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BACKGROUND

Across many domains, research has shown that students often fail to select
and apply appropriate conceptual knowledge when solving problems.
Programs designed to support monitoring skills have been successful in several
domains.

PUrPOSE (HYPOTHESIS)

Critical conceptual knowledge in statics appears to be cued by paying attention
to the bodies that are present in a problem, as well as to which ones are inter-
acting and how. The research question addresses whether students can be
induced to think about the bodies present, and whether focusing on bodies
improves problem solving performance.

DESIGN/METHOD

Using a pre-post test design, written and verbal protocols were obtained for
students solving problems before and after instruction. During instruction all
students saw the same set of examples and corrected answers, but only the
experimental group was asked questions designed to promote body centered

talk. Solutions and protocols were coded and analyzed for frequency of body
centered tatk and solution quality.

RESULTS

The experimental group showed statistically significant increases in relevant
body centered talk after instruction. Both groups improved their ability to rep-
resent unknown forces in free body diagrams after instruction, with the experi-
mental group showing a greater, but not statistically significant, improvement.
However, for both groups, the error rate in representing unknown forces at an
interaction was significantly lower when a student referred to the bodies in the
particular interaction.

CONCLUSIONS

Problem solving in conceptually rich domains can improve if, in addition to
acquiring conceptual knowledge, students develop strategies for recognizing
when and how to apply it.
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I. INTRODUCTION

A significant component of engineering education and practice
involves the activity of modeling. Modeling, in the context of engi-
neering, involves approximating a real engineering system so that its
performance or behavior can be estimated through the application
of scientific principles and concepts. This paper addresses modeling
and problem solving in one such subject, statics. Statics is a founda-
tional course for many engineering disciplines, such as mechanical
and civil engineering, and it is generally students’ first experience
with modeling. In particular, this paper articulates and tests the ef-
fectiveness of an approach to problem solving in statics that focuses
students on problem features that link to relevant conceptual
knowledge, and thereby reduces commonly committed errors.

Very recently, there has been an increased interest from the engi-
neering education community in characterizing the conceptual
basis of a number of fundamental engineering subjects. For exam-
ple, researchers have sought to develop Concept Inventories, pat-
terned after the widely used Force Concept Inventory (Hestenes,
Wells, and Swackamer, 1992) in physics education research. These
multiple-choice tests address the most important concepts in the
subject, and are often the ones with which students routinely have
difficulties or harbor misconceptions. However, even students who
possess the important conceptual knowledge needed to solve prob-
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lems may still fail to access that knowledge when applicable. In
other words, their knowledge is “inert,” present, but not represented
in a way that makes it usable when faced with a problem to solve.

The ability to identify and apply appropriate conceptual knowl-
edge when needed may be viewed as a metacognitive skill.
Metacognitive skills refer to such mental activities as planning,
monitoring comprehension, and evaluating one’s progress towards
a goal. Several studies across many domains, including physics (Chi,
Feltovich, and Glaser, 1981; Larkin et al., 1980), history (Wineburg,
1991), and social sciences (Voss et al., 1984) have shown that a
major difference between experts and novices is their metacognitive
skills, For example, experts focus considerable time on the develop-
ment of an appropriate and complete representation of the problerri
and selecting a strategy for approaching it prior to doing any
detailed analysis. By accurately representing the problem, the expert
constrains the range of possible analyses or procedures to apply and
can quickly and successfully solve the problem. By contrast, novices
tend to immediately jump to some type of detailed analysis, often
based on a poorly conceptualized and incomplete representation of
the problem. As a result, they may omit or mischaracterize key
aspects of the problem and fail to successfully solve it.

Another important metacognitive skill of experts that distin-
guishes them from novices is their ability to monitor their current
understanding and determine when that understanding is
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inadequate (Brown, 1980; Flavell, 1985, 1991). A number of re-
searchers have successfully developed and implemented programs to
support students’ monitoring skills to improve learning and prob-
lem solving. Examples include reading comprehension (Palinscar
and Brown, 1986), writing (Scardemalia, Bereiter, and Steinbach,
1984), mathematics (Campione, Brown, and McConnell, 1988;
Schoenfeld, 1991), physics (White and Frederickson, 1998; Reif
and Scott, 1999), statistics (Lovett, 2001), and computer program
debugging (Klahr and Carver, 1988). For example, in Palinscar and
Brown’s (1986) Reciprocal Teaching method used to support text
comprehension, instruction is structured around encouraging stu-
dents to implement four strategies to monitor their comprehension:
summarizing, question generating, clarifying, and predicting. The
teacher initially models these comprehension strategies, and then
scaffolds students’ use of the strategies by prompting them to sum-
marize, predict, etc. Finally, students take turns assuming the role of
teacher in leading this dialogue with each other. Although the specif-
ic activities in the various instructional programs are domain depen-
dent, they all focus on the generalizable metacognitive procedures or
features that address a wide range of problems within their domains,
such as diagramming, question posing, and self-explanation, and are
not tied to specific problem solution strategies.

It is clearly necessary for students to have a sound conceptual
framework for solving statics problems. However, conceptual
knowledge in itself is not sufficient for successful problem solving:
students must also know when and how to apply their knowledge.
Here we propose and test the effectiveness of a questioning tech-
nique in improving students’ problem solving. The questions are
designed to focus students’ attention on features of statics problems
that are closely tied to relevant conceptual knowledge, and provide a
systematic approach to building a conceptual representation before
they pursue mathematical solutions. Like the previous examples
of programs, the approach is specific to a domain butapplicable to a

* wide range of problems within the domain.

I1. CONCEPTUAL FRAMEWORK FOR STATICSAND ORIGIN
OF PROPOSED METACOGNITIVE STRATEGY

In several branches of engineering, including mechanical and
civil engineering, statics forms an important foundation to subse-
quent courses, such as strength of materials and dynamics. In addi-
tion, to the extent that design activities draw upon engineering sci-
ence knowledge, statics can play a key role in design. Indeed,
instructors in design courses lament the inability of students to use
knowledge from prior courses, such as statics, for practical design
purposes (Harris and Jacobs, 1995). Several potential flaws in tradi-
tional statics instruction have been catalogued recently (Steif and
Dollsr, 2005), and alternative approaches that might better address
conceptual challenges were recommended. In parallel, a conceptual
framework for statics has been proposed (Steif, 2004), and this has
led to the development of a now widely used Statics Concept In-~
ventory (Steif and Hansen, 2007). In this inventory, three of the
four concept clusters involve bodies and the relations between bod-
ies and forces; these underlie the ability to reason about real systems.
The centrality of bodies in the concepts of statics is one origin for
the instructional strategy proposed below.

The second origin of the instructional strategy is the observation
of the first author as a long time instructor in statics, When students
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ask for help in solving statics problems, certain body-centered ques-
tions posed by the instructor very often appear to provoke produc-
tive thought in the student. Such questions include: “Precisely what
bodies from the original system are you including in your free body
diagram?” or “Which body exerts the force that you have drawn on
that free body diagram?” These questions appear to push the stu-
dent to explicitly address and grapple with fundamental concepts
and in effect, support a shift in students’ mental model or represen-
tation of the problem toward one that places the bodies and the in-
teractions between them at the forefront. These prompts can be
viewed as metacognitive because they force students to monitor
their process and explain their reasoning to themselves and the in-
structor in terms of bodies, thus shifting their underlying model of
the problem (Hausmann et al., 2009). By focusing students’ atten-
tion on the critical aspects of the problem, they were more likely to
identify and self-correct errors and thus develop a more complete
and relevant conceptual representation of the problem.

The apparent success of this questioning strategy of the instruc-
tor suggests that students may benefit if they leam to ask themselves
similar questions. This study seeks to determine whether metacog-
nitive prompts can induce students to recognize bodies that play
important roles and whether this improves their problem solving
performance.

III. METHOD

A. Participants

Twenty-one college students who previously completed and
passed an introductory statics course participated in the study. Stu-
dents were enrolled in either the mechanical or civil engineering
program of the University of Pittsburgh or in the civil engineering
program of Carnegie Mellon University (none were students of the
authors). Students were randomly assigned to the experimental
(V= 10) and control groups (/V = 11), respectively.

In order to examine whether body-centered thinking is a more
expert-like approach to solving statics problems, we also recruited
two mechanical engineering graduate students. Both students had
served as statics T'As for one semester for the first author two and
four years prior to the study, respectively, but neither had been stu-
dents of the author in a statics course. Graduate students were cho-
sen because they represent an intermediate level of expertise, char-
acterized by strong conceptual knowledge and proficient problem
solving skills while still maintaining an explicit awareness of the in-
dividual steps in their solution process, the latter being a character-
istic often lost at higher levels of expertise (Berry, 1987; Ericcson
and Simon, 1984).

B. Pre-testand Post-test Problems

For all pre-test and post-test problems students were given a dia-
gram and asked to determine the loads (interactions or forces) act-
ing on various bodies. All problems involved multiple bodies con-
statics. The second and third pre-test problems are those shown in
Figure 1. The post-test problems were constructed to be conceptu-
ally identical permutations of these problems so that performance
on the post-test problems could be meaningfully compared with the
second and third pre-test problems. No feedback was given to par-

ticipants on the solutions to these problems.
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Figure 1. Typical problems usedin study.

The strecture shown is pinned to ground at A and at B. The pinsat C,
D, and E convect the members to each other. Assume there is no
friction at pins. Negleet the mass of members other than the 500 N

Determine alf the foads acting on member ADE.
Determine all the loads scting on member BCDE.

00 N

C. Instructional Sessions

Instruction for both groups centered on the analysis of three
statics problems (comparable to those in Figure 1). The goal of
the instruction was to improve students’ ability to draw free body
diagrams, and in particular to represent the unknown forces at
various points, by having them analyze diagrams and determine
whether the representation of forces was correct or incorrect. The
control group was shown representations of forces for various
subsets of the problem (for example, one part or two parts togeth-
er). Some representations were correct and others were incorrect,
and students were asked if the representation was correct via writ-
ten instructions next to the diagram. Students answered orally,
and when the students signaled readiness, the system would give
feedback in the form of a recorded voice as to whether the
representation was correct, and if incorrect, displayed correct
representations.

Students in the experimental group were ultimately shown the
same set of problems, subsets, and correct and incorrect representa-
tions, but their instruction included a set of intermediate questions
that were designed to promote a more body-centered approach to
statics problems. Specifically, after being shown the original prob-
lem diagram (e.g., in Figure 1) and prior to being shown any free
body diagrams, students were asked via written instruction:

» Name the distinct parts.

o Where exactly do the parts contact each other; that is, on

what surfaces do they touch?

Students answered orally and when ready heard a recorded
response to the questions. Next, students in the experimental group
were shown a subset of bodies that would form a free body diagram,
without representations of forces, and were asked via written
instruction:

o Name all of the parts that are included in the free body

diagram(s).
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o Name all of the external parts that directly contact the parts

of the free body diagram(s).

Students answered orally and when ready heard a recorded re-
sponse to the questions. Then using the same subset of bodies, stu-
dents were shown a completed free body diagram with representa-
tions and were asked via written instruction:

o For each load drawn, name the part that exerts that load.

« Think about the forces that the parts can exert on one anoth-

er: is each load drawn correctly?

o Isacontacting body exerting a force that is not shown on the

diagram? If so, where and to what load would it apply?

Students answered orally and when ready heard a recorded re-
sponse to the questions.

D. Procedure

Participation for the control and experimental groups consisted
of two, individually run sessions, both approximately 1.5 to 2 hours
in length. In the first session students were asked to solve three pre~
test problems followed by an instructional unit. In the second session
students began with a second, similar instructional unit, followed by
two post-test problems. All students solved the identical set of prob-
lems. The first pre-test problem was intended to acclimate students
to the system and was not used in the analysis.

While students worked on the pre-test and post-test problems,
they were asked to talk-aloud about what they were thinking.
Think-aloud protocols have been used extensively in problem solv-
ing research, and an extensive review of many studies found no evi-
dence that performance or process changed as a function of the
think aloud procedure (Ericsson and Simon, 1993). In addition, for
the pre-test and post-test problems, all written work generated by
the students (e.g., diagrams, equations, notations) was captured
with a large digitizing tablet and cordless stylus. A computer pro-
gram recorded the time of each pen stroke and participant’s speech
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was recorded digitally and transcribed with time stamps, allowing
written work and verbalizations to be played back and coded. Thus,
for each student a large, multi-faceted, and dense set of data was
produced that was transcribed, coded, and analyzed in multiple
ways.

Only the data generated during the pre-test and post-test prob-
lems were coded and analyzed. T'o measure problem-solving per-
formance, free body diagrams and associated equations of equilibri-
um for the pre- and post-instruction problems were graded for
conceptual errors. In particular, we coded superfluous and missing
forces, the correctness of representations of unknown forces, the
presence or absence of equal and opposite pairs of forces, and the in-
clusion of all relevant equations of equilibrium. To assess the degree
to which participants engaged in body-centered talk, each verbal
protocol was transcribed and coded into several categories, as de-
scribed in the Results section. Relative frequencies of different cod-
ing categories were computed. In addition, for key portions of the
written solution, the verbal protocol was searched to determine
whether body-centered talk specifically relevant to that portion was
used.

The graduate student sessions were run individually in a single
session. Both students solved the same two statics problems (depict-
ed in Figure 1) and their verbal and written protocols were analyzed
in the same way as those of the student participants. For the first
problem, the instruction was: “Imagine you are solving this problem
for yourself because you wanted to verify the answer given in the
textbook. Simply talk aloud whatever you are thinking as you solve
the problem.” For the second analyzed problem, the instruction to
the graduate student was: “As you are solving this problem, talk as if
you were explaining your solution process to a student.”

E.Data Codingand Reliability

To establish the reliability of the coding, all pre-test and post-
test session protocols were coded independently by two individu-
als with expertise in statics, and the agreement between the raters
was measured. There is no unique measure of inter-rater relia-
bility; the task here is further complicated by the presence of
multiple types of body-centered talk. The k statistic was used to
capture the agreement of the raters in categorizing each utter-
ance of the protocol as body-centered talk or non body-centered
talk. The « statistic can be used (Landis and Koch, 1977) when
each of two raters makes a binary decision (yes or no); k utilizes
the frequencies of each possible pair of answers (no-no, yes-no,
no-yes, and yes-yes). For this study we calculated k = 0.77,
which is considered a significant degree of agreement. In addi-
tion, in 94 percent of cases where the raters agreed that an utter-
ance should be coded as body-centered, raters also agreed on the
sub-category of body-centered talk.

IV.RESuLTS

A.Talk
While participants’ talk was coded into several categories, for our
analyses we focus on four types of talk:
1. Overall number of utterances
2. Identification of body isolated in free body diagram
3. Identification of body exerting a force

4. Identification of equilibrium condition imposed
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Category 1 provides a baseline measure of the overall amount
of talk. The length of an utterance was determined by the location
of pauses, which were indicated by the timestamps created by the
capture software. Categories 2 and 3 represent two types of body-
centered talk, and category 4 is a type of talk that is likely common
during statics problem solving, but is not body-centered talk. The
following examples of Talk 2 through 4, extracted from the verbal
protocols of the student participants, are typical:

Talk 2:

“Ok, so drawing a free body diagram of member EDA”
Talk 3:

“There is a pin at D, so that is D, and D,”

Talk 4

“Sum of forces in the y direction is T plus Dy, plus Cy, plus
E’»y equals zero.”

‘We monitor the first type to determine the overall amount of
talk and changes with instruction. The second and third types of
talk are those that instruction was intended to promote, and the last
type was completely unaddressed in the instruction (which did not
proceed to the solution phase where equilibrium is imposed).

B. Student Talk

There was no significant difference between the two groups of
students in terms of overall number of utterances (Talk 1) before or
after instruction, (1,19) = 2.7, p > 0.1 and no significant change
in number of utterances from pre-test to post-test, F(1,19) = 0.55,
# > 0.1. Thus the two groups were similar in their overall tendency
to verbalize, and this did not change significantly over time.

Talk 2 measures the frequency of identifying the body drawn in
a free body diagram, normalized by the number of free body dia-
grams drawn. Identifying the body in a free body diagram is em-
phasized in instruction for the experimental group, but not in the
control group. Nonetheless, as Table 1 indicates, even prior to in-
struction, students have a strong tendency to identify the body in
any free body diagram and this tendency did not change significant-
ly from pre-test to post-test overall, F(1,19) = 0.48, p > 0.4. It may
be that instructors normally demonstrate problem solving by identi-
fying the bodies depicted in the free body diagrams, and indeed, we
found that the graduate students named virtually all the bodies in
their problem solving session.

On the other hand, it may be that instructors do not tend to em-
phasize the naming of bodies exerting a given force. Naming the ex-
erting body was one goal of the instruction offered to the experi-
mental group and was measured in Talk 3. Analyses revealed a
significant interaction effect, F(1,19) = 6.0, p < 0.03, with both
groups rarely naming the exerting body before instruction and only
the experimental group significantly increasing its naming of the
exerting body after instruction (Figure 2). The frequency of articu-
Iating the imposition of equilibrium (Talk 4) did not differ between
the groups, F(1,19) = 1.37, p > 0.2, and there was no significant
change in the tendency to articulate from pre-test to post-test,
F(1,19) = 2.10, p > 0.1. This was expected since neither group re-
ceived instruction pertaining to the phase of imposing equilibrium.
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Group Pre-Instruction  Post-Instruction

Centrol 81%:(9.1) 80% (1.1
Experimental  73% (9.9) 82%(1.1)

Tuble 1. Mean percentage (with Standard Error) of free body
diagrams in which bodies are identified (Talk 2).
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Figure 2. Proportion of forces for which the exerting body is
named (Talk3).

C. Graduate Student Body-centered Talk

"I'o further verity the importance of a body-centered approach to
solving static problems, verbal and written protocols of the two
graduate students were collected for two problems. Both graduate
students named virtually all the bodies that they drew for free body
diagrams (Talk 2). Since the greatest change in students that we
seek to induce is Talk 3, naming the body exerting a force, this fea-
ture of the graduate student protocols was of most interest. It can be
seen (Table 2) that graduate student GS 1 generated more talk and
had a higher proportion of named interactions than GS 2. In the
first problem, where they were asked to solve the problem for them-
selves’, both students were more likely to name interactions than the
experimental and control groups on the pre-test problems and the
control group on the post-test problems. When they were asked to
solve the problem as if explaining the process to a student, the frac-
tion of named interactions increased markedly for both graduate
students. The high proportion of interactions named by the gradu-
ate students when explaining to themselves and to students suggests
that they recognized the importance of focusing on this aspect of
the problem in order to solve it.

D.Performance
‘While performance on various aspects of the solution was moni-
tored, here we report on two Performance Measures:
1. Correctness of interaction representations
2. Identification of Newton’s 3rd Law interaction pairs
Instruction was expected to affect some aspects of perfor-
mance but not others. In particular, our expectation was that
Talk 3, concerning which bodies exert forces, would affect Per-
formance Measures 1 and 2. Performance Measure 1 is expected
to improve with instruction because the representation is tied to
"the nature of the connection between the bodies, which is strong-
ly influenced by the two bodies. Performance Measure 2 is also
expected to improve with the experimental instruction. For ex-
ample, consider the situation where we name the body that exerts
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GS Directed {o GS Directed to
Explain to Self Explain fo Student
Subject (Total Utterances) {Total Utterances)
GS1t .56 21 1.00:4220)
G§2 {.20 (68) 0.67 (123%)

Table 2. Fraction of interactions in which the body is named
(Talk 3) and total utterances for each of two problems solved by
graduate student subjects.

a force: if we later draw a free body diagram of the exerting body,
its role as one half of a Newton 3rd Law pair is already acknowl-
edged. But, if we merely note that a force is exerted at a point,
with the second (exerting) body of the pair left unspecified, the
force on the second body is more likely to be overlooked later.
Other aspects of statics problem solving, such as the imposition
of the equations of equilibrium, which are not addressed by the
instruction tested, were, as expected similar for the two groups
and not affected by instruction.

The main effect for instruction on Performance Measure 1 was sig-
nificant, F(1,19) = 14.25, p = 0.0013 (Figure 3). Prior to instruction,
both groups correctly identified only 65 percent of the interactions.
After instruction, the control group correctly identified 76 percent and
the experimental group correctly identified 90 percent. This is not sur-
prising; instruction included the identical (large) set of examples of free
body diagrams and representations; representations that were incor-
rect were corrected in the same way for both groups. Instruction for
the experimental group differed in that the exerting bodies were
named, and the relation between the bodies, their connection, and the
representation was articulated. Although the experimental group did
show a greater improvement than the control group (pre-post differ-
ence = 0.25 vs. 0.09, respectively) this difference was not significant,
F(1,19) =3.03,p = 0.098.

An alternative means of capturing the effect on Performance
Measure 1 is found if we note that the majority of interactions were
represented properly by most subjects (all of whom had passed stat-
ics), and that most of the interactions were not named. Clearly,
failing to name the exerting body does not necessarily mean that a
student has not identified it, nor does failing to name it guarantee
an error. However, explicitly naming the exerting body is an indica-
tion that the body has been identified; so naming the exerting body
should reduce the likelihood of error. To quantify this effect, we
considered all errors, and determined how many were associated
with named and unnamed bodies. So for each student we computed
two fractions: (i) fraction of errors when naming the body, and (ii)
fraction of errors when not naming the body. Figure 4 shows means
for these two fractions, computed over students in each of the two
groups, both before and after instruction. As shown, the fraction of
errors committed having named the body is very small, whereas the
fraction of errors committed having not named the body is consid~
erably higher. Furthermore, this difference was significant for both
experimental and control groups before (F(1,19) = 170, p <
0.0001) and after (F(1,19) = 27, p < 0.0001) instruction. This sup-
ports the idea that the practice of explicitly identifying the exerting
body, which the instruction is intended to foster, reduces errors.
Furthermore, the relationship between naming and errors regard-
less of group suggests that some students develop this strategy
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without instruction but others do not and thus may benefit from
explicit instruction of this kind.

The effect of experimental instruction on Performance Mea-
sure 2, identifying equal and opposite interaction pairs, was less
strong. In this case, we counted the number of opportunities to
draw equal and opposite pairs, and then determined the fraction
identified and drawn. (This method does not include the in-
stances in which pairs of forces were falsely identified as equal and
opposite). The two groups identified nearly the same fraction
before instruction (0.39 vs. 0.44 for control and experimental,
respectively), and both groups improved significantly after in-
struction, F(1,16) = 5.6, p <= 0.03. Although the experimental
group showed a greater improvement (increase of 0.05 vs. 0.20 for
control and experimental, respectively), this difference was not

significant, F(1,16) = 1.1, p > 0.3.

V. SUMMARY AND CONCLUSIONS

Solving of problems in statics, as in other engineering courses,
requires students to draw upon relevant conceptual knowledge and
apply it appropriately. Accordingly, students must recognize salient
elements that relate to relevant concepts in the problem statement
and diagram. It is hypothesized that salient elements in statics are
the distinct bodies in the diagrams, and their contacts with one an-
other that are represented by forces. This study examines the hy-
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potheses that a questioning strategy that focuses attention on and
thinking about the bodies present in a problem can improve prob-
lem solving performance.

The study employed a pre-post design with experimental and
control groups. Both groups solved the same set of problems be-
fore and after instruction, and both groups received instruction
based on the same set of problems and partially correct solutions.
Instruction differed in that the experimental group was prompted
to comment on the bodies in the problem and the correctness of
the various free body diagrams, whereas the control group only
commented on the latter. Students’ written work while problem
solving was captured on a computer tablet, while the think-aloud
protocol was captufed by digital recording; the development of
the solution and verbal protocol could then be played back in syn-
chrony and analyzed. While the sample size may be considered
small compared to studies that only use performance measures, it
is typical for studies that use quantitative data, such as verbal pro-
tocols, that are time intensive to collect and analyze. Furthermore,
these types of data (real-time pen-stroke analysis, verbal protocols
and accuracy), provide a rich picture of both the process and out-
come of problem solving performance. Since a major focus of the
study was to examine how students’ thinking affected their solu-
tion strategies, these measures were the most appropriate data to
collect.

It was found that the amount of body centered tatk was com-
parable for the two groups before instruction, and increased sig-
nificantly only for the experimental group. For one prime mea-
sure of performance, representation of unknown forces on free
body diagrams, it was found that both groups improved; the ex-
perimental group improved more although the difference was
short of significant. Since a large fraction of the forces are repre~
sented correctly, we focused on those which were represented
incorrectly. Although the control group displayed less body cen-
tered talk, both groups had a substantially lower frequency of er-
rors when the relevant body was discussed. This result points to
the specific benefit of body centered thinking, as measured by
the amount of body-centered talk, regardless of instruction.
This is consistent with research on self-explanation, where stu-
dents who generate more explicit and deep explanations of the
process perform better than students who generate few or shal-
low explanations (Chi et al., 1994). These results suggest that
student performance in statics may benefit from instruction that
promotes a more systematic discussion of bodies and that the
use of metacognitive prompts may help students develop a body-
centered representation and help them monitor their problem
solving process. Perhaps studies of conceptual knowledge in
other engineering subjects might be expanded to identify com-
mon, salient features in problems which prompt thinking about
conceptual knowledge.
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