Research and Practice
11, 74 (2010).

[15] R. Subramaniam, A. Bralin, J. Morphew, C. Rebello, and
N. Rebello, Characterizing student thinking and evidence-
based reasoning during an engineering design activity in intro-
ductory physics., in Proceedings of the National Association
for Research in Science Teaching, edited by NARST (Chicago,
2023).

[16] R. Subramaniam, A. Bralin, J. Morphew, C. Rebello, and N. S.
Rebello, Characterizing the ’design-science gap’ in an engi-
neering design-based laboratory unit in an introductory physics
course for future engineers, in 2023 Physics Education Re-
search Conference Proceedings (2023) pp. 344-349.

(3]

(6]

(7]

(8

—_—

95

[17] M. M. Cooper, M. D. Caballero, D. Ebert-May, C. L. Fata-

Hartley, S. E. Jardeleza, J. S. Krajcik, J. T. Laverty, R. L. Matz,

L. A. Posey, and S. M. Underwood, Challenge faculty to trans-

form stem learning, Science 350, 281 (2015).

C. C. Chase, L. Malkiewich, and A. S Kumar, Learning to no-

tice science concepts in engineering activities and transfer sit-

uations, Science Education 103, 440 (2019).

M. J. Luna, S. J. Selmer, and J. A. Rye, Teachers’ noticing

of students’ thinking in science through classroom artifacts:

In what ways are science and engineering practices evident?,

Journal of Science Teacher Education 29, 148 (2018).

[20] E. Etkina and G. Planinsi¢, Thinking like a scientist, Physics
world 27, 48 (2014).

[21] C. M. Firetto, E. Starrett, and M. E. Jordan, Embracing a cul-

ture of talk: Stem teachers’ engagement in small-group dis-

cussions about photovoltaics, International Journal of STEM

Education 10, 50 (2023).

J. Bennett, S. Hogarth, F. Lubben, B. Campbell, and A. Robin-

son, Talking science: The research evidence on the use of small

group discussions in science teaching, International Journal of

Science Education 32, 69 (2010).

C. E. Wieman, The similarities between research in education

and research in the hard sciences, Educational Researcher 43,

12 (2014).

J. M. Case and G. Light, Emerging research methodologies in

engineering education research, Journal of Engineering Educa-

tion 100, 186 (2011).

[25] I. Wilkinson, A. Soter, and P. Murphy, Developing a model of
quality talk about literary text, Bringing reading research to life
, 142 (2010).

[26] R. Chabay and B. Sherwood, Matter and Interactions (Wiley,
2015).

[27] X. Wu, Improving children’s engagement and learning through
free-flowing discussions: Impact of collaborative reasoning
discussion (University of Illinois at Urbana-Champaign, 2009).

[28] L. Murphy, N. B. Eduljee, and K. Croteau, Teacher-centered
versus student-centered teaching: Preferences and differences
across academic majors, Journal of Effective teaching in
Higher education 4, 18 (2021).

[29] P. Nihas, Chapter 7: Qualitative analysis, in Research design
and methods: an applied guide for the scholar-practitioner
(Sage Publications, 2020) pp. 99-112.

[30] E. G. Guba, Y. S. Lincoln, et al., Competing paradigms in
qualitative research, Handbook of qualitative research 2, 105
(1994).

[31] E. A. Siverling, T. J. Moore, E. Suazo-Flores, C. A. Mathis, and
S. S. Guzey, What initiates evidence-based reasoning?: Situ-
ations that prompt students to support their design ideas and
decisions, Journal of Engineering Education 110, 294 (2021).

[32] EngineerGirl, Engineering design, https://www.engineergirl.
org/128119/engineering-design (Accessed: 2022).

[33] Reach Out Michigan, Fun science experiments: Concepts,
https://www.reachoutmichigan.org/funexperiments/concepts.
html (Accessed: 2022).

[34] Center for Teaching, Vanderbilt University, Metacognition,
https://cft.vanderbilt.edu/guides-sub-pages/metacognition/
(Accessed: 2022).

[35] A. Bralin, J. Morphew, C. Rebello, and N. S. Rebello, Analy-
sis of student essays in an introductory physics course using

[18]

[19]

[22]

(23]

(24]



natural language processing, in Physics Education Research
Conference 2023, PER Conference (Sacramento, CA, 2023)
pp- 58-63.

[36] A.R. Cavagnetto, B. Hand, and J. Premo, Supporting student
agency in science, Theory into practice 59, 128 (2020).

[37] J. Reeve and C.-M. Tseng, Agency as a fourth aspect of stu-
dents’ engagement during learning activities, Contemporary
educational psychology 36, 257 (2011).

[38] M. H. Stenalt and B. Lassesen, Does student agency benefit
student learning? a systematic review of higher education re-
search, Assessment & Evaluation in Higher Education 47, 653
(2022).

[39] P. Wiliams, Student agency for powerful learning., Knowledge
Quest 45, 8 (2017).

[40] Z. Y. Kalender, M. Stein, and N. Holmes, Sense of agency,
gender, and students’ perception in open-ended physics labs,
arXiv preprint arXiv:2007.07427 (2020).

[41] Y. Li, A. H. Schoenfeld, A. A. Disessa, A. C. Graesser, L. C.
Benson, L. D. English, and R. A. Duschl, Design and design
thinking in stem education (2019).

[42] C. M. Cunningham, Engineering is elementary, The bridge 30,
11 (2009).

[43] D. L. Householder and C. E. Hailey, Incorporating engineer-
ing design challenges into stem courses, NCETE Publications
(2012).

[44] M. Lipman, Promoting better classroom thinking, Educational
psychology 13,291 (1993).

[45] V. Svihla, Y. Chen, and S. Kang, A funds of knowledge ap-
proach to developing engineering students’ design problem
framing skills, Journal of Engineering Education 111, 308
(2022).

[46] E. Kuo, M. M. Hull, A. Gupta, and A. Elby, How students
blend conceptual and formal mathematical reasoning in solv-
ing physics problems, Science Education 97, 32 (2013).

[47] E. F. Redish and E. Kuo, Language of physics, language of
math: Disciplinary culture and dynamic epistemology, Science
& Education 24, 561 (2015).

[48] S. S. Vattam and J. L. Kolodner, On foundations of technolog-
ical support for addressing challenges facing design-based sci-
ence learning, Technology Enhanced Learning and Cognition
27,233 (2011).

[49] S. Puntambekar and J. L. Kolodner, Toward implementing dis-
tributed scaffolding: Helping students learn science from de-

96

sign, Journal of Research in Science Teaching: The Official

Journal of the National Association for Research in Science

Teaching 42, 185 (2005).

J. L. Kolodner, P. J. Camp, D. Crismond, B. Fasse, J. Gray,

J. Holbrook, S. Puntambekar, and M. Ryan, Problem-based

learning meets case-based reasoning in the middle-school sci-

ence classroom: Putting learning by design (tm) into practice,

The journal of the learning sciences 12, 495 (2003).

J. Chao, C. Xie, S. Nourian, G. Chen, S. Bailey, M. H. Gold-

stein, S. Purzer, R. S. Adams, and M. S. Tutwiler, Bridging

the design-science gap with tools: Science learning and design
behaviors in a simulated environment for engineering design,

Journal of Research in Science Teaching 54, 1049 (2017).

L. K. Berland, T. H. Martin, P. Ko, S. B. Peacock, J. J. Rudolph,

and C. Golubski, Student learning in challenge-based engineer-

ing curricula, Journal of Pre-College Engineering Education

Research (J-PEER) 3, 5 (2013).

[53] C. Owen, Design thinking: Notes on its nature and use, Design
research quarterly 2, 16 (2007).

[54] H. Radder, Science, technology and the science-technology re-
lationship, in Philosophy of technology and engineering sci-
ences (Elsevier, 2009) pp. 65-91.

[55] C. Hoyles, What is the point of group discussion in mathemat-
ics?, Educational studies in mathematics 16, 205 (1985).

[56] J. L. Lemke, Talking science: Language, learning, and values.
(ERIC, 1990).

[57]1 A. Sfard, P. Nesher, L. Streefland, P. Cobb, and J. Mason,
Learning mathematics through conversation: Is it as good as
they say?, For the learning of mathematics 18, 41 (1998).

[58] M. Goos and S. Kaya, Understanding and promoting students’
mathematical thinking: a review of research published in esm,
Educational Studies in Mathematics 103, 7 (2020).

[59] J. Fouché, P. D. Lamport, and A. Mark, Do metacognitive
strategies improve student achievement in secondary science
classrooms?, Christian Perspectives in Education 4, 4 (2011).

[60] J. E. Zull, The art of changing the brain, Educational Leader-
ship 62, 68 (2004).

[61] H. W. Fennell, J. A. Lyon, A. J. Magana, S. Rebello, C. M.
Rebello, and Y. B. Peidrahita, Designing hybrid physics labs:
Combining simulation and experiment for teaching computa-
tional thinking in first-year engineering, in 2019 IEEE Fron-
tiers in Education Conference (FIE) (IEEE, 2019) pp. 1-8.

[50]

[51]

[52]



