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Integrated Physics and Math course for Engineering Students:
A First Experience

Abstract

This paper presents the curricular design of an integrated course of Physics and Mathematics for
first-year engineering students at a large private university in northern Mexico. The innovation
includes the redesign course content, teaching strategies, classroom environment, technology,
and evaluation.

Richard Feynman stated “The rules that describe nature seem to be mathematical”. This
curricular design uses mathematical laws to study physical phenomena so students can make
strong predictions. This combination of mathematical and physical content uses mathematics as a
powerful tool that offers the concepts and operations needed to analyze and understand physical
models. The main pedagogical approach is modeling by instruction, in which students are
actively engage in the processes of conjecturing, testing and thinking revision.

The classroom setting consists of round tables that accommodate nine students arranged in
groups of three. This setting fosters group interaction, promotes communication, empowers
students, and in turn facilitates the development of learning skills such as argumentation and
self-regulation. The variety of technological tools and equipment available in the classroom
facilitate students’ investigation of various models that were constructed based on their own
observations and measurements.

This is an ongoing project. This paper compares the grades of freshmen who took the integrated
physics-math course and those who enrolled in separate math and physics courses. It will also
present the authors’ conclusions about engineering students’ learning and attitudes towards
physics and math, and competencies fostered by the curricular design and classroom setting.

Background

Integrated math and sciences courses have been a goal for many universities*#*°. Our attempt
focuses on integrating math and physics for first semester engineering students. Traditionally,
physics and mathematics content are taught as separate courses. At our university, the first
attempt to close that gap was a redesign of the mathematics curriculum. This attempt resulted in
a math course that uses physics contexts to trigger the use of math concepts ®. However, the math
and physics courses were still taught separately, and what often occurred was that the physics
course needed to apply some math concepts that had not yet been taught. To bridge the gap
between the math and physics content and the timing of when those concepts are needed, we
decided to design a course for engineering majors that fully integrated the first-semester calculus
course with the first-semester physics course and its corresponding lab. This paper provides a
description of the course, its teaching strategies, the classroom setting, the characteristics of the
participants and the academic results. We also offer our conclusions and proposed steps for the
future.

Course description
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Our integrated physics and mathematics course for first-year engineering majors (Fis-Mat) uses
the physics curriculum as its backbone, with mathematics giving support for idea-building and
operations. In developing this course, we considered the findings of previous research
research”®%!° and added modeling as a principal teaching strategy, along with an innovative
classroom that could double as a physics lab.

The primary goals of the Fis-Mat Project are: a) to improve students’ abilities to make
connections between physics and mathematics, b) to increase students’ motivation to advance in
their engineering studies, and c) to develop diverse competencies, such as critical thinking and
the ability to do collaborative work.

There were four faculty members involved in the development of the Fis-Mat course. All four
faculty member were from the School of Engineering, two each from the Physics and
Mathematics Departments. Joint teaching began in the fall of 2012 with one physics and one
math faculty member. Another faculty member observed the class, and all four met regularly to
discuss the experience and decide on actions to be implemented. The major topics covered in the
Fis-Mat course are presented in Table 1.

Table 1.

Topics covered in Fis-Mat corresponding to Physics I, Calculus I, and some from Calculus 11
(courses for engineering majors).

Physics content Calculus content
* Vectors * Linear model
« Motion at constant speed * Quadratic model
» Motion with constant acceleration * Derivatives
» Constant acceleration, quantitative * Euler’s method
« Motion in two dimensions * Noncontinuous functions
* Energy * Integral
*  Work * Line integral
* Forces » Applications of derivatives and
» Forces of friction integrals
*  Momentum » Applications of mathematical
» Forces of spring and circular motion models
* Rotational and harmonic motion

The implementation strategy of using projects in engineering education has proven successful, as
it fosters individual responsibility in students and creates an environment that is similar to that of
professional engineering. Based on that, this integrated course of physics and mathematics for
freshman engineering students proposes a final project for students to design, implement,
document, and (orally) present. This project was designed to serve as a complex problem that
would allow students to implement what they have learned, use knowledge from their field and
broaden their understanding of these concepts. There were a number of criteria that students had
to meet while working in the project. First, the students needed to make connections between
physical and mathematical concepts and procedures taught in the Fis-Mat course in order to
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solve the problem. Second, the students needed to present the project design before beginning
setting the experiment and collecting the data. Last, the project had to be documented and
presented to the entire class on the last day of classes. The report and the presentation were
graded was grade on the results and creativity of the design project and the oral presentation.

Teaching strategies

Educational research in the disciplines has shown that teaching based on active learning is more
successful than teaching based on the teacher's presentation'®. Richard Hake showed in a study
of 6,000 students that, regardless of their level of knowledge or year in school at the start of the
course, students learn more in active learning classes than in traditional ones'®. Meyers and
Jones™ argue that active learning encourages the student to participate in activities that promote
cognitive modification or acquisition of knowledge.

For the Fis-Mat course, the main active learning strategy implemented was modeling
instruction******!>_ Students worked in formal groups of three to solve the given problems; they
recorded their analysis on portable whiteboards. Then the entire class would sit in a big circle to
discuss their findings. All students were able to see every other group’s boards and were
encouraged to ask questions of their peers (see Fig.1). Most of the physics worksheets were
adopted from the material designed by the Physics Education Research Group lead by Eric
Brewe at the Florida International University.

Figure 1. Students working in groups and whole class discussion.

Other teaching strategies implemented in the Fis-Mat Project are based on educational research
in the disciplines, for example, models®® and tutorials for introductory physics,” among others.
These strategies have been designed by researchers of the discipline (physical or mathematical)
working in academic departments at universities, and are based on rigorous research that has
documented improved student learning through the use of these strategies. One strategy that has
been very successful in classrooms with spaces for laboratory type work is presented by
Thornton and Sokoloff'®. This strategy, which requires investment from the beginning of the
course, has been successful in student learning. At the beginning, students make predictions

¥'99/°cz abed



about a physical situation, and then they use sensors to take measurements and verify whether or
not their predictions were correct, thus often fostering cognitive conflict which drives learning.
This strategy is implemented in a classroom designed to both foster communication and facilitate
the use of equipment, thus promoting exploration and the group discussion. The room is
described in the following section.

Classroom setting

For several years Professor Robert Beichner, from North Carolina State University, researched
and experimented with different classroom designs to enhance learning'®?. The SCALE-UP
classroom is the result of this extensive investigation. Beichner and other creators of SCALE-UP
classroom type have shown that active learning is generated in that environment very
successful®. Among the results that have been documented is an increase in learning, and a
decrease in the failure rate, mainly of women and minorities in the United States®.

The Fis-Mat course was held in a SCALE-UP type classroom that we named the “ACE”
classroom (acronym for Student Centered Learning, or in Spanish, Aprendizaje Centrado en el
Estudiante). The design is based on the research of Dr. Beichner in the SCALE-UP project'®°.
There are many other SCALE-UP type classrooms in the United States and throughout the
world. In general, all of these sites share the basic elements proposed in the original SCALE-UP,
differing only in the number of tables (class size) and the technology they have. Due to their
characteristics, these rooms are ideal for teaching the science such as physics, mathematics,
chemistry and biology.

Computer desk and
demonstration table

Figure 2. Classroom arrangement in diagram view and in real view.

For many years, mathematics has been taught from an exact science perspective, with a strong
emphasis on memorizing theorems and proofs and repetition of exercises. However, in practice,
what students are required to learn is how to analyze, summarize and transfer knowledge.
Therefore, a new vision of teaching presents this exact science as a tool that uses various
contexts and situations to trigger a deeper understanding of mathematical concepts and their
applications. The ACE arrangement facilitates data collection of physical phenomena for
analysis and interpretation. This allows for the full cycle®® of problem solving, going from a real
problem to mathematical modeling to the interpreting of results within the context of what was
being studied.
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A very important precedent is that two of the faculty members involved in the Fis-Mat project
have had experience in the implementation of active learning strategies in the ACE classroom
and were familiar with the equipment (computers, graphing calculators, whiteboards, network
connectivity, etc.). That experience gave them the confidence to perform with ease and
professionalism in an innovative environment.

Participants

For this first experience, participants in the Fis-Mat course were 20 freshman enrolled in three
engineering programs. Twelve of the participants were enrolled in the Innovation and
Development Engineering Program, six were Mechatronics Engineering Program and two were
in the Industrial Engineering Program. All these programs have a common core of physics and
math courses for the first semester.

Curriculum assessment

Academic achievement in Physics

The Physics Department in our University has a departmental final exam that consists of 20
multiple-choice questions in which all the topics of the course are covered (left column of Table
1). Half of the questions are conceptual and half are procedural. The department faculty has
worked for several years to refine and modify the questions in order to create four equivalent
versions of the test. The questions are designed so that the incorrect choices represent
misconceptions or main difficulties students have. The sources used for designing the questions
are found in much of the physics education research literature.

The final test is administered to all students at the same time with the versions of the test
administered randomly among students. Students are limited to using a pencil, an eraser and a
simple scientific calculator (no graphing calculator or CAS calculator allowed). The test is
graded by an automatic optical system that sends results to instructors that same day.

Table 2 shows the results of the final tests for the Fall 2012 semester. Three groups are being
compared. The first column is the results for students who are either in the honors class or who
are physics majors. The second column is the results for students’ scores in the experimental
group (Fis-Mat). The third column is the results for students’ scores in the remaining groups.

Table 2.
Mean and standard deviation of the final test scores for three different groups.
Honors/Physics Other
Majors Fis-Mat groups
Mean 77.2 65.5 59.8
Std Dev 17.2 18.8 19.9
Number 120 20 595

Students in the experimental group scored higher than those in the rest of the groups; however,
they scored less than those in the honors/physics majors groups. We believe that these results are
encouraging since this was the first implementation of the course.
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Academic achievement in Mathematics

The Mathematics Department in our University does not have a departmental final test. The
comparison presented in Table 3 is among freshman students enrolled in the first calculus course
in other semesters. For two groups (A and B) the final exam was exactly the same as the one
administered in the Fall 2012 to the Fis-Mat students. For the other two groups (C and D), some
of the problems were different, therefore, here we only present the result of the problems that
were the same.

Table 3.
Percentages of correct response on the final test problems for five different math groups
Fis-Mat A B C D
20 students 40 students 40 students 40 students 40 students

Prob 1 89% 74% 62% 80% 76%
Prob2 96% 82% 81% 80% 81%
Prob3 84% 85% 85% 86% 76%
Prob4 89% 83% 73% 84% 75%
Prob5 98% 88% 90%
Prob6 63% 53% 59%
Prob7 88% 76% 65% 74% 69%
Prob8 93% 63% 59% 66% 58%

The students in the Fis-Mat course were able to respond to the same exam and in many problems
do as well or better than those students in a regular calculus course. This is encouraging because
during this initial experience, students were able to learn and apply the main calculus concepts,
despite the fact that the instruction placed less emphasis on typical math problems and more on
the applications.

Collaborative attitude

During every session of the Fis-Mat course, students were asked to work in groups. Accordingly,
two of the four partial exams included a collaborative portion and the final project was also
collaborative. Students were asked to respond to a 45-question survey on how they perceived
themselves in collaborative work. We are in the process of analyzing the responses, but in
general the results show that most of the Fis-Mat participants consider themselves to be part of a
group, value their peers’ comments, and care (academically) for each other.

Discussion and Conclusions

In general, the participant faculty members were pleased with the experience. We have taken
note of aspects that need improvement and of others that will be retained for future
implementations. Moreover, we are revising and adjusting the activities so that the course
content is presented smoothly, with fewer abrupt changes between topics.
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The general comments of the students are positive and reassuring that this was a good learning
experience. Students commented that the reduced boundaries between physics and math helped
them to better understand the application and need for the math content.

We believe that in future implementations we will do better and that students’ learning of
physics and mathematics will significantly improve. We are confident that with the data
collected, we will be able to identify some other desirable skills, such as problem solving
strategies. Moreover, we are planning on following the students to observe whether some of the
strategies learned in the Fis-Mat course are still being used and we hope to reunite students for
another interdisciplinary experience in some other of their courses.
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