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ABSTRACT

CONTEXT

Statics is a fundamental course in engineering, representing one of the main challenges for
students to complete their engineering programs. Statics is also a prerequisite to different
subsequent subjects where problem-solving and spatial visualization skills are essential. The
traditional teaching of Statics is insufficient for students to achieve successful learning of
Statics.

PURPOSE OR GOAL

This study explores how different conditions of worked-examples integrated into a spatial
visualization tool named "Hapstatics" promote conceptual change in Statics. Students
engaged in active exploration of these examples by self-explaining them. These activities
took place in the context of remote education due to the COVID-19 pandemic.

APPROACH OR METHODOLOGY/METHODS

This study included 54 undergraduate engineering students enrolled in a Statics course
distributed into three groups. Each group wrote self-explanations for each step in a correct,
incomplete, or incorrect worked-example in the context of Statics equilibrium. The
"Hapstatics" tool was used to support conceptual understanding of static equilibrium.
Students completed a pretest and a posttest, and the researcher team used inferential
statistics to identify possible changes in students' conceptual knowledge.

ACTUAL OR ANTICIPATED OUTCOMES

The results showed a considerable improvement on student conceptual understanding in the
posttest for the incomplete worked-example condition. The complete and incorrect worked-
example conditions did not show a statistically significant result.

CONCLUSIONS/RECOMMENDATIONS/SUMMARY

This study suggests that engaging students with a Statics interactive worked-example using
a self-explanation strategy may promote conceptual change. We recommend working in
strengthening their spatial visualization skills in learning Statics throught the use of spatial
visualization tools.

KEYWORDS

Metacognition, Problem-Solving Skills, Statics, Worked-Examples, Self-Explanations



Introduction

Previous research about engineering students has shown that a good academic performance
does not mean that students acquire a proper understanding of fundamental engineering
concepts (Foutz, 2018; Montfort et al., 2009; Haron & Shaharoun, 2010). Statics is
considered an essential subject for different disciplines, which require critical analytical
problem-solving skills, a necessary objective for engineering education. Thus, the course of
Statics becomes a supporting pillar for engineering design and applied engineering. Hence,
the use of specific teaching strategies for Statics requires great effort and attention (Steif,
2004).

For many students, Statics is an important but challenging engineering course. These beliefs
tend to negatively impact their performance in this subject and, therefore, in subsequent
ones. Students' study habits, often poor and unmotivated by the prejudices formed around
the subject, plus the complex Statics concepts, are constant obstacles for the students'
learning process. A correct understanding of Statics enables students to relate the forces
with the interactions between the elements, but students often have difficulties perceiving the
forces between inanimate objects like Free-Body diagrams (Steif & Dollar, 2005). They also
have problems understanding the reactions and forces between the components of
structures and machines (Goodridge et al., 2014; Litzinger et al., 2010).

Strengthening students' problem-solving skills will be crucial for comprehending the topics
studied in a Statics course. When students try to solve Statics problems, conceptual gaps
are reflected in their solutions, resulting from the traditional pedagogical strategies. These
are important reasons to reflect on the pedagogical strategies used in Statics and students'
prior knowledge.

In this study, we used a spatial visualization tool called "Hapstatics" (Walsh et al., 2018),
integrated with a self-explanation strategy in the context of remote education. Hapstatics
allows students to identify the forces and reactions acting on a structure under specific
conditions. This simulation was integrated along with self-explanation activities to elicit
student metacognitive skills. Metacognitive skills enable students to be more aware of their
own learning process (Chi, 2000). This study aims to explore whether this integration support
student conceptual change. The guiding research question for this study is:

RQ1: ;Which of the strategies are most effective for improving students’ conceptual
knowledge after self-explaining an either correct, incorrect, or incomplete worked-example?

Conceptual Change

Conceptual change is the theoretical framework guiding this study. Conceptual change refers
to the process where conceptions are changed or replaced by new conceptions, promoting a
restructuring of knowledge (Posner et al., 1982; Strike & Posner, 1992). To promote
conceptual change, the teaching strategies must support students to locate and/or
externalize their conceptual errors. This process also helps to understand the newly acquired
conceptions better and strengthen these through practice (Anderson & Smith 1987, as cited
in Vieira et al., 2018). The action to address their own misconceptions is known as
"accommodation" (Posner et al.,1982). To optimize the teaching practices in Statics, these
should consider students prior knowledge and conceptual gaps, which are a determining
factor for students to use adequate conceptual knowledge in problem-solving. The
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conceptual conflicts existing in students' mental model may enable the conditions to
externalizing students' prior knowledge and enabling cognitive accommodation (Schraw et
al., 2006).

Metacognition and Self-explanations

Metacognition is a higher-order mental process where students can develop the ability to
reflect on their learning products and cognitive processes (Flavell, 1976; Moore & Carling,
1982; Gavelek & Raphael, 1985). Planning, monitoring, and evaluation are three
metacognitive strategies involved in cognitive regulation (Brown et al., 1983: Flavell &
Markman, 1983). These strategies enable students to learn on their own, acquire better-
structured knowledge, increase their motivation for learning, and a greater success in tasks
to solve.

Self-explaining is a knowledge-building activity directed by students who generate
explanations for themselves, going beyond the information provided, starting, generally, from
a written text that makes a procedure explicit, and usually within a learning context (Chi,
2000). Self-explaining helps students identify gaps in their understanding and missing
information in the delivered text or studied example, and supports the construction and repair
of their mental model. Self-explaining demands to be more aware of their learning process by
monitoring their understanding of the material. Thus, self-explaining may help to externalize
student comprehension and elicit the development of metacognitive thinking (McNamara &
Magliano, 2009. These are critical conditions for conceptual change.

Spatial Visualization

In Statics, students must develop skills for spatial visualization to be able to extrapolate
Physics and Statics concepts into problem-solving. Spatial visualization refers to the ability to
manipulate an object or geometric figures mentally (e.g., to turn, to twist; Alias et al., 2002).
Teachers in different areas of engineering tend to represent 2D and 3D movements using
diagrams and inanimate objects. This approach increases the difficulty for students when
trying to interpret forces and reactions between elements in contact. Including spatial
modeling within the teaching and learning of Statics would reduce students' cognitive load
and converge in better results on students' understanding of Statics.

Methods

This study employed a multiple case-study crossover design (Yin,2009) to analyze and
compare each case against another. Each case study corresponds to a worked-example
type, one for each group of students. The goal is to identify which strategies are most
effective for improving students' conceptual understanding in Statics among a correct, an
incorrect and an incomplete worked-example. The cross-case study design enables the
research team to identify differences and similarities within and between each of the three
cases (Khan & VanWynsberghe, 2008).

Participants and Procedure

This study included three groups of a Statics course at a private mid-size Latin-American
university. A total of 91 students enrolled in this course during the fall semester of 2020
participated in this study. Participants were divided into three cases according to the type of
worked-example they self-explained: correct, incomplete or incorrect worked-example. The
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study started from a pilot phase in the fall semester 2019 (De La Hoz et al., 2020) with the
participation of three students in a think-aloud protocol. Later, a subsequent study was
implemented during the spring semester of 2020 with 147 students divided in two cases: an
incomplete and an incorrect worked-example. The pilot phase offered us a preliminary
coding scheme that served as a starting point for the rest of the study. The second phase
allowed us to refine our coding scheme and identify the effectiveness of these approaches in
a classroom environment.

The procedures for this study include: i) Students first completed a pretest, assessing their
conceptual understanding of Statics equilibrium; ii) The incomplete and incorrect worked-
example groups completed a spatial visualization activity using the Hapstatics simulator
(Figure 1); iii) Students wrote their self-explanations for the correct, incomplete or incorrect
worked-example of static equilibrium, divided into five steps (Road map, modeling, governing
equations, computation, discussion, and verification; Gray et al., 2005). Since students
accessed the session remotely, we use the platform Nearpod to collect their self-
explanations. Figure 2 depicts a section of the complete, incorrect, and incomplete worked-
examples; iv) After completing the self-explaining activity, students took a posttest to
assessed student conceptual change. The instructor did not provide any feedback to
students on their self-explanations before they completed the posttest.

Data Analysis

We used descriptive and inferential statistics to identify: i) Changes on students' conceptual
understanding and problem-solving skills after working on the self-explanation and spatial
visualization activities: paired t-test; and ii) differences on these changes between each self-
explaining conditions: complete, incorrect and, incomplete worked-example: ANOVA.

Using the simulator, draw the free-body diagram at points A, B, and C when force F1 is applied.
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Figure 1. (a). View of Hapstatics simulator when is applied an external force in joint B. (b).
Activity in Nearpod platform.
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Step 2: Modeling - To calculate the magnitude of the tension "T" and the reaction at point A of the element AB, we use the P -
free-body diagram of the crane arm to find the solution. From the free body diagram we can define that the magnitude of the LW ¢
reaction in point A should be similar to the tension "T* but with opposite direction

(Explain in your words why a free-body diagram is drawn as shown in this step).

(a)

Step 2: Modeling - To calculate the magnitude of the tension "T" of the cable and the reaction at point A of the arm, itis
necessary to know through the free-body diagram of the crane arm. /
From the free-body diagram it is assumed that components of the reaction at point A should

to the components of when holding the charge. From

which it would be expected that the tension and the reaction would present similar magnitudes with opposite direction.

(Complete the explanation using your own words)

(b)

Slida5/8

Step 3: Governing equations - From the free body diagram, we establish the equations that will allow us to solve this exercise.
The counterclockwise direction of rotation will be positive for the moment equation.

IMA=(Tx*d1) + (Ty*d1) - (We*d3) - (Wh*d2)=0; —
SFx=Ax+T =0
SFy=Ay - Wb - We - (T*Sen 20°)=0

(Now, using your own words, explain where are the errors and correct them)

(c)

Figure 2. Sections of the complete (a), incorrect (b) and incomplete (c) worked-example in
Nearpod platform.

Results and Discussion

Although the initial number of participating students was 91, some technological issues
related to the particularities of remote education limited their participation in the study.
Specifically, student internet connection and their limited technological infrastructure became
a challenge for some of the students to complete the procedures of this study. In total, 54
students completed all the activities.

Student Conceptual Change

The first step to identify the possible changes in student conceptual understanding after
explaining the worked-example, was to assess the difference between the pretest and
posttest scores in each example condition. Table 1 depicts the descriptive and inferential
statistics for each group (i.e., the case studies). The results show that students in the
incorrect and incomplete conditions had a better performance in the posttest than students in
the correct condition. The gain was higher for students in the incomplete condition, which
changed from an average score of 40.2% in the pretest to 58.8% in the posttest. Note that
students in incorrect condition started with an average score of 58.8% in the pretest, which
makes it more difficult for them to show a statistically significant gain in the posttest. Likewise
the average score for students in the Complete condition was lower in the posttest, this
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results was not statistically significant. Thus, exploring the complete example did not help or
hinder their learning process.

Table 1. Descriptive and inferential statistics of performance test grouped by the example

condition.
Pretest (%) Posttest (%) Gain (%) t test
Mean sd n Mean sd n Mean sd t *df p *d
value
Correct 40,6 316 15 38,6 216 15 -2 29 0.26 14 0.79 0.07

Incorrect 58,8 272 19 61,6 292 19 28 21,2 -056 18 0.58 0.09
Incomplete 40,2 224 20 58,8 272 20 18,6 296 -2.8 19 0.011 0.74
All 46,8 27,8 54 54,2 276 54 74 276  -192 53 0.059 0.2

*t. test statistics; df: degrees of freedom; p-value: probability value; d: effect size.

These results suggest that self-explaining incomplete worked-examples support students'
conceptual change. Cohen's d statistic shows a strong effect size (0,74). Using a one-way
analysis of variance (ANOVA), the results suggest that the incomplete condition was more
effective than the correct and incorrect condition (F(3,50)=4.945 , p value = 0,037).

RQ1: ; Which of the strategies are most effective for improving students' conceptual
knowledge after self-explaining an either correct, incorrect, or incomplete worked-
example?

The results suggest that the correct worked-example is not the most appropriate to promote
student conceptual change. Having all the elements from the solution available may fail to
engage students in actively exploring the examples. This approach results in limited gain
from identifying key concepts and strategies to use them in transfer problems. The incorrect
worked-example condition demands more effort and additional background knowledge in
students to identify the mistakes in the solution, and propose a correct explanation. This
condition may be increasing their cognitive load (Grobe & Renkl, 2007; Booth et al., 2013).
Incorrect worked-examples may be helpful for students with the required prior knowledge to
identify these errors in the examples as evaluating is a higher cognitive skill.

Finally, the incomplete worked-example condition seems to be the most effective strategy to
improve conceptual knowledge in Statics students. Explaining each step of the incomplete
solution confronted students with the possibility of assimilating new concepts such as
restructuring previously conceived ones (Ainsworth & Burcham, 2007). Incomplete examples
may be more appropriate for the type of students who usually take a Statics course for the
first time: students with considerable conceptual gaps, limited background knowledge and
spatial visualization skills (Steif et al., 2010; Litzinger et al. 2010; Haron & Shaharoun, 2010).
Incomplete ideas or sentences inside the paragraphs work as a guide for students when
trying to fill the blanks in the explanation. This approach focuses students' attention on
specific parts of the example, reducing the cognitive load. Self-explaining incomplete worked-
examples creates conflicts in deficient mental models, increasing students' awareness of the
learning materials. When students do not understand a topic properly, this approach may
promote students' conceptual change.
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Conclusions, Limitations, and Future Work

This study explored three worked-example formats (i.e., correct, incorrect, and incomplete)
together with an interactive visualization tool to promote student conceptual change in a
Statics course. The self-explanation strategy allowed students to be more aware of their
learning process and develop a stronger conceptual understanding of Statics concepts. The
incomplete worked-example generated the most appropriate conditions to promote
conceptual change. The integration of visualization tools like the "Hapstatics" simulator is
essential for students to achieve a deeper understanding of the physical behaviors illustrated
in Statics exercises.

The main limitation of this study involves the remote education context, which constrained
the sample size, and students' interaction with the Hapstatics tool. This limitation may have
influenced students' average score on the pretest for the incorrect condition, significantly
higher than for the other two conditions. Future work will focus on the relationship between
the quality of students' self-explanations and their conceptual understanding. We will also
look into students' interactions with the "Hapstatics" simulator and their approaches to self-
explain the worked-examples.
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