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When students solve physics problems, physics instructors hope that they use and interpret al-
gebraic symbols in coordination with their conceptual understanding, their understanding of geo-
metric relationships, and their intuitions about the physical world. We call this process physics
sense-making. “Plug-and-chug” and “template” problem solving strategies, which are common for
many students, exclude sense-making. We have designed a mechanics course for sophomore, under-
graduate students that emphasizes sense-making and traditional physics content in equal measure.
Sense-making is supported in all aspects of the course: during in-class activities, on augmented
homework assignments, and on exams. While sense-making prompts on homework assignments are
strongly scaffolded at the beginning of the course, these supports fade as the course progresses. In
this paper, we discuss an analysis of students’ homework responses to open-ended sense-making
prompts throughout the course.

I. BACKGROUND

Physics instruction seeks to support the development
of future physicists by cultivating expert-like problem-
solving skills in students. Experts commonly use vari-
ous sense-making strategies when solving physics prob-
lems but students rarely do [1]. Sense-making is the
use and interpretation of algebraic symbols in coordina-
tion with ones conceptual understanding, their under-
standing of geometric relationships, and their intuitions
about the physical world. “Plug-and-chug” and “tem-
plate” problem-solving strategies, which are common for
many students, exclude sense-making [2, 3].

Lenz and Gire have found that while professors be-
lieve reflection-based sense-making abilities are impor-
tant skills for students to develop, they do not explicitly
teach theses strategies in their courses [4]. Little is known
about how explicit instruction of sense-making strategies
affects student performance of these strategies; Warren’s
work with evaluation strategies is one example [5]. This
paper bridges this gap by putting forth an analysis of
data collected from a middle-division physics course that
specifically augments traditional homework (focused on
physics content) with explicit sense-making prompts to
help students mature their sense-making abilities.

II. SENSE-MAKING IN THE TECHNIQUES OF
THEORETICAL MECHANICS COURSE

The data for this study were collected from a new
physics course, Techniques of Theoretical Mechanics, at
Oregon State University, a large, public, research inten-
sive institution. This course was created and taught by
author EG to help students make the transition between
introductory and upper-division physics through an em-
phasis on sense-making.

The physics topics of the course are: finding equations
of motion with Newton’s Laws by solving differential
equations, velocity-dependent drag forces, rockets with
variable mass, Lagrangian and Hamiltonian techniques,
and special relativity. The textbooks for the course are
Taylor’s Classical Mechanics [6] and Dray’s The Geome-
try of Special Relativity [7]. The class met for 50 minutes

3 times per week and small-group problem-solving activ-
ities happened at least once per week.

The prerequisite courses are multivariable calculus and
the first 2 quarters of introductory physics (which in-
clude Newtonian mechanics for translational and rota-
tional motion and waves). Of the 27 students who com-
pleted the course, 3 were co-enrolled in the last quarter of
the introductory physics sequence, 11 students had com-
pleted the introductory sequence the previous quarter,
and 5 students had already taken most of the junior-year
Paradigms courses.

The theme of this course is physics sense-making. The
sense-making goal was treated on equal footing as the
physics content goals of the course: it appeared on the
syllabus, was discussed in almost every class meeting,
appeared in every homework problem, and was included
on exams. During in-class small-group problem-solving
activities, the instructor asked for several volunteers to
come to the board to demonstrate a sense-making strat-
egy they used for the problem. During the second week of
class, while considering a Newtonian mechanics problem,
the class brainstormed a list of strategies that could be
used to check the correctness of the answer of the problem
(Table I). This list was posted on the course website for
reference. We describe how sense-making was included
on homework in Section III.

TABLE I. List of sense-making strategies generated by stu-
dents during Week 2.

• Dimensional Checking • Compare to what you know

• Direction/Sign of Answer • Plug answer back into start

• Reasonableness of Answer • Assumptions/ Idealizations

• Limiting/Special Cases • Proportionality

• Graphical Analysis

Sense-making was primarily discussed in terms of eval-
uation strategies: strategies for evaluating the correct-
ness of an answer at the end of a solution (and at in-
termediate steps). Some discussion in the course focused
on sense-making at the beginning of a problem to orient
oneself, but this discussion was less formalized than the



evaluation strategies. We intend to make this orientation
aspect of sense-making more formal in the future.

III. METHODS

Students were assigned 10 weekly homework assign-
ments during the 10 week term. The first 8 assignments
contained classical mechanics problems and the last 2 as-
signments contained special relativity problems.

Each assignment included 2-4 problems with 2-10 ex-
plicit sense-making prompts embedded in the problems.
This course implemented Rosenshine’s scaffolding and
fading approach to teaching higher-level cognitive strate-
gies as a way to aid students in learning to utilize sense-
making strategies [8]. Thus, the first 3 homework assign-
ments had sense-making prompts that directed students
to use specific sense-making strategies (e.g. After find-
ing an equation for the range of a projectile on an incline:
“Sense-Making: Consider Special Cases Does your result
for the maximum range make sense if the ground is hor-
izontal? If the ground is vertical (like right up against
a cliff)?”). On Homework 4-7, the prompts for sense-
making were intentionally faded; they became less pre-
scriptive and more open-ended (e.g. “Find the equation
of motion (acceleration) of the bead. Use at least two
sense-making strategies to make sense out of this equa-
tion.”). On Homework 8, the sense-making prompts were
faded yet again; they did not specify a particular num-
ber of strategies (e.g. “Be sure to do some sense-making
around your result”). The sense-making prompts became
more specific again for the last 2 homework assignments
which featured special relativity problems.

Approximately 29 students turned in homework during
the term. Student solutions were scanned twice: before
grading (for a clean copy of the students’ work) and after
grading (so we could record the feedback students were
receiving about their sense-making performance).

Students were provided with written feedback on the
content of both their solutions to the physics problems
and their responses to the sense-making prompts. The
feedback took the form of short questions aimed at draw-
ing the student’s attention to places where errors oc-
curred and asking them to consider what changes they
might have made to their solution or how they displayed
their work and their reasoning. Homework was promptly
graded and returned to students, typically within 1-2
class days. Often, the grader gave a brief announcement
to the course as a whole identifying common errors on the
assignment and suggesting how students might improve
for future assignments. Detailed solutions to the home-
work, including responses to sense-making prompts, were
made available on the course website.

In this paper, we report on the sense-making strategies
students used on Homework 4-8 where they were asked
to use sense-making strategies but these strategies were
not prescribed. These assignments contained a total of
15 sense-making prompts: 12 that specified the number
of strategies to use and 3 that did not. We received
assignments from 27 study participants, although not all

students responded to every sense-making prompt.
Many responses contained several sense-making strate-

gies, and each strategy was individually coded. Often,
students labeled which strategy they thought they were
using. We coded the student’s work based on what the
student actually did, thus our codes sometimes differed
from how the student labeled the strategy.

IV. RESULTS

The codes of student work and their accompanying de-
scriptions are presented in Table II. In the end, the data
set contains 333 responses to sense-making prompts; out
of those came 825 coded sense-making strategies. During
coding, 18 unique sense-making strategies were identified
(Table II). These strategies were broken into 3 categories:
dimensions, cases, and other strategies. Many of these
strategies aligned with those identified by the students
(Table I) though not all did. Examples of students work
demonstrating some of the most frequently used sense-
making strategies can be found in Fig. 1-6.

The most common sense-making strategy was to check
the units or dimensions of an answer. Students performed
this strategy in a number of different ways. By far the
most common way was to substitute the fundamental
dimensions of quantities (length, mass, and time) into
the answer equation and then check that the dimensions
on both sides of the equals sign were the same (Fig. 1).

FIG. 1. Student example of using fundamental dimensions to
analyze the Lagrangian of a free particle.

We also observed students perform this process with
(1) units instead of fundamental dimensions or (2) com-
pound dimensions (Fig. 2). Students who used com-
pound dimensions described quantities as having dimen-
sions of acceleration, force, energy, etc. . . The strategy
of using compound dimensions was advocated for by the
instructor on the second day of class as having 2 ad-
vantages: (1) it can be faster than breaking everything
down into fundamental dimensions, and (2) it fosters
deeper understanding of the connections between quanti-
ties. However, we found that students infrequently used
this compound dimension strategy when checking dimen-
sions on their homework solutions.

FIG. 2. Student example of using compound dimensions to
analyze the Lagrangian of a free particle.

The next most common sense-making strategy was to



TABLE II. Sense-making strategy codes, descriptions, and frequency (from 825 code applications).

Category Description % of Items

Code Coded

Dimensions checks that the units/dimensions on both sides of the equals sign are the same 25%

Fundamental Dimensions uses fundamental dimensions of quantities (length, mass, and time) (17%)

Units uses units of quantities (grams, meters, seconds, etc.) (2%)

Compound Dimensions describes quantities as having dimensions of acceleration, energy, etc. (2%)

States Dimensions states the units/dimensions were correct without justification (4%)

Cases considers a case of the answer that allows for meaningful interpretation 22%

Special Case chooses a specific value for a variable of interest, like 0 or π (18%)

Limiting Case takes a limit of a variable of interest, typically the limit to 0 or ∞ (4%)

Other Strategies

Conceptual Connection explains how answer is connected to conceptual understanding 18%

Functional Dependence analyzes if and how the answer depends on certain physical quantities 14%

Prior Knowledge compares answer to real world experiences or knowledge from a previous course 7%

Sign checks that the sign of the answer makes sense with their coordinate system 3%

Visualization understands the solution through figures, diagrams, graphs, etc. 2%

2nd Way compares answers using 2 solution methods 2%

Algebra states that the answer is correct because the algebra was done correctly 1%

Assumptions checks for consistency between the answer and assumptions made at the be-
ginning of the solution

<1%

Reasonable Magnitude states or argues why the magnitude of the answer is reasonable <1%

Authority checks answer in the back of the book or some other outside authority <1%

Strategy Identification identifies potential sense-making strategies but doesn’t implement them <1%

No Sense-Making does the problem but does not answer the sense-making prompt 3%

check special or limiting cases. The special case strat-
egy is when a student evaluates their equation-answer
with precise values that allow for meaningful interpreta-
tion/comparison (Fig. 3).

FIG. 3. Student example of using special case to analyze an
equation of the velocity as a function of mass for a rocket with
linear air resistance.

A limiting case strategy is similar to special case but
requires a student to take the limit of the equation-
answer as a particular variable goes to a specific value,
typically 0 or ∞ (Fig. 4). When labeling their home-
work solutions, students often did not distinguish be-
tween these 2 strategies and often called a limiting case
a “Special Case”. This led to many instances where our
codes differed from the students’ labels.

FIG. 4. Student example of using limiting case to analyze
an equation of the velocity as a function of mass for a rocket
with linear air resistance.

Another common sense-making strategy was concep-
tual connection (Fig. 5). When using this strategy, stu-
dents explained why an answer made sense in terms of
their conceptual understandings of the physical situation.

FIG. 5. Student example of using conceptual connection to
analyze the constraint force (λ), found through undetermined
Lagrange multipliers, of a particle confined to the surface of
a cylinder.

Another frequently used strategy was the functional
dependence strategy. A student using this strategy com-



mented on whether the behavior of the function in an
equation-answer makes sense for the physical situation.
The students often called this strategy “Proportionality”
from their list of strategies (Table I). Using this strat-
egy, a student might comment on whether (a) the answer
is expected to depend on a particular physical quantity,
(b) the answer should increase or decrease when a phys-
ical quantity is varied, or (c) if the qualitative behavior
of the equation-answer matches the expected behavior of
the physics system, such as having a maximum value or
oscillatory behavior. Students often confused this strat-
egy with limiting case, mislabeling 1 as the other quite
frequently.

FIG. 6. (a) Equations of motion (b) Student example of using
functional dependence to analyze the equations of motion seen
in part (a), of a spherical pendulum.

V. LIMITATIONS

The students analyzed are primarily physics majors at
a large, public, research institution. While students are
required to turn in individual work they are encouraged
to work together. An individual’s assignment may not
be entirely representative of individual thought; due to
the nature of homework and this encouragement to work
together the collected data is a polished version of stu-
dent reasoning. While this study was conducted in a
course with explicit attention to sense-making strategies,
the differences in teaching techniques from traditional
teaching techniques are not fully documented. We make
no new claims about student reasoning in a course that
doesn’t emphasize sense-making.

VI. DISCUSSION AND IMPLICATIONS

Students were found to gravitate towards fundamen-
tal dimensions, special case, conceptual connection, and

functional dependence as their primary sense-making
strategies. Not all of these strategies were intended to be
emphasized as the best strategies in course instruction.
Specifically, checking units/dimensions was considered to
be “low-hanging fruit” and students were told that while
it is always good to do, it alone is not enough. Thus
it is not surprising that students heeded this advice and
checked units/dimensions on the majority of their work,
often as a first step before further sense-making.

Furthermore it is unsurprising that special case and
conceptual connection were prevalent strategies, espe-
cially due to student’s comfort with the physical connec-
tion of the classical mechanics material. Students were
most likely comfortable interpreting the results of spe-
cial case analyses and able to draw on their experience
with introductory physics and the physical world to make
conceptual connections with their solutions.

The scaffolded emphasis on sense-making strategies
cultivated a classroom norm of sense-making. This
was demonstrated by students’ choices of sense-making
strategies on the homework. While this scaffolding
worked well for many strategies, students did not choose
to use some of the strategies that were emphasized in
the course. Two such strategies are: using power series
expansions to understand a solution and predicting the
form of the solution on the beginning of problem solv-
ing. While these strategies do not possess the widespread
applicability of fundamental dimensions they are useful
strategies that are applicable to the homework prompts
analyzed here. We value the use of these strategies and
future instruction will be tailored to increase their em-
phasis.

Other changes that will be made for future instruction
will be: to emphasize the distinction between a special
case and a limiting case and how to choose advanta-
geous cases to analyze. While students often used these
strategies, they did not always choose cases that would
yield the most insight into the problem. Lastly, future
instruction will expand the sense-making emphasis from
a primarily reflection-centered approach to include us-
ing sense-making as a means of orienting oneself to the
problem.

Despite these intended modifications, this approach of
having the sense-making goal treated on equal footing
as the physics content goals of the course is a promising
approach to support middle-division students in making
sense of physics problems like experts.

[1] C. Singh, Am. J. Phys. 70 (2002).
[2] D. Hammer, Phys. Teach. 27, 664 (1989).
[3] J. Tuminaro and E. F. Redish, Phys. Rev. ST Phys. Educ.

Res. (2007).
[4] M. Lenz and E. Gire, PERC Proceedings (2016).
[5] A. R. Warren, Phys. Rev. ST Phys. Educ. Res. 6 (2010),

10.1103/PhysRevSTPER.6.020103.
[6] J. R. Taylor, Classical mechanics (University Science

Books, 2005).
[7] T. Dray, Geometry of special relativity (A K Peters, 2012).
[8] B. Rosenshine and C. Meister, Ed. Lead. 49.


