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Background

Every student admitted to Dartmouth who wishes to, is capable of becoming an engineer. Some
students who matriculate with an interest in engineering ultimately choose not to major in
engineering for good reasons, such as discovering that another major better aligns with their
deeper interests, but far too many leave engineering because of gatekeeper courses. Rather than
allowing students to explore engineering, the gatekeeper mathematics courses discourage
students from continuing to engineering; and the lower students’ math placement, the longer they
must wait to experience engineering, as they slog through courses taught by and for
mathematicians.
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Figure 1. Number of students who left versus persisted in the engineering major, by math
placement (cumulative data from Dartmouth graduating classes of 2014 through 2023)

Figure 1 paints a dire picture around these inequities: Students at Dartmouth with an engineering
interest who placed into Precalculus were almost never retained in engineering (only ~5% of the
students interested in engineering who started in Precalculus ended up majoring in engineering),
and the majority (68%) of those who placed into Single Variable Calculus also left engineering.
While retention increases to 56% and 59%, respectively, for students who placed into
Multivariable and Vector Calculus, there are still many students leaving at this point. Dartmouth
engaged in an extensive self-study in 2022 to better understand how aspects of the STEM
ecosystem attract, retain, or deter students from historically underserved groups from pursuing
STEM courses, majors, and career paths in these fields. The following main issues related to
Dartmouth STEM courses were identified (Char and Jewiss, 2022):

e Courses are too theoretical, with little context or real-world application;

e The learning environment is competitive rather than supportive; and

e Preparation among students, particularly in math and science, varies widely.

Quotes from students interviewed for the study (Char and Jewiss, 2022) illustrate these issues:



o “My problem with the STEM departments at Dartmouth is there’s really not a lot of
applications, which is what | wanted to find. The math is really theory-based.”

e “You're really outmatched, and not because you’re not smart, but because you just didn’t
get the same opportunities.”
“They [math classes] act as weeder classes.”
“It’s really challenging, especially in a ten-week term. You get smacked in the face and
there’s not enough time to recover.”

Research Questions

Our main research questions are as follows:

e Does students’ self-efficacy in mathematics and engineering increase when mathematical and
engineering concepts are introduced and surveyed in a hands-on fashion before students take
more theoretical courses?

e Are we better able to retain FGLI students in engineering if they are introduced to
mathematical concepts through engineering applications during the summer before their first
term?

Program Description

First-generation, low-income (FGLI) students admitted to xxx were invited to participate in a 3-
week long summer program aimed at helping them build a cohort, develop a support network,
sample academic classes, determine where to go for help, and explore different possible majors.
81 FGLI students participated in the program in 2024, which included 3 intensive mini-courses
during the 3-week summer program: a STEM course, a writing course, and a study-skills course.
The authors developed and taught the STEM course, which was revised in 2024 to incorporate
mathematics, with the goal of putting mathematics into context and hopefully retaining more
students.

While there were no grades given for the mini-course, students were asked to submit work both
before and after class as a way to get them used to college courses and hold them accountable for
the material. In an effort to make the material engaging to students from a wide range of
backgrounds and interests (not all are planning to major in STEM) and to provide context to the
concepts, music was used as a thread for the program. Contextualized courses have been found
to improve student confidence and learning (Govindasamy et al., 2018) and tackling engineering
design problems has been shown to increase engineering identity and persistence (Gray et al.,
2021; Morelock, 2017). Through the STEM course students:

1. Used mathematics to solve engineering and physics related problems;

2. Built and tuned a thumb piano;

2. Used breadboards to create an electric circuit and an electronic piano;

3. Reflected on their own learning.


https://www.zotero.org/google-docs/?jXhmph

Some of the materials for the FYSEP program were adapted from a highly successful
Mathematical Concepts in Engineering course that was created and taught by one of the authors.
ALL students who took Mathematical Concepts in Engineering in 2018 and who came to xxx
with an interest in engineering have been retained in the major. The emphasis in both
Mathematical Concepts in Engineering and the FYSEP program was on engineering problem-
solving and hands-on activities rather than on mathematical derivations and theory. The
Common Vision Project (Saxe and Brady, 2015), a joint effort between leaders from five
professional associations in the mathematical sciences - AMATYC, AMS, ASA, MAA, and
SIAM - collectively considered undergraduate mathematics curricula and ways to improve
education in the mathematical sciences back in 2015. The report called on the mathematics
community to update curricula with input from representatives in partner disciplines, scale up the
use of evidence-based pedagogical methods, find ways to remove barriers facing students at
critical transition points and establish stronger connections with other disciplines. It called on
instructors to employ a broad range of examples and applications to motivate and illustrate the
material, promote awareness of connections to other subjects, and introduce contemporary topics
and applications. The authors used the principles outlined in the Common Vision project to
design the STEM curriculum for the FYSEP program.

All 81 FGLI students in the FYSEP program participated in the STEM mini-course, which
consisted of 3 two-hour class sessions each week. During the first week, which was led by a
Computer Science faculty member, the students were introduced to Python and did some coding.
Weeks 2 and 3 focused on engineering and mathematics and were led by the authors, both
faculty members in engineering, one trained as a mathematician and the other as an engineer.
Each of the six engineering mathematics sessions led by the authors are described in Table 1.

Table 1. FYSEP STEM Class Sessions

Session Pre-Class Activity [In-Class Activity Post-Class Activity
1 - Intro to Introductory Video [Rolling Ball data collection; mini- Derivatives practice
Derivative [including Rolling  |lecture on derivatives; small group problems and processing
Ball video work of rolling ball data
2 - Derivatives |Use limit definition [Determine and apply shortcuts for Derivatives practice

to find derivatives [finding derivatives in small groups

3 - Breadboard |Introductory Intro to electric circuits mini-lecture;  |Circuits questions
breadboarding video |derivatives in electric circuits,
breadboarding in small groups

4 - Circuits Introduction to Build an electronic piano Circuits questions and
circuits video derivatives practice
5 - Mechanical |Engineering Design and build kalimbas (thumb Engineering and
Engineering [reflections pianos); develop relationships between |derivatives practice

beams and frequency

6 - Connections |Connections activity [Mini-lecture to connect music, math, Reflections and post-
and engineering course survey




As shown in Table 1, each class session included both pre- and post-class activities and most
class sessions involved group-based activities. Students worked in groups of 4-5 around tables.
Four teaching fellows, sophomore students who were hired to help with the program, were
available to distribute supplies and help answer questions in and out of class. The electronic
pianos and kalimbas that students built are shown in Figure 2. Kalimbas were laser-etched
beforehand and students were given a set of tines (steel ‘beams’) and support pieces that they
then had to assemble and tune by adjusting the length of the tines. Electronic pianos involved
resistors, buttons, a 555 timer, 9-volt battery, piezo buzzer, and wires that students assembled to
create a full octave of notes. Each student assembled their own kalimba and electronic piano that
they were able to keep.

Figure 2. Electronic Piano (https://www.instructables.com/Simple-Electronic-Piano/) and Kalimba

The NYT Connections game (https://www.nytimes.com/games/connections) was used as an
engaging way to frame the connections between engineering, music, and mathematics. Author
May developed the Connections matrix shown in Figure 3 and used it to discuss ways that
engineering, music, and

mathematics intersected.
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Figure 3. Connections matrix - music, engineering, &
mathematics



https://www.instructables.com/Simple-Electronic-Piano/
https://www.nytimes.com/games/connections

Outcomes and Feedback

Overall, the authors were happy with the curriculum, which had been adjusted to include
mathematics and hopefully served as a better introduction to engineering. In previous years,
students had focused on building only, with no analysis nor mathematics. The inclusion of
mathematics and analysis seemed more representative of engineering as a profession. Despite not
being graded on their work, ~80% of students completed the pre- and post-class assignments.
And attendance was high, with only a few students missing during each class period. In addition,
all students successfully built a kalimba and an electronic piano.

Students were surveyed prior to and after the mini-course to get feedback on their interests,
background, and confidence. When asked to list the major(s) that they were considering, 44 of
the 81 students (~54%) listed a STEM major, and 14 students listed engineering, specifically. On
both the pre- and post-course surveys, students were asked to rank their confidence on different
activities from breadboarding to succeeding in an engineering course using a scale from 1 (no
confidence) to 7 (full confidence). Pre/post responses for several of the questions asked are listed
in Table 2. While in all cases, the post-survey confidence levels increased, only confidence in
Creating Circuits and Using a Breadboard were statistically significant based on a t-test. This is
not too surprising given that many of the students in the program had never seen a breadboard
nor created a circuit prior to the mini-course.

Table 2. Pre- and Post-Course Confidence levels

Rate your level of confidence...: I:Zs;(;l;gie PXS\?(;;;;’:G p-value
Building prototypes 3.79 4.50 0.17
Creating circuits 3.21 4.36 0.03
Using a breadboard 2.64 4.54 0.0004
Finding derivatives 4.50 5.14 0.17
Succeeding in an engineering course 3.79 3.93 0.43

*on a scale from 1 (no confidence) to 7 (full confidence)

Students were also asked to list 3 words they would use to describe engineering; a word cloud
depicting their pre- and post-course survey responses are given in Figures 4 and 5. One of the
main things that emerged was that students much more strongly associated ‘Math’ with
engineering, possibly more strongly than we had hoped but maybe to be expected given that the
first 2 class sessions were dedicated to derivatives and mathematics.



(/r/;m ative 4, LT

Solutions 7)/11/1!1{//

:‘n//t/a/l/f E”y{(f'”/ 0
Scrence

taro Froblem=solving .25, V. hater

Usefil ? e /IflﬂOVﬂte

Necessary Tfli//f

Kepetitive F Electric
un . Frototype
Mechanical Change &
Daunting Building : 4
dg o 11///”

{mpor {(m/ = 4 Computation (e oup Frocess

/-/m;é,;-on ’ o ,a C om, /7/! C a t e a

v, )
J (r; crele

((/r//( m/ Bettor

Thinking ({;1(}[/((({ |

(nrovative

k(’u/m‘&rm

4 ; (/(’[{;{I(l ks Bll'/&m
(m fous C // / /
Derivatives ﬂ ; |
/”m/”mw Fu” j Aﬂ 1Yyt ( rca
Math
C’

//’l( (llo"ll‘ Il/é Dmurmr 7

chtma/ Insightful Complex
7?,,) Curious Math

//m/m( Creatiie

Cre /*ea trl u/e

Z)[ K(: (;{”/(vr /7/1/1//(‘()

Haro H a Exhausting
[nquisitive af‘ }— Diffeult EV/;[{{(’;{,,fj { // )|
Wires o un ol ‘
(3 7- /f H(”.,/) (/m//r\ oy Builling C”‘(”,tJ«'” //

T

Revoluti /W » Practical TmmJ/m/( m/ : [)({(4/1 fm/
et (Wachirne H a = et Fiin
Carions Hands-om a” f 0” Em/‘m/

Machine  (iree

Figure 5. Post-course survey word cloud (created using worditout.com)

Of the 81 students in the program, 41 took a STEM course in the fall of 2024, the fall right after
the summer program was offered, so most of the students who had indicated they were
considering a STEM major took a STEM class in their first term. Most students took a math or
computer science course their first term but a few took a biology or physics course. Of those who
took a STEM course in their first term, 5 ended up withdrawing from the course (all who
withdrew, withdrew from a math course) and 1 received an incomplete (also in a math course).
38 students are enrolled in a STEM course in the winter term (winter 2025), their second term on



campus. Of those students who withdrew from a mathematics course, only 1 has re-enrolled for
the winter. We will continue to track the progress of the 2024 FYSEP cohort (and future cohorts)
through their academic career.

One of the main challenges was the widely varied background of the students, especially with
respect to mathematics preparation. This emerged in the post-course survey comments with
several students suggesting that there should be smaller sections based on mathematics
background and interest. In addition, some students commented that the mathematics that was
presented was too simple, while others commented that it was much too complicated.

Future Directions

While it might be ideal to offer separate, smaller class sessions based on mathematics
background, we are not interested in ‘tracking’ students and want to expose all students to
engineering and mathematics. In the future, we plan to better integrate mathematics and
engineering, following a just-in-time rather than a just-in-case model. In addition, we’d like to
incorporate more design and customization options into the building projects. Thus, rather than
having the first 2 class sessions focused solely on mathematics and derivatives, we’ll introduce
the projects - kalimbas and electronic pianos - earlier and use mathematics as needed to help
design and tune them. We will use and apply mathematics rather than simply introduce
mathematics. That said, we may still include a few mathematics practice problems, maybe at
different levels of difficulty, to help students build confidence. We plan to continue to track
students’ progress through their academic careers.
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