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Abstract

Study purpose. The Metarepresentations Survey for Physics (MSP) was developed to assess students’
metarepresentational knowledge during physics problem solving.

Materials and methods. The survey was given to 288 introductory-level college physics students. Psychometric
properties of the instrument, including construct validity, were evaluated by confirmatory factor analysis and Rasch
analysis.

Results. We also examined students’ beliefs about the use of free-body diagrams, as well as thoroughly examined the
link between students’ problem solving success and free-body diagrams.

Conclusions. We recommend the use of the MSP for physics instructors and science education researchers who
want to evaluate students’ free-body diagrams. Additionally, we suggest the subject of physics can be replaced with
chemistry, genetics, or another science to assess metarepresentations in other domains.

Keywords: metarepresentations, free-body diagrams, construct validity, structural equation modeling, Rasch
modeling.

Introduction Rosengrant, Van Heuvelen, and Etkina (2009) studied
students in an introductory-level course for physics majors
and found that although most students drew free-body dia-
grams, only a small portion drew them correctly by including
significant components. Students who drew diagrams with
those significant components were more likely to correctly
solve the problems. Interviews with groups of high achieving
and low achieving students indicated stark differences in the
creation and use of these diagrams. High achieving students
used the diagrams in two important ways: first, to help them
solve problems, and second, as a way of evaluating their prob-
lem solving equations. In contrast, the low achieving students
primarily drew the diagrams using the steps learned in class
without having a full understanding of what components
they were drawing, and furthermore, they did not check for
accuracy between their diagrams and their problem solving
approach. One critical finding of Rosengrant et al’s study was
that drawing an incorrect free-body diagram led to more
incorrect solutions than having no diagram at all, suggesting
that a wrong free-body diagram is worse than no free-body
diagram.

Representations in physics are verbal, mathematical,
graphical, or pictorial depictions used by students to inter-
pret concepts and solve problems (Supeno, Subiki, & Rohma,
2018). Metarepresentations, similar to metacognition, are
what students know about their representations (Kohl &
Finkelstein, 2006). Drawing a pictorial representation of the
information presented, typically referred to as a free-body
diagram, is an important part of physics problem solving.
Physics textbooks, instructors, and researchers emphasize
the importance of these free-body diagrams because they
allow the problem solver to identify the involved objects and
forces and the interaction between them, determine the ap-
propriate approach to the problem, and to reduce the amount
of information that must be attended to at one time (diSessa,
2004). Despite the emphasis on free-body diagrams, there is
some question as to whether and how students are creating
and using diagrams when solving physics problems.
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However, just drawing a high-quality diagram is not a
panacea. Taasoobshirazi and Carr (2009) used structural
equation modeling to study the relationships between the use
of free-body diagrams, conceptual knowledge, strategy use,
and performance among introductory-level college physics
students. They found that greater conceptual knowledge was
not linked to the use or quality of free-body diagrams; the
use and quality of free-body diagrams was also not linked to
effective strategy use. Therefore, even when students drew
free-body diagrams, and drew them well, this did not re-
sult in improved strategy use or performance. Also, more
advanced conceptual knowledge was not related to the use
of free-body diagrams. The authors theorized that students
are drawing diagrams and even including important compo-
nents of the diagrams, but not actually using them to solve
physics problems.

Beyond the two studies described above, there is little
research on how students are using free-body diagrams when
studying or solving physics problems; there is a complete
lack of research on students’ understanding of their free-
body diagram use. Van Heuvelen and Zou (2001) found that
students learn more if they understand the reason behind
various pedagogical strategies such as using diagrams to solve
problems. Understanding students’ free-body diagram use is
an essential prerequisite to teaching students this reasoning.

Metarepresentation is parallel to metacognition, but the
focus is on what students know about and how they use rep-
resentations (Sherin, 2000). Metarepresentation is the knowl-
edge and regulation of one’s representations rather than the
knowledge and regulation of one’s cognition. Given the
emphasis on free-body diagrams in physics, understanding
students’ metarepresentational skills is an important goal.
Despite its importance, there is a dearth of research on me-
tarepresentations. Because of the lack of research on me-
tarepresentations, the research on metacognition was used as
a framework for understanding the components of “thinking
about one’s representations” and developing the Metarepre-
sentations Survey for Physics (MSP; Taasoobshirazi, Bailey,
& Farley, 2015).

Theoretical Framework

Metacognition is a “cognitive activity that takes as its
object, or regulates, any aspect of any cognitive enterprise”
(Flavell, 1985, p. 104). The research on metacognition dis-
tinguishes between two components: 1) knowledge of cogni-
tion and 2) regulation of cognition (Dinsmore, Alexander, &
Loughlin, 2008). Knowledge of cognition is what individuals
know about their thinking and learning and is comprised of
three different types of metacognitive knowledge including
declarative, procedural, and conditional knowledge (Schraw,
2001; Veenman, 2007). Declarative knowledge is knowledge
about oneself as a learner or a problem solver. Procedural
knowledge is knowledge about how to complete an activity or
problem. Conditional knowledge is knowledge about when
and why to use one’s declarative and procedural knowledge.

The second component of metacognition, regulation of
cognition, comprises behaviors that help learners manage
their learning and/or problem solving (Dinsmore et al., 2008;
Veenman 2007). Regulation of cognition includes at least
three types of metacognitive regulation, including planning,

94

monitoring, and evaluation (Schraw, 2001; Schraw, Crippen,
& Hartley, 2006). Planning is described as planning and goal
setting prior to completing a task or problem. Monitoring is
the continuous assessment of one’s goals, work, and perfor-
mance during a task. Evaluation is the judgement of one’s
work after completing a task.

We believe there is conceptual overlap between meta-
cognition and metarepresentation as both focus on the meta
aspect of cognitive activities. Some metacognition research-
ers consider an additional component of regulation of cogni-
tion called information management (Schraw & Dennison,
1994). Information management includes strategies that help
a learner solve problems effectively, such as using free-body
diagrams, and has been studied as such (Taasoobshirazi, Bai-
ley, & Farley, 2015). Although metarepresentation could be
considered a component of metacognition, we study me-
tarepresentations as the metacognition of representations
and as its own construct that focuses specifically on the
knowledge and regulation of one’s diagrams.

To date, there is no inventory or assessment that evaluates
students’ knowledge and regulation of their use of representa-
tions in science. The Metarepresentations Survey for Physics
(MSP) was designed to objectively, validly, and reliably assess
students’ metarepresentational skills in physics. Assessing
students’ metarepesentations is a necessary prerequisite for
understanding how students are using free-body diagrams
and how those diagrams are linked to problem solving suc-
cess. Free-body diagrams are considered a critical part of
the physics problem solving process and are heavily empha-
sized in physics classrooms and texts. We developed the MSP
to evaluate the six components of metacognition discussed
above. We also examined students’ beliefs about the use of
free-body diagrams, as well as the link between students’
problem solving success and use of free-body diagrams.

Materials and methods

Study participants

Two hundred eighty-eight physics students (194 men, 93
women, and 1 non response) in two sections of an introduc-
tory level, calculus-based course at a university in the South
Central part of the United States were given the 13 item MSP.
There were approximately 400 students in the course. Stu-
dents completed the anonymous survey for a small amount
of extra credit. Regarding ethnicity, approximately 61% of
the students self-identified as White, 8% Hispanic/Latino,
7% Black, 4% Middle Eastern, and 8% other. The survey was
administered to students during the 10th week of classes.
Informed consent was collected from students, participation
was voluntary, and the study was conducted in compliance
with the university’s Institutional Review Board.

Organization of the study

The 13 items were developed using the research on free-
body diagrams and on metacognition as well as guidelines for
survey development presented by Pett, Lackey, and Sullivan
(2003). These guidelines include evaluating research to iden-
tify appropriate latent variables and creating well-designed
empirical indicators, or items, for those latent variables. Items
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1, 2, and 3 were designed to measure procedural knowledge;
items 4 and 5 measured declarative knowledge, items 6 and
7 measured conditional knowledge; items 8 and 9 measured
planning; items 10 and 11 measured monitoring; and items
12 and 13 measured evaluation. Students were asked to re-
spond to each of the 13 items on a 5-point Likert-type scale
ranging from 1 (never true of myself) to 5 (always true of
myself) with the instructions: “In order to better understand
how you solve problems in physics, please respond to each of
the following statements from the perspective of: When solv-
ing physics problems”. After completing the MSP, students
were asked for their gender and race and were asked the ques-
tion: “Are free-body diagrams important for physics problem
solving? Why or why not?”

In one section of the course, students completed a set of
five physics problems. Fifty of the physics problem sets were
randomly selected and analyzed. These problems were used
to evaluate students’ problem solving success and free-body
diagram use.

Results

Confirmatory Factor Analysis

A confirmatory factor analysis using LISREL 10.2 indi-
cated that the MSP had strong construct validity. The items,

as proposed, all loaded significantly on their respective fac-
tors (using a cutoff of t = 1.96 to assess significance). The
measurement model is presented in Figure 1 with items and
standardized factor loadings; items, item loadings, and vari-
ance explained by the factors are presented in Table 1. All
correlations between latent variables were significant. Table 2
presents descriptive statistics for the six factors of the MSP.

Table 2. Descriptive Statistics for the Six Factors of the MSP.

Factor Mean Standard Deviation
Declarative Knowledge 3.74 0.78
Procedural Knowledge 3.43 0.84
Conditional Knowledge 4.07 0.78
Planning 3.75 0.81
Monitoring 3.82 0.82
Evaluation 3.82 0.91

The data met the assumption of multivariate normality
(Mardia’s coefficient = 1.25) so maximum likelihood estima-
tion was used to test the model. To evaluate the fit of the mod-
el, several fit indices were considered. The normed chi-square
was 110.47/50= 2.21. The Steiger-Lind Root Mean Square
Error of Approximation (RMSEA) was 0.06. The standard-
ized root-mean-square residual (SRMR) was .04. The Bentler
comparative fit index (CFI) was .97. The incremental fit index

Table 1. Items, Standardized Item Loadings, and Item R? for Physics Metarepresentations Survey

Item

EDE Loading (t value)

Item (R-squared)

Knowledge of Cognition: Declarative

4 0.75(13.85)
5 0.78(14.61)

When solving physics problems, I know best how to draw free-body diagrams (.56).
I am a good judge of how well I draw free-body diagrams (.61).

Knowledge of Cognition: Procedural

When solving a physics problem, I know how to use a free-body diagram to successfully solve

1 0.80(15.35) the problem (.63).

2 0.77(14.69) I know how to draw a thorough and complete free-body diagram (.59).

3 0.82(16.02) I know how to draw an accurate free-body diagram (.67).

Knowledge of Cognition: Conditional

6 0.63(10.65) I know why free-body diagrams are important for physics problem solving (.39).

7 0.83(14.27) When solving a physics problem, I know why I'm using a free-body diagram (.69).

Regulation of Cognition: Planning

8 0.54(9.32) the problem (.30).

o 0.79(13.69) diagram (.63).

Before solving a physics problem, I draw a free-body diagram to represent the relationships in

Before solving a physics problem, I think about the physics concepts that go with my free-body

Regulation of Cognition: Monitoring

10 0.76(13.54) diagram (.58)

11 0.58(10.13)

While solving a physics problem, I think about the physics concepts that go with my free-body

While drawing a free-body diagram, I consider the accuracy of my diagram (.34).

Regulation of Cognition: Evaluation

12 0.81(14.42)

13 0.84(15.14)

After drawing a free-body diagram, I check to see if my free-body diagram is accurate (.65).

I look back to see if I included all of the necessary parts of the free-body diagram (.71).

Note: On the far left are item numbers followed by factor loadings. T values are in parentheses. R-squared values are in parentheses after

the items.
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(IFT) was .97. These fit indices all met recommended cutoff
values (e.g., Browne & Cudeck, 1993; Hu & Bentler, 1999;
Kline, 2016), signifying that the model fit well.

KOC:
Declarative

KOC:
Procedural

KOC:
Conditional

ROC: Planning

ROC:
Monitoring

o ROC:
Evaluation
Qi3
Fig. 1. Confirmatory Factor Analysis Model
Rasch Analysis

A Rasch analysis was conducted to evaluate the psycho-
metric properties of the MSP. Rasch analysis is common tech-
nique used to evaluate the construct validity of instruments

Table 3. Results from the Rasch Analysis

in the health and social sciences (Lim, Rodger, & Brown,
2009). We used guidelines by Boone, Staver, and Yale (2014),
analyses interpretation by Taasoobshirazi, Bailey, and Farley
(2015), and Winsteps 3.81 to test and evaluate the model.
Table 3 presents results from the Rasch analysis: The entry
number is the item’s order. The total score is the sum of the
raw scores of the five point Likert scale items for each item.
The Rasch measure is the level of agreeablity of an item pre-
sented in logit units; items range from being most difficult
to agree with at the top of the table and easiest to agree with
at the bottom of the table. The mean Rasch measure is 0 and
items that are easier to agree with are below 0 logits whereas
items that are more difficult to agree with are above 0 logits.
The model standard errors are presented in Table 1 and de-
scribe uncertainty around the item measures. The infit and
outfit mean square (MNSQ) fit statistics are chi-square sta-
tistics that describe how well the data fit the Rasch model
(Boone, Townsend & Staver, 2011). Values outside of the sug-
gested ranges (less than .05 or above 1.5) indicate disparity
of the data from what is expected from the Rasch model.
Our values were within those ranges, suggesting that we had
good construct validity (Baghaei, 2008). The point measure
correlations are presented in the last column of the table.
These correlations assess whether responses to items align
with abilities of the persons (Linacre, 2012). Positive correla-
tions are expected, meaning that higher person measures are
linked to higher ratings on the items, and this was the case
for our data.

Figure 2 provides a Wright map that illustrates the rela-
tionship between persons and items (Wright & Stone, 1979).
Persons and items are on the same units on the Wright map,
which offers a comparison of items to items and persons to
persons as well as persons to items. On the right side of the
Wright map, the 13 items are sorted by level of agreement;
items that are the most difficult to agree with are at the top of
the map and items easiest to agree with are at the bottom. On
the left hand side is the distribution of the 288 participants,
and they are sorted so that those with higher metarepresenta-
tional skills are at the top and those with lower metarepresen-
tational skills are at the bottom. The vertical line shows the
interval scale of the logit values. Each hashtag (#) represents
3 persons and a period (.) represents one or two persons. An

OUTFIT POINT MEASURE
ENTRY NUMBER TOTALSCORE MEASURE MODEL S.E. INFIT MNSQ MNSQ CORRELATION
Item5 968 0.80 0.08 0.78 0.79 0.73
Item4 1010 0.52 0.08 0.84 0.79 0.71
Item1 1038 0.32 0.09 0.79 0.90 0.67
Item3 1066 0.12 0.08 0.76 0.76 0.69
Item10 1085 0.01 0.09 0.89 0.82 0.70
Item12 1074 0.07 0.08 1.27 1.24 0.61
Item?2 1079 0.03 0.09 1.04 1.01 0.63
Item8 1079 0.03 0.09 1.15 1.20 0.60
Item9 1080 0.02 0.09 0.93 0.91 0.68
Item 11 1114 -0.23 0.09 1.31 1.34 0.59
Item13 1122 -0.29 0.09 1.13 1.11 0.62
Item?7 1124 -0.30 0.09 0.88 0.87 0.69
Item 6 1220 -1.09 0.10 1.32 1.21 0.52
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“M” represents the mean, “S” is one standard deviation from
the mean, and “T” is two standard deviations from the mean.
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Fig. 2. Wright Map

Survey items that have the same logit value as a person
have a 50% probability of being agreed with by that individ-
ual. Items that are below a person’s logit value have a greater
probability of being agreed with (greater than 50%), whereas
items above a person’s logit value have a lower probability
of being agreed with (less than 50%; Boone, Staver, & Yale,
2014).

Our Wright map shows, in general, that people were
more agreeable than the items: the M for the participants
was slightly higher than the M for the items. Including items
that assess more complex metarepresentational skills (for
instance, declarative knowledge items are at the top of the
Wright map, suggesting those items are most difficult to agree
with) may be useful in aligning the means of persons to items.
One important note is that the findings from the Wright map

97

correspond with the mean scores for each factor (Table 2).
Average scores on the factors tended to be high, indicating
that students responded to the survey in a way that suggested
that they were highly aware of their use of representations.
The students are highly metarepresentational and creating
items that assess more complex facets of metarepresentations
would be beneficial.

In the Rasch model, reliability is estimated for items and
persons (Bond & Fox, 2007). Item reliability provides reliabil-
ity information of the survey if the same items were adminis-
tered to a different, but similar sample of individuals. For the
MSP, item reliability was 0.96, which is excellent. The person
reliability provides reliability information of the instrument if
the same group of students were given a different, but simi-
lar set of items measuring metarepresentations. The person
reliability for the PMI was 0.87, indicating good reliability”.
Finally, separation coefficients evaluate whether the items are
measuring the underlying concept or just introducing noise
(Boone, Staver, & Yale, 2014). Separation coefficients were ob-
tained for both persons (2.59) and items (4.72), and were both
considered good levels, suggesting signal to noise ratio is high.

Based on the Rasch analysis, we found good fit statistics,
indicating that the items are unidimensional and responses
to the survey are consistent with the underlying theoretical
construct. The Wright map suggested a solid item to person
distribution, but a distribution with higher person scores
than item scores.

Students’ Beliefs about Free-Body Diagrams

After completing the MSP, students were asked the ques-
tion “Are free-body diagrams important for physics problem
solving? Why or why not?” With the exception of one stu-
dent, all of the students responded that free-body diagrams
are important for physics problem solving. The 288 responses
were read and categorized based on themes.

1. The most common explanation for the importance of
free body-diagrams was centered around the idea that free-
body diagrams are necessary for representing the forces in a
problem scenario (n = 157, 55%). Some example responses
included:

Yes they help you isolate the forces acting on an ob-
ject which can help you make sure you are consid-
ering all the necessary components and ignoring
things that actually don’t have an effect.

Yes the signs (directions) of objects or forces can be
determined by a free-body diagram, and used as a
tool to solve physics problem.

Yes so you can determine what forces act on an ob-
ject at what angles and in what direction.

2. The second most common explanantion focused on
the use of free-body diagrams to organize and/or visualize,
in general, information in the problem (n = 96, 33%). Some
example responses included:

Yes. it helps organize the information from the prob-
lem.

Yes because they allow you to visualize the problem
and lay out specific pieces.

1 The reliability (internal consistency as measured by tradi-

tional Cronbach’s alpha) of the 13 items of the MSP was 0.90.
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o Yes they are because it gives you an easier way to
visualize what is going on in the problem and how
to go about it.

3. A few students commented that free-body diagrams
help with the understanding and simplification of the prob-
lem (n = 3). Some example responses included:

o Yes. I believe they are important because they al-
low the reader to truly understand the problem and
know what they need to solve.

o Yes, it simplifies the problem in one picture.

4. There were a few students who, although they said free
body diagrams are important, felt they were not necessarily
personally useful (n =9):

o Never used them before. We were always taught to
memorize equations or relationships. but in this case
we are supposed to find the equation so I think they
are useful if you're going to be an engineer.

o Free body diagrams help me solve the problem,
however, setting them up often confuses me, can
mess me up, or can take too long.

o Ithink they are, my peers use them to solve physics
problems, I just never learned how to draw them
right.

The Link between Students’ Free-body Diagrams
and Problem Solving Performance

Fifty randomly selected students were asked to solve five
mechanics problems for a small amount of extra credit (Ta-
ble 4). Although we were unable to link students’ problem
solving to their MSP scores (because of anonymity of the
surveys), we wanted to examine the relationship between
students free-body diagram use and their problem solving
performance. The first of the five problems was designed by
Priest and Lindsay (1992) and was used in their physics edu-
cation research. The other four problems were from a physics
final examination for an introductory level physics course
that was not a part of this study. The problems were selected
to ensure that students had not seen the problems before this
exercise.

A physics education researcher scored students’ problem
solutions (providing partial credit where appropriate). In ad-

Table 4. Physics Problems

dition, free-body diagrams for each problem were scored.
These diagrams were scored for both quantity (a 1 was given
if a diagram was drawn and a 0 was given if there was no
diagram drawn for the problem) and quality. Quality of dia-
grams were determined by comparing students’ diagrams to
a target sketch that was drawn by a physics instructor and in-
cluded the necessary components (e.g., angles, forces) needed
to have a complete and thorough free-body diagram. For the
first problem, a complete sketch included the representation
of three forces (normal force, frictional force, and force of
gravity broken into its horizontal and vertical components)
and one angle, resulting in a total of four components.

In the second problem, a complete free-body diagram in-
cluded: the change in the vertical distance and the horizontal
velocity. In the third problem, a complete diagram included:
the velocity of the object both before and after collision. In
the fourth problem, a complete free-body diagram included
four factors: two forces (the normal force and the force of
gravity broken into its horizontal and vertical components),
length of the slant, and the angle of the slant. In the fifth
problem, a complete free-body diagram included the angle,
spring, and length of the compression of the spring, for a total
of three factors. For each diagram, students received 1 point
for each component drawn, with a range of scores being be-
tween 0 and 15 (Taasoobshirazi & Carr, 2009).

SAS 9.4 was used to examine the correlations between
students’ scores on the five problems, if a diagram was drawn
(yes/no), and diagram quality. Students” scores on the five
problems (M = 2.33, SD = 1.50) was negatively, but not sig-
nificantly correlated with whether a diagram was drawn (M =
4.04,SD =1.12), r = -.12, p = .37. Scores on the five problems
were also negatively, but not significantly correlated with dia-
gram quality (M = 10.08, SD = 3.27), r = -.15, p = .30). Only
diagram quality was significantly correlated with drawing a
diagram, r = .85, p <.001. There was not a significant correla-
tion between drawing a diagram or quality of diagram and
correctly solving the problems.

This finding was not surprising to us. Students are draw-
ing diagrams, but their diagram use is not linked to their
performance. After each problem, we asked students “Did
you draw a free-body diagram?” If yes, did you use it to solve
the problem?” Ninety-four of the 202 times students drew a

A block of mass 7 kg starts sliding down a plane of length 5 m, inclined at an angle of 30 degrees to the horizontal. If the coefficient of
friction between the block and the plane is 0.2, find the velocity (vt) of the block when it reaches the bottom of the plane.

An airplane flies horizontally with a speed of 300 m/s at an altitude of 400 m. Assume that the ground is level. What horizontal distance
from a target must the pilot release a bomb so as to hit the target?

A 0.15 kg steel ball is dropped onto a steel plate where its speed just before impact and after impact is 4.5 m/s and 4.2 m/s, respectively.
If the ball is in contact with the plate for .03 seconds, what is the magnitude of the average force (in N) applied by the plate on the ball?

An escalator is 30.0 meters long and slants 30 degrees relative to the horizontal. If it moves at 1.00 m/s, at what rate does it do work in
lifting a 50.0 kg man from the bottom to the top of the escalator?

A 1.0 kg block is released from rest at the top of a frictionless incline that makes an angle of 37 degrees with the horizontal. An unknown
distance down the incline from the point of release, there is a spring with k = 200 N/m. It is observed that the mass is brought momentarily
to rest after compressing the spring 0.20 m. What distance does the mass slide from the point of release until it is brought momentarily
to rest?
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diagram, students stated that the diagram was not used to
solve the problem. This means that students are responding
on the MSP that they understand and can monitor their free-
body diagram use (please note the averages in Table 2), are
in general drawing diagrams 202 diagrams for 250 problems
= 81% of the time. However, they are not using the diagrams
47% of the time. The questions is why? If students know that
diagrams are important and are drawing them, why are they
not using them to solve problems? Are students who say they
are using the diagrams more likely to answer questions cor-
rectly than those saying they are not using them?

To help answer this last quesion, 50 problems with a free-
body diagram drawn were randomly selected and the cor-
relation between score on the problem (correct/incorrect)
and whether a diagram was used to solve the problem (yes/
no) was calculated. The correlation phi = .12, p = .94. There
was not a significant correlation between self-reported use of
a diagram and correctly solving the problems.

There is the perspective that a free-body diagram should
only include the body of interest and the external forces act-
ing on it. This is because the purpose of the diagram is to
determine the magnitude, direction, and point of application
of external forces. For this reason, we randomly selected 50
packets and only scored the two problems (problems 1 and 4)
that required forces to be included in the free-body diagrams.
We tested the correlations between students’ scores on the
two problems, if a diagram was drawn for each problem,
whether the diagram was used, and diagram quality (five
points total for the five forces involved in the two problems).
Students’ scores on the two problems (M = 0.94, SD = .80)
was not significantly correlated with drawing a diagram (M
=192, SD = .34), r = .13, p = .36, or diagram quality (M =
3.74, SD = 1.50), r = -.03, p = .83. Students’ scores on the
problems were also not correlated with their self-reported use
of the free-body diagrams (M = 1.32, SD = .68),r =-.13,p =
.36. One interesting finding was that drawing a diagram and
diagram quality were both significantly correlated with self-
reported use of the diagrams, r = .38, p =.007 and r = .50, p
<. 001, respectively. Diagram quality was significantly corre-
lated with diagram use, r = .52, p <.001. Therefore, although
the relationship between diagrams and successful problem
solving was absent, when forces were the focus of the draw-
ings, there was a link between students’ self-reported use of
diagrams and diagram presence and quality. This may be
because forces are a primary focus of the equations that the
students set up to solve after drawing the diagram. However,
the next important step or connection between diagram use
and problem solving accuracy is missing.

Tony Wayne, a high school physics instructor, has cre-
ated a website teaching students why and how to use free-
body diagrams (Wayne, 2020). He explains that the diagram
is a starting point for developing a mathematical model of
the forces acting on an object. If the mathematical model
is the set of equations, then students who draw diagrams
and draw more thorough diagrams should have increased
problem solving accuracy. This was not the case for the stu-
dents in present study or for students in the research that we
reviewed. If free-body diagrams allow for improved under-
standing of the problem scenario, this should also translate
to improved problem solving. This was not the case and, as
discussed in the introduction of the paper, Taasoobshirazi
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and Carr (2009) did not find a link between diagram use and
conceptual understanding of physics.

We present the questions: how are students using free-
body diagrams? How should free-body diagrams be used and
their effectiveness comprehensively measured? Are free-body
diagrams changing the way students are writing their equa-
tions (such as changing the sign of the forces in the equa-
tions)? For instance, if a student represents a force incorrectly
in their diagram and, in turn, their equations, this would lead
to an incorrect solution. If students are drawing the diagrams
with correct forces and are using those diagrams, could the
disconnect between diagram use and problem solving accu-
racy be due to a third variable such as strategy use? Is there
something to the effort of drawing the diagram itself? Asan
example, your instructor may allow you to make a note card
to use during a test and a lot of energy is devoted to putting
information on the card, but because you created the card,
you did not actually need to use it during the test. Does this
mean that students who draw the diagrams don’t need to
use them? Although we reviewed numerous tutorials that
emphasize the importance of drawing a thorough free-body,
none answered the question about how they should be used
after they are drawn.

Discussion

The goal of this study was to develop and validate an
instrument designed to evaluate students’ metarepresenta-
tional skills in physics. A confirmatory factor analysis and
Rasch analysis attested to the construct validity of the scale
and its alignment to theory. The MSP is a brief, objective,
valid, and reliable way to assess and understand students’
metarepresentational skills. We recommend its use in physics
classrooms and programs and for science education research.
Additionally, we suggest that the MSP can be used to evalu-
ate students’ metarepresentational skills in other sciences,
such as organic chemistry, where molecular diagrams play
an essential role in problem solving. In such a case, the word
chemistry can be substituted for the word physics.

Given the extensive emphasis on the use of free-body
diagrams in physics and the disconnect between students’
use of these diagrams and their performance, we felt it was
important to be able to assess students’ understanding and
regulation of their diagram use. The evaluation of metarep-
resentational skills is a necessary requisite for studies of free-
body diagram use and potential intervention studies. The
present study adds to the discussion of free-body diagram use
in physics and presents a clear need for additional and cur-
rent work on how students are using free-body diagrams, an
assessment of the relationships between free-body diagram
use and educational outcomes in physics, and the need to
explain the disconnect between free-body diagram use and
successful problem solving for introductory level physics.
The MSP will be instrumental in this vital research.

As with all research, there were limitations in the current
study, one of which is that our findings are restricted to in-
troductory level, calculus-based physics students. At present,
there is insufficient data to inform us about free-body dia-
gram use and metarepresentational skills among intermedi-
ate and upper level physics students. A second limitation was
that this study, as well as the studies that were reviewed in the
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introduction of the paper, were all cross-sectional evaluations
of diagram use. Administering the MSP to varying levels of
physics students and at different times during their program
of study of physics would help determine growth and change.
Conditional, structural equation, and nested growth models
can answer questions about mediating and moderating ef-
fects of related variables over time. A third limitation was our
inability to link the students’ diagrams and problems from
the packets with their MSP responses. We weren't able to con-
nect student work on the problems to the survey responses
due to anonymity reasons. However, we recommend that
researchers conduct more mixed methods research on this
topic with a focus on, in what ways students solve problems
and how they use free-body diagrams support their problem
solving and how this relates to metarepresentations. Finally,
there is a need for more qualitative research on the topic. Us-
ing think aloud protocols to explore how students use free-
body diagrams would allow for a more detailed descriptions
of this process as it related to metarepresentation in physics
education.
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Taasoobshirazi, G., Heddy, B.C., Danielson, R.-W., Abraham, E.R.L, & Joji, S. (2022). Understanding Students’ Free-Body Diagrams Using
the Metarepresentations Survey for Physics

PO3YMIHHA NOBYAOBAHUX CTYAEHTAMU CUJTOBUX
CXEM BUIbHOI'O TJ1A 3 BUKOPUCTAHHAM ONMNTYBAHHA
3 METAPENPE3EHTALIN ANA ®I3UKN

I'ita Taaco6mmupasi'*®<P, benmxamin Xegmi*AP, Pobept [leniencon*?,
Epix A6paxam*A?, Illen6i [I>komxki'AP

'VuiBepcurer mrary Kenneco

*YuiBepcurer OKmaxomu

’BaIMHITOHCHKII iep>)KaBHUI YHiBepCHUTeT

ABTopcbknii BKIaj;: A - nusaiis gocmimpkeHHs; B — 36ip ganux; C - crataHanis; D - migrotoska pykomucy; E - 36ip komris

Pedepar. Crarps: 9 ., 4 Tabn., 1 puc., 27 mxepern.

Mera gocnimkenHa. OnnTyBaHH:A 3 MeTapernpesenTaiit iis ¢isuku (OMD) 6y1o po3pobieHe i OL[iHKI MeTapelpe3eHTa-
Li/IHMX 3HAHb CTY/IEHTIB IIifl 4ac posB’ﬂsyBaHHH ismuHMX 3529

Marepianu Ta Metopu. OnmuTyBaHH:A IpoBOAWIN cepert 288 cTyaeHTiB-(di3MKiB KomemKy Io4aTKoBoro piBHA. IIcuxoMeTpuyHi
BJIACTMBOCTI 1}bOr0 3ac00y BUMIpIOBaHHA, BK/IIOYAIOUM BajIiIHICTh KOHCTPYKTA, OLIiHIOBAJIM 3a JJOIIOMOTOIO IifITBEP/KYBaIbHOTO
(bakTOpHOro aHai3y Ta METPUYHOTO aHa/Ii3y Ha OCHOBI Moperni Pamra.

Pesynbrari. Mu Tako>X BUBYA/IN YAB/IEHHS CTY/IEHTIB I[0J0 BUKOPUCTAHHA CUIOBUX CXEM Bi/IbHOTO TiJIa Ta peTelbHO BUBYA/IN
3B’f130K MIXK YCHIIIHICTIO CTYIEHTIB y po3B’sI3aHH] 3a7a4 i HOOYI0BaHMMM HUMM CUIOBMMU CXeMaMI Bi/IbHOTO Tifa.

BucHoBku. Mu pexomenayemo Bukopuctanaa OM® Buknafadam ¢isyku Ta HayKOBO-IIeIarOTiYHIM TOCTiIHIKAM, AKi 6aka-
I0Tb OLIHUTYM TOOYAOBaHI CTYAEHTAaMI CIIOBI CXeMU BilbHOTO Tia. Kpim TOro, Myt IpuITyCKaEMO, 1110 /ISl OLIHKM MeTaperpeseH-
Tallill B IHIINX Tayy3Ax 3HaHb IpeAMeT (Gi3MKy MO>KHA 3aMiHUTY Ha XiMilo, TeHeTHKY ab0 Ha iHIIY JUCHUIUTIHY.

KnrouoBi cnmoBa: MeTapenpesenTalii, CUI0Bi cXeMM BiIbHOTO Tijla, Ba/liHICTh KOHCTPYKTA, MOJIE/IIOBAHHA CTPYKTYPHUMMU
PiBHAHHAMM, MOJIE/IIOBAHHSA [JAHUX 32 JIOTICTUYHOI Mofe/Io Paia.
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