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Teacher Perspectives of Outcomes and Challenges Resulting from
Students' Interactions with MATLAB in e4usa (Fundamental)

Abstract

As part of the e4usa curriculum, a MATLAB model has been developed and implemented in
order to cultivate engineering and computational thinking skills in high school students. The
MATLAB model uses a live script that allows students to interact with sliders and dropdown
menus to change parameters on a water filtration model. With computational skills increasingly
in demand, the literature suggests that adding computational thinking and coding skills as a new
form of literacy is crucial for preparing future engineering professionals. Additionally, to ensure
that students are better prepared by the time they reach their post-secondary studies, early
exposure to computational thinking skills has valuable implications.

In this fundamental paper, we describe outcomes resulting from students' interactions with
MATLAB in e4usa. The mathematical model allows the students to analyze the effects of
different filtration materials, impurities to be removed, length of the water filter, and the space
between particles in their filtration material. Using at first a mathematical model rather than
testing physical materials will allow them to learn more about their potential filtration materials
so that they may make more informed decisions about which filtration materials they want to
select for their design and use in the prototype that they build and test. With that said, we focus
on student outcomes in this design activity. We hypothesize that this modeling activity prior to
design may reduce the time spent in physical testing as well as the volume of materials
consumed. Additionally, we are inquisitive about the impact that it has on the subsequent design
activities compared to previous semesters where this lesson was taught, where it was observed
that students spend a considerable amount of time trying out different materials.

As part of our data, we have collected teacher data from surveys, pre and post-responses about
their expectations, attitudes, and perceived value of implementing the MATLAB model in their
classrooms, class observation data from at least two schools where we noted the interactions
between the teachers and students, and teacher and student focus groups at the end of the
semester where we expect to collect richer data from these two groups that will allow us to
triangulate data collected from surveys and classroom observations.

Introduction

The goal of the NSF-funded effort, e4usa, is to advance knowledge and understanding of how
high school-level engineering curriculum and related professional learning might be developed
to foster the diversity and the number of high school educators and students engaged in
engineering. The curriculum presents this new approach to engineering through four major
concepts: connecting with engineering, engineering in society, engineering professional skills,
and engineering design. e4usa attempts to pique the attention of both students and instructors. In
that regard, as part of our curriculum, a mathematical modeling tool, based on the MATLAB live
script environment, has been implemented in order to broaden the experience of our students
with engineering design. MATLAB was chosen due to its blend of text, comments, images,



equations, and programming that makes engineering modeling and programming more attractive
to the students that are new to it [1],[2]. One of the most important skills that engineers have is
their ability to do engineering modeling informed by STEM principles. In addition to fostering
engineering design thinking, this newly added lesson aims to develop students’ computational
thinking skills, which are increasingly important in our current economy. This lesson aims to
benefit students in their future career endeavors either in engineering or other fields.
Furthermore, to ensure that students are better prepared by the time they reach their
post-secondary studies, early exposure to computational thinking skills has valuable implications

[21.[3]-

Project Overview and Introduction to the Tool

A lesson entitled, Researching a Water Filter: Mathematical Modeling, has been introduced into
the e4usa curriculum. This lesson is based on the newly designed MATLAB model, using a live
script where the students can change parameters on the water filtration model implemented in the
Design Selection section as part of Unit 2 (see Appendix A). Through this unit, students are able
to participate in a guided engineering challenge that involves developing a solution to a global
issue. In Unit 1 and 2, they are provided with the necessary skills and knowledge to design and
construct a prototype that can address a specific need. The project is based on the NAE's Grand
Challenges, which states that the world's water supply is facing increasing threats [4]. After
forming teams and learning about effective teamwork, teams progress through the steps of the
engineering design process. This involves identifying constraints and success criteria, reviewing
relevant scientific information, coming up with design solutions using the MATLAB tool,
building prototypes, and creating a plan for testing. Finally, teams must consider how to improve
their design and effectively communicate their solution to relevant parties.

In this activity, the students are prompted by their teacher to create a water filter on their
camping trip to substitute for the filter they left at home using only materials found in their
backpack. Their goal is to remove impurities in the water that their teacher gives them and make
the water more potable. The mathematical model here allows them to analyze the effects of
different filtration materials, impurities to be removed, length of the water filter, and the space
between particles in their filtration material based on the Crittenden et al.'s [5] book example.
The tool allows the students to test only one material at a time; they then can save their trials by
saving the graph displaying the performance curve and the text output at the bottom of the
modeling sheet displaying the model inputs and corresponding outputs (See Appendix A Fig 2.).

Using at first a mathematical model rather than testing physical materials allows the students to
learn more about potential filtration materials. This allows students to make more informed
decisions about which filtration materials they want to select for their design and use in the
prototype that they build and test. In addition, mathematical modeling can be very demanding to
perform by hand because of the quantity of calculations or the advanced level of mathematics.
Therefore the MATLAB programming platform was chosen to ease that task. Using the
MATLAB .mlx interface in “Hide code” mode does not require students to code in order to use
the model, and is more geared towards practicing engineering design and computational skills

[6].



Aim of project

In this paper, we aim to describe outcomes and challenges resulting from students' interactions
with MATLAB in e4usa. The specific research questions addressed are:

RQ 1 How did the MATLAB tool help students in their subsequent design activity? To what
extent did students enjoy using a mathematical model to inform their engineering design
decisions?

RQ 2 What were the challenges faced by the students using this tool and suggested areas of
improvement for it?

RQ 3 Were the students curious about the actual code behind this tool, in other words, did the
student go beyond the mathematical modeling interface to the coding window?

Background

In K-12 education, computational thinking is becoming increasingly important, especially in
relation to engineering decision-making, as evidenced by the rising corpus of research on the
subject. A core ability that can aid students in developing their problem-solving abilities, logical
reasoning, and creativity is computational thinking [3], [7]. Moreover, Wing suggests that
computational thinking “complements and combines mathematical and engineering thinking...as
computer science inherently draws on engineering thinking, given that we build systems that
interact with the real world” [7]. To date, there has been a growing focus to include
computational thinking in K—12 curriculum, especially through the teaching of computer science
and coding skills [8]-[12].

However, there is a gap in the literature regarding how to effectively integrate computational
thinking and engineering design into K-12 education. While there are some programs and
initiatives that have incorporated these concepts, there is still a lack of consensus on best
practices and how to measure student outcomes. For this reason, understanding ways in which
students engage with this newly implemented lesson in the curriculum was of primary
importance.

Positionality Statement

In this paper, the primary author draws from his experiences using computational tools as an
undergraduate student in Chemical and Biomolecular Engineering. As an undergraduate student,
he along with several fellow students struggled with a lack of understanding in a required course
in numerical and computational methods (NCM). Despite the fact that he obtained a good grade
in this course, he did not retain or fully grasp much of the information taught in this course. He
eventually learned these skills while working at research laboratories and by doing some
personal research on mathematical modeling. As a result, this motivated him to explore the topic
of numerical and computational methods in engineering and computing education, which can



subsequently help to broaden the understanding of these methods and ensure that future students
have a better experience learning and applying these tools in their work. He is currently a
doctoral student in engineering education and developed the MATLAB based tool described in
this paper with the support of MathWorks®.

Study Context

This study is a component of a larger NSF-funded project, e4usa, which began in 2018. e4usa’s
intent is on advancing knowledge and understanding of how high school-level engineering
curricula and related professional learning can be designed to increase the number and diversity
of high school teachers and students participating in engineering, while keeping at core
inclusivity for all students and teachers [18]. Furthermore, the curriculum's goal is to highlight
the concept of thinking like an engineer rather than just developing more engineers.

Methods

For this paper, we share a full analysis from a teacher focus group with four teachers. In this
focus group, we asked these instructors about their classroom experiences with the MATLAB
tool. These teachers taught the lesson between one and two class periods. We report specifically
on experiences that the teachers reported in the focus groups as it related to their students’
overall engagement with MATLAB. Table 1 below presents the teachers’ school background and
demographic information.
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Data Collection and Analysis

We conducted teacher end-of-semester semi-structured focus groups after implementing the new
MATLAB activity. The focus group questions were centered around seven main topics:

Did the teachers chose to use the tool in their classroom

How long did it take to prepare for it

Did they have prior knowledge using MATLAB or a similar modeling software

How useful was this tool in their classroom, their thoughts about the tool (good and area
of improvement)

The students’ reactions to the MATLAB tool

The benefits that their students found in using this tool

e The impact that the tool had on the final design of Unit 2 (compared to other years for
returning teachers) and the overall enjoyment of using mathematical modeling to inform
their engineering design decisions.

The focus group was conducted online over Zoom and was recorded. The audio file was
uploaded to Microsoft Word Online to be transcribed, where the transcript was corrected by hand
as needed. The transcript was uploaded into Dedoose v9.0, which is a cloud based qualitative and
mixed method data analysis tool [19]. The next step was to code the transcript inductively; the
co-authors first individually coded the transcript. After the individual coding was complete, the
team discussed the individual code books and agreed on a final master code book (See Appendix
B).

Results

In this paper, when referencing students, we talk about what teachers shared about their students’
experiences. We acknowledge that we do not share findings associated with the students’
perspectives themselves, but rather focus on the students’ experiences from the teachers’
perspectives. Future work will include student focus group data. Additionally, we define “new
teachers” as instructors who are teaching the curriculum for the first time and “returning
teachers”as instructors teaching the curriculum for at least the second time. For this study, we
had three new teachers and one returning teacher. We refer to these teachers in this paper using
pseudonyms selected by the research team.

We describe the findings drawn from the focus groups below, and we organize our
findings around the three research questions presented earlier. Emergent themes describing
teachers’ reports on their students’ interaction with the tool are described below. We define the
first theme, described in responding to Research Question 1, as Benefits of and engagement with
the tool. The second theme, explained in answering Research Question 2, is Lack of engagement
with the tool. The third theme is Curiosity about the tool, which is articulated in our answer to
Research Question 3.

The themes all map onto parent and/or child codes presented in Appendix B. For
example, the findings provided under Benefits of and engagement with the tool are drawn from
the parent code Recognition of relevance of MATLAB — Students demonstrate an appreciation for
how MATLAB can be useful as well as its associated child codes. Findings provided under Lack



of engagement with the tool are derived from the following two parent codes and their associated
child codes: Parent code: Relevant prior experience - Students have done some prior work that
makes their experience with MATLAB more impactful, meaningful, efficient, etc. and Challenges
using MATLAB — Students have some difficulty using MATLAB.

RQ 1: Benefits of and engagement with the tool

The first research question aims to capture how the MATLAB tool benefited students in their
subsequent design activity. The emergent themes depict the students' recognition and relevance
of MATLAB in their work and the extent to which they appreciated the tool. Teachers reported
that when working on building their water filters, students used information derived from the
MATLAB model in coming up with solutions, designs, etc. Karla, one of the new teachers,
reported the following:

I had a student who was using the cheesecloth and she was like, you know what? No, I
don't think I want to use this anymore because I just don't think she's like where I placed
it. It's probably not the right place to put it...I want to change that out. So she went back
and changed her design. And so I think it has its advantages.

Karla continued, saying:

I think for some of them, well, they're in groups, so what I did is as a group, I told
everyone in the group would sketch their own design of how they think it should look
like based on their prior research, and then I told them to pick the three that they thought
were really good...prototypes that they can use and kind of compare amongst them and
then...at the end they would be able to go back and say... which prototype would best
and then which one they would improve on so I had them sketch that and then use
them... and then from that they were kind of able to decide if they were going to change
parts of their design, but not a lot of them changed everything, but it did get them
thinking about when they actually build.

A new teacher, Franck, reported that:

I think probably the impact of the design...seemed like a couple of the groups actually try
to decide which materials to use based on which ones seem to more the type of material
that they could see. There was a relationship getting into details, but just at least which
type of materials they tried to select, at least for their first pass,..,and...there was one or
two kids who did kind of get into it,..,a little more like playing with it beyond the
tables...and this only does this much and you know they were curious and playing like a
a game so that was good to see.

Similarly, another new teacher, Sandra, reported that:

They really did like being able to do it versus plugging in some of their own stuff they
didn't have to keep reading, running, keep redoing, they could just...buy all the materials.
Granted I bought them a couple years ago, didn't get to use them for COVID but limited
amount of materials so we didn't have to worry about running out. They knew it was



going to work, and basically they turned it into a game where they could find out who
could filter out the most cooties..., because they were trying. None of them did very well
with E. Coli, but they were doing really well on the others.

Similarly, the returning teacher, Paul, reported that:

I think my kids love the idea of the whole thing like they recognize how it would be
useful pretty much right away that they wouldn't have to do kind of a trial and error
approach, but then I think they got a little bit frustrated with when they got down to the
details of it and realized, wait a minute, we can't have a meter and a half filter bed in this
little thing and then when they brought those numbers down, they realized the
percentages would be on the lower side and they felt like that was ineffective and I think
their perfectionism was frustrated by the fact that they weren't going to be able to remove
all of any kind of nasties that would be in the water...I had a couple of my kids that were
in a microbiology class so they bolted down with our samples to "micro[biology
classroom]" and to find out that everything had everything in it. It was growing like
crazy, which was kind of scary and so they were sort of hard on themselves in terms of
their design that work the way they wanted to do, virus vs bacteria kind of situation that
we're filtering out of the dirty water.

These excerpts demonstrate that to some extent, the students are thinking about their iterations
using the modeling tool and thinking about what the results really mean in real world
applications in their design. We also found that some students interacted with the MATLAB live
scripts interface as a “game” and showed some level of excitement using it. When Sandra
mentioned that “None of them did very well with E. Coli”, she is referring to the performance
curve on the model that allows the students to know which parameters of the model perform
better (See Appendix A Fig 2.); in this case, based on their chosen parameters, the students had
very low percent removal. Moreover, some students also found some connections between their
engineering class and their microbiology class.

RQ 2: Lack of engagement with the tool

The second research question aims to capture the challenges faced by the students using this tool
and suggested areas of improvement for it. The emergent themes depict the students’ lack of
recognition of the relevance of the tool, where students do not demonstrate an appreciation for it.
We offer these findings not as a critique of the students, but to share ways in which there
appeared to be a disconnect between the tool’s utility and students’ engagement. Teachers
reported that some students missed the “so what” or bigger picture or doing work in MATLAB
but not seeing how it can help solve challenges in the broader context. For example, Karla
reported that:

They're just like, oh, the numbers are changing...The percent removal you know the
contaminant based on the different changes, they have to come to a final conclusion
of...is this a good filter or is this not a good filter? Did it increase the amount of
contaminants being removed or did it decrease? Like what is it? You know from the math
part they could kind of see that not all of them. Some of them I had to kind of guide them
to that answer,because they just weren't sure. They're like, “Well, what am I
comparing,..what am I supposed to be looking for?”” So I think it could have been a video.



A video could work, but it could also be maybe a model...They could see the changes in
the graph,..,but I don't know if it...made sense, I don't know if they connected really with
them...like we're doing this and the computer's doing this for us and kind of saving the
time. Yeah that part I don't know which is 100%...I thought maybe it would have been
good for them to actually see like a sort of like a a second piece to where they you know
if there was like a simulation where it's like the water is being poured and then it shows
them what it would look like, the color of the water if there would be a color change or
not color change, or if they could actually see the contaminants being kept or or filtered
out. I don't know if that's possible and I'm not sure if that's part of the piece that you guys
are looking for.

Similarly, Franck stated that:

You know some of the kids were not as technically inclined. I don't think [they] really got
what was going on, they were just plugging in numbers and writing stuff down so,...,they
didn't really because it [the activity]...was like one class period and then the next class
period, you know they would actually...build their filter and stuff, and I don't know if
many of them really made a real clean connection that the one is supposed to impact how
they design their filter. Some did, but some really didn't, I guess because one is in the
computer and one is physical, they just didn't really make that connection. A lot of them,
some did, but a fair number didn't.

These excerpts demonstrate that some students missed the reason for using a simulation tool and
the benefit that it has. It is not evident to some students how the work that they are doing in
MATLAB translates to work in their physical engineering project. Additionally, the teachers
make some recommendations on how to improve the visuals of this lesson that would allow the
students and teachers to have a better appreciation of the filtration process.

RQ 3: Curiosity about the tool

The third research question aims to capture the students' curiosity about the code behind the tool,
if they went beyond the mathematical modeling interface to the coding window in MATLAB.
The emergent themes depict that there are mixed responses from different teachers. Franck
mentioned that:

You know there was one or two kids who did kind of get into it...who were a little more
like...playing with it beyond the tables that I gave [to] them. They're like wow...this does
this and...this only does this much and you know they were...curious and playing like a
game.

whereas Karla stated that “from when I was walking around the room I don't think any of them
did that. I think they were just more or less just trying to make sure they got the parameters
right.” Overall, most students focused on the primary engineering design objective with some
rare occasion digging into the coding view of the tool.



Discussion, Implications, and Future Work

Understanding ways in which students engage with this new lesson in the curriculum has the
possibility to shape the future of pre-university engineering programs. By exposing students to
engineering design and computational skills, they will be better prepared to pursue baccalaureate
and even advanced engineering degrees. As noted by Barr et al:

It is no longer sufficient to wait until students are in college to introduce these concepts.
All of today’s students will go on to live a life heavily influenced by computing, and
many will work in fields that involve or are influenced by computing. They must begin to
work with algorithmic problem solving and computational methods and tools in K-12.[3]

The findings here provide us with some insight into the student outcomes in this design activity
informed by mathematical modeling powered by the MATLAB live script interface. Emergent
themes demonstrate that some students are thinking and engaging deeply with the modeling tool.
Results also show that they are using the tool to consider real world applications in their design.
This reflects findings from Botelho et al., who suggest that the educational use of a computer
simulation is the emphasis on exploring by running the simulation numerous times. This allows
students to examine various scenarios and assumptions as part of the “theory-building
process”’[13]. This then allows the students to gain some hands-on experience at the comfort of
their computer, with the flexibility of running the model as many times as needed. It also allows
them to take note of their iterations as part of their scientific inquiry (See Appendix A Fig 2.).

Additionally, an interesting finding was that teachers reported that some students interacted with
the MATLAB live scripts interface as a “game” and showed some level of excitement using it.
This is particularly interesting as this tool might have a familiar interface that piques the interest
of the students more readily than traditional pen and paper class activities. Similarly, Deshpande
et al.[14] noted that engineering topics can be presented in new and innovative ways through the
use of computer simulation games, interactive environments, and refined graphics. These can be
utilized to stimulate students' problem-solving and presentation skills. Moreover, through the use
of simulation tools, students can learn how to make their own decisions and manage their
mistakes in a real-world setting [14]. In parallel to simulation tools, other technology-based
learning experiences in engineering education such as virtual reality have been reported to
increase students’ “cognitive and pedagogical gains” leading to an increase in performance and
grades [15].

Other emergent themes include the students' lack of engagement with the tool or lack of
appreciation for and other challenges associated with the tool. The underlying purpose and
benefits associated with using the tool may not have been readily apparent to the students. As
noted in the findings, it was not evident to some students how the work that they were doing in
MATLAB translates to work in their physical engineering project. It is to be noted that this is the
first time that this activity was implemented in the classroom, and that the activity lasted for a
short duration of time. In fact, it would likely have required more time for some students to adapt
to it and to become more adept using it. In that regard, educational psychologists Mayer et al.
recommend “pre-training” where the students are acquainted with the multimedia system where
they will be completing a task before completing the desired activity, allowing them to construct
mental models and build confidence [16]. Lyon et al. in the context of using MATLAB in a



capstone engineering class reported that “pre-training is often able to lessen the amount of
information that a student needs to process at any given time during a learning task™ [17].
Moreover, a teacher mentioned that the activity was only covered during one class period and
could have been rushed for some. Furthermore, in addition to the teacher’s manual and student’s
handout, teachers made some recommendations on how to improve the visuals of this lesson,
where instead of the introductory image (See Appendix A Fig 1.), a video showing a dynamic
simulation of the water filter would be appreciated by the students and teachers. This would
allow for an opportunity of “pre-training” by providing better visuals and explanations of the
task.

Areas for future research

This current work only looked at what teachers shared about their students’ experiences. Further
expansion of this work will involve looking at our class observations, student focus groups, and
teacher surveys which will include quantitative statistical analysis. This work will allow us to
further our understanding of computing tools that may help with engineering design at the K-12
level. In addition, suggestions collected from the tool will be implemented and could also lead to
future studies.
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Appendix
Appendix A

As a note, the MATLAB tool described in this paper can be accessed by clicking here. By
clicking on “Launch this activity”, you will access the mathematical model as shown below.
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Fig 1. Main view of the MATLAB modeling page where the model parameters are adjusted
using these drop down menus and sliders


https://www.mathworks.com/campaigns/products/computational-thinking-examples.html
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Fig 2. Graph displaying the performance curve of the chosen parameters displaying the removal
percentage (R) and text output at the bottom of the modeling sheet displaying the model inputs
and corresponding outputs

Appendix B

Parent code: Recognition of relevance of MATLAB — Students demonstrate an appreciation for
how MATLAB can be useful

Child code: Students make design decisions based on results — When working on an
engineering project, students use information derived from MATLAB in coming up with
solutions, designs, etc.

Child code: Students see the value of the MATLAB tool — Students show that they
understand at least some of the benefits of MATLAB

Child code: Students seek to validate tool — Participants in the course attempt to confirm
or verify what MATLAB is telling them with respect to a project, task, etc.

Parent code: Lack of recognition of the relevance of MATLAB — Students do not demonstrate an
appreciation for how MATLAB can be useful

Child code: No connection between computational and physical models — It is not evident
to students how the work that students are doing in MATLAB translates to work in their physical
engineering project, task, etc.

Child code: Missing the “so what” or bigger picture — Students may be doing work in
MATLAB but not seeing how it can help solve challenges in the broader context



Parent code: Relevant prior experience - Students have done some prior work that makes their
experience with MATLAB more impactful, meaningful, efficient, etc.

Child code: Prior coding experience - Students have done some prior programming that
makes their experience with MATLAB more impactful, meaningful, efficient, etc.

Child code: Familiarity with MATLAB — There is a reference to prior experience with
MATLAB

Child code: Reduced learning curve due to prior experiences with software — There is
reference to some earlier work in MATLAB, programming or other types of software that make
this activity easier

Parent code: Challenges using MATLAB — Students have some difficulty using MATLAB

Child code: Students frustrated with an aspect of the tool — There is a reference to some
level of frustration with using MATLAB in this activity

Child code: Students frustrated with parameters, values — Students have difficulty with
manipulating parameters, obtaining certain values for the activity, etc.

Child code: Students did not understand what they were doing — Students appear not to
understand one or more aspects of the MATLAB assignment

Parent code: Relevance to other courses — There is evidence that what they are doing for this
activity connects to one or more courses that they have taken

Parent code: Enjoyment/engagement with MATLAB — Students are described as having a good
time and/or being engaged with MATLAB

Parent code: Going “deep” with MATLAB; exploring MATLAB in depth — Students seem to go
beyond just the activity’s requirements to unpack MATLAB’s “black box™ or to see what else
MATLAB can do

Parent code: Less of an inclination to explore/engage with MATLAB in depth — Students only
engage with MATLAB in a cursory way “on the surface”

Parent code: Additional resources needed to make activity more meaningful — There is evidence
that more support or resources are required to make this a more meaningful exercise for students



