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Abstract

Engineering design was integrated into K—12 science education in the Next
Generation Science Standards (NGSS Lead States, 2013), but teaching design
remains a challenge for educators. Design problems are ill-defined, ill-
structured, and complex problem-solving tasks. Their solutions require creativity
and recursive, metacognitive processes that cannot be taught with simple
algorithms. Moreover, adolescents do not demonstrate fully developed
metacognitive skills because they are undergoing profound developmental
changes. In this comparative case study, we explored how peer-delivered
metacognitive prompts supported adolescents during a design challenge. We
investigated how scripted prompts sparked reflection and stimulated design
changes and identified which prompts were most effective. We also observed
four interaction patterns between paired peers. The interaction patterns
influenced the quantity of design changes and shaped the strategies that students
used during revisions.

Keywords: adolescents, collaborative learning, engineering design,
metacognition, middle school, prompts

In 2009, the Committee on Engineering Education and the National
Research Council (Katehi, Pearson, & Feder) issued their report, Engineering in
K—12 Education: Understanding the Status and Improving the Prospects, which
outlined the benefits of K—12 engineering education to science, technology,
engineering, and mathematics (STEM) education. In addition to widening the
STEM pathway and improving technology literacy, the committee believed that
engineering education could act as a catalyst to integrate all the STEM
disciplines and make them more effective.

The committee also gave general principles for the implementation of
engineering education. Their first key principle was that “K—12 engineering
education should emphasize engineering design” (Katehi et al., 2009, p. 4). In
2013, developers of the Next Generation Science Standards (NGSS Lead States,
2013) implemented the directive and elevated engineering design to the level of
scientific inquiry.

Teaching design, however, presents a challenge to educators because of the
fundamental nature of design:
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e Design is an ill-structured, ill-defined, and complex problem-solving task
(Christiaans & Venselaar, 2005; Cross, 2004; Goldschmidt & Weil,
1998);

e Design is a recursive feedback process of “action and reflection”
(Christiaans & Venselaar, 2005, p. 217);

o Design requires the regulation and integration of multiple forms of
knowledge, and it relies heavily on metacognition (Christiaans &
Venselaar, 2005; Jonassen, 2000); and

e Design requires the simultaneous “‘co-evolution’ of the problem space
and the solution space” (Maher, Poon, & Boulanger, 1996; as cited in
Dorst & Cross, 2001, p. 434; see also Cross, 2001, 2004).

Because of these characteristics, design problems do not lend themselves to
simple solutions via algorithms that can be easily implemented in a K—12
classroom (Goldschmidt & Weil, 1998; Jonassen, 2000). Although educational
researchers may study the “science of design,” Cross (2001) argues that a
“design science” with logical, systematic, and rigid algorithms for solving
design problems is not congruent with the process of design. Instead, the
pedagogy for solving design problems requires a more reflective and creative
approach that emphasizes metacognitive skills to help students “know what they
know” and regulate their knowledge (Lawanto, Butler, Cartier, Santoso,
Goodridge, et al., 2013; Lawanto, Butler, Cartier, Santoso, Lawanto, et al.,
2013; Pintrich, 2002).

Metacognition must be emphasized because design problems and other ill-
structured problems are dominated by metacognitive processes (Christiaans &
Venselaar, 2005; Jonassen, 2000). During the design process, students must
repeatedly identify and define subproblems, generate solutions, and then return
back to the original top-level problem (Sheppard, Macatangay, Colby, &
Sullivan, 2009). Thus, design is distinctly nonlinear and requires the awareness,
management, and integration of many forms of knowledge through
metacognitive skills (Christiaans & Venselaar, 2005; Jonassen, 2000; Mawson,
2003).

Educational researchers (Lawanto, Butler, Cartier, Santoso, Goodridge, et
al., 2013; Lawanto, Butler, Cartier, Santoso, Lawanto, et al., 2013; Luo, 2015;
Wilson, Smith, & Householder, 2014) have shown, however, that students’
metacognition may be insufficient for them to engage successfully in all phases
of the design process. Cognitive neuroscientists (Casey, Jones, & Hare, 2008;
Choudhury, Charman, & Blakemore, 2008) have also reported that adolescents
have immature metacognitive skills because of profound developmental brain
changes. Consequently, a need exists to support adolescent metacognitive skills
in the context of design. One promising method of support is prompting.
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Literature Review

Invoking Metacognition

Metacognitive skills are considered to be more difficult to develop than
cognitive skills (Vos & de Graaff, 2004). Lin (2001) noted that students do not
automatically employ their metacognitive skills unless they are actively
encouraged to do so. Peteranetz (2016) developed a taxonomy of metacognitive
instruction that subdivided instructional methods into two broad categories:
implicit and explicit. The explicit approaches identified were direct instruction
and teaching benefits. The implicit approaches were modeling (when an
instructor shows metacognition in action) and prompting (when students are
encouraged or reminded to engage in metacognition). This study adopted the
implicit prompting approach.

Delivering Prompts via Peer Tutoring

Prompts can be delivered in a myriad of ways: through teachers, in written
questions (on paper or on-screen), or via peers. Prompts delivered via peers can
evolve into peer tutoring, a form of collaborative learning, and take advantage of
natural brain development. During adolescence, peers become especially
important and influential because of changes that take place in three regions of
the brain (Choudhury, Blakemore, & Charman, 2006). Peer tutoring capitalizes
on the natural affinity of adolescents for peer interaction.

During peer tutoring, students may question, assess, explain, and give
feedback to their peers. These interactions between peers provide multiple
opportunities for invoking metacognition (Choi, Land, & Turgeon, 2005).
During explanations, students must organize their knowledge and express it in
ways that a peer can understand, making explicit what they know and do not
know (Bargh & Schul, 1980). They may discover holes in their knowledge when
they cannot explain something fully or when they realize that something they
have said does not make sense. Explanations to peers, like self-explanations, are
piecewise events that provide many opportunities for structuring knowledge,
revising mental models, or repairing misconceptions (Chi, De Leeuw, Chiu, &
LaVancher, 1994).

Questions that arise during peer tutoring are another way to stimulate
metacognition. Questions may be provoked by inconsistencies between
incoming knowledge and existing knowledge. Questions can act as an
“epistemic probe” or a “heuristic tool” (Chin & Osborne, 2010, p. 884), sorting
out what a student knows and does not know and supporting argumentation.
Like explanations, questions also make visible a student’s knowledge and
reasoning, setting the stage for peers to co-construct knowledge by offering
confirmations or corrections of knowledge, or by filling in gaps. Questions are
essential to developing the metacognitive skills involved in critical reasoning
(Chin & Osborne, 2008, 2010).
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The feedback or assessment that may arise from a peer during peer tutoring
is also instrumental in promoting metacognition. Many researchers (Butler &
Winne, 1995; Greene & Azevedo, 2007; Labuhn, Zimmerman, & Hasselhorn,
2010) have described how feedback from an external source, including peers,
sets in motion self-regulatory processes. For example, Butler and Winn (1995)
described how feedback can act as a “catalyst” for metacognitive activities such
as monitoring.

Enhancing Peer Tutoring Efficacy

Peer tutoring efficacy can be enhanced through structure or guidance
(Ismail & Alexander, 2005; King, Staffieri, & Adelgais, 1998; Roscoe & Chi,
2007; Topping, 2005). Researchers have observed that without structure, peer
tutors often resort to low-level, “knowledge-telling” rather than “knowledge-
building” explanations. Or they ask only low-level, factual knowledge questions.
Structuring or guiding a peer tutoring session with prompts is one way to elevate
the quality of the peer tutoring and to reach higher knowledge construction
(King et al., 1998; Lin, 2001; Roscoe & Chi, 2007).

Purpose and Objectives

The purpose of this research was to explore how scripted, peer-delivered
prompts invoked metacognition in middle school designers. Our primary
objective was to see how the prompts encouraged paired students to make
design changes—to see how paired students interacted in a script-guided
environment—and what metacognitive strategies they used to make changes.
Additional objectives were to see which prompts and which types of peer-to-
peer verbal phenomena were most effective at inciting design changes.

Context of the Study
Our study focused on the early design process. In early design, students first
interpret the design problem and create a design brief, a written document
capturing essential design information, in which students set their goal, criteria
(features), and constraints (Cross, 2000). Then, they can begin generating design
solutions (sketches).

Sampling

Reflecting the desire to develop a pragmatic intervention, we conducted the
study in a public middle school in the Western United States with the potential
for variation in STEM exposure and socioeconomic status. We employed a
mixed, “purposeful” (Patton, 1990) sampling strategy, selecting participants
using (a) typical sampling and (b) criterion sampling by grade and course.
Students received token compensation ($10) for their participation.

The research site was a career and technical education classroom with 32
seventh-grade students. Because career and technical education was a required
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course for all seventh graders, the demographics of the classroom likely
reflected those of the school: approximately 61.1% Caucasian, 29.3% Hispanic,
3.8% Asian, 1.7% African American, 1.9% Native American, 0.7% Pacific
Islander, 1.5% two ethnicities, and 23% English language learners (school
demographics came from the National Center for Education Statistics Common
Core of Data for the 2016-2017 school year). Sixty percent of the students
received free or reduced-price school lunch.

Research Protocol

Over the course of three days, a graduate student researcher introduced
students to the engineering profession as well as the concepts of design, design
briefs and sketches, and animal enrichment. As part of the curriculum, all 32
students engaged in a design-challenge activity during which data were collected
from the 21 students who had agreed to participate in the study.

The design challenge was based on the K—12 engineering fair project The
Cat’s Meow: Designing an Enrichment Toy, developed for the nonprofit
educational organization Science Buddies in 2008
(https://www.sciencebuddies.org/science-fair-projects/project-
ideas/Zoo_p051/zoology/cat-enrichment-toys).

The design challenge was chosen because animals and pets appeal to a wide
variety of children and are motivating (Chen, Chou, Deng, & Chan, 2007). In
addition, we felt that this challenge would yield designs with great variability, as
opposed to challenges in which students designed for the same user or users.

On Day 1, students were told to select a zoo animal or pet and do
background research to find out about their chosen animal’s characteristics. On
Day 2, students worked independently and developed an initial design brief and
sketch of their toy.

On Day 3, each student was paired with a peer. Using scripts with
metacognitive prompts, each student presented his or her initial design to a peer
partner. The scripts guided students to ask each other about how their designs
worked and inquired about design strengths and weaknesses. One script (read by
a presenting student’s partner) contained seven questions prompting the
presenting student to explain his or her design. The other script (read by the
presenting student) contained two questions asking his or her partner for
feedback. After both students had presented their designs and received feedback,
they worked on their own redesigns while sitting together as a pair.
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Methodology
The study was conducted using a qualitative methodology, specifically a
comparative case-study approach in which comparisons were made within and
across multiple, comparable, “information-rich” (Patton, 1990) cases to look for
patterns (Levy, 2008; Wilson et al., 2014). Within the study, a case was defined
as a pair of seventh-grade students engaged in a design-challenge activity guided
by peer-delivered metacognitive prompts.

Data Sources

In each case, we focused on the students’ verbal responses to prompts and
their subsequent design revisions. Therefore, the data sources were: (a) the
students’ conversational turns, which were audio recorded; (b) their written
design briefs (initial and revised); and (c) their sketches (initial and revised).

Data Analysis

We analyzed the design changes between the revised and initial design
briefs and sketches quantitatively and qualitatively. Quantitatively, we looked at
how many design changes were made. Qualitatively, we looked at how the
criteria and constraints changed between the initial and revised designs. For
example, was a new criterion simply altered from the original one, making it
more refined? Was a new criterion a completely new, enhanced feature in the
design? Was a new or altered criterion critical—not just nice to have but
essential to its function? How did labeling change? How did sketch detail
change? All qualitative attributes were coded.

The next step was to analyze the verbal interactions between student pairs
while the students read and responded to the prompts and then worked on their
redesigns. Two researchers coded the transcripts of student conversations using
a codebook (Strong, 2018) containing definitions of explanations (simple or
user-centered), questions, feedback, and other codes. The researchers engaged in
rounds of coding and codebook modifications until an interrater reliability
statistic (Cohen’s kappa) greater than 0.85 was achieved (Hruschka et al., 2004).

The final step in the data analysis was to link the design changes (analyzed
design briefs and solution sketches) to the analyzed and coded transcripts (e.g.,
questions, explanations, or feedback) to determine how the design changes
arose. Linking the design changes to the code categories created a chain of
evidence (Yin, 2009) and answered the research objective regarding how the
students made design changes (i.e., the metacognitive strategies that they used).
We created link maps for each one of a student’s design changes and for each
student participant, as shown in Figure 1.
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Figure 1. Process for mapping links between a student’s design change and
peer-to-peer verbal phenomena.

Comparing Within and Across Cases

In comparative case studies, comparisons are made within and across
multiple cases. Researchers analyze each case individually and then analyze the
entire set of cases, looking for patterns of similarities and differences in the
phenomenon under study (Goodrick, 2014; Wilson et al., 2014). Results from
comparative case studies are considered to be more robust and compelling than
single case studies (Yin, 2009), enhancing transferability (Polit & Beck, 2010).

We first analyzed coded link maps for each pair of students, looking for
patterns of interactions (e.g., questions, explanations, or feedback) that drove
design revisions. We then synthesized patterns across all case pairs and observed

distinct interaction patterns that influenced how the designs came to be
modified.

Limitations

The study’s characteristics—its methodology, sampling, and curriculum—
imposed limitations. As a qualitative study, the findings may have variable
interpretations. Seven student participant pairs (four male and three female)
fully completed the entire 3-day curriculum. The time in which each participant
engaged with the research curriculum, surveys, and design activity was limited
to approximately 2 hours total. We have attempted to provide a “thick
description” of the cases (Strong, 2018) so that readers may determine for
themselves the transferability of the findings to adolescent populations of their
interest (Polit & Beck, 2010).

Findings for Peer Interactions
Four interaction patterns emerged from the analysis of the case pairs. The
patterns are depicted in Figure 2, which illustrates, metaphorically, the dynamics
of the peer-to-peer interactions during the design challenge. The climbers in
each drawing represent the pair of students in each case. The challenge to climb
the mountain represents the redesign task. Note that in two instances, the
climbers are at the same approximate level on the mountain, representing
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seemingly similar abilities in metacognitive practices. In two other patterns, the
climbers are at different levels on the mountain, representing disparate
metacognitive practices. Also, if the climbers are on the same side of the
mountain, that indicates they are following a similar design path with similar
design features; however, if they are on opposite sides, that illustrates an
independent design path with independent design features. The rope or flag in
three drawings is a representation of social or emotional support. Note that in
one interaction pattern (Soloists), there is none.

Guide
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Figure 2. Observed peer interaction patterns during the design challenge: (a)
Guide and Aspirant, (b) Supporters, (c) Soloists, and (d) Olympian and Coach.
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The Guide and the Aspirant

One pair of boys and one pair of girls were exceptionally good at eliciting
design changes in both partners. In each case, the pair had a student who was a
Guide—a self-regulated learner who used metacognitive strategies to guide the
redesign of both students.

The partner to the Guide was a student who was an Aspirant—a student
who was unsure but very motivated to improve. The motivation came from
observing the Guide’s design and redesign. As depicted in Figure 2a, the
students were linked together and followed a similar redesign path. The pairing
of a Guide with an Aspirant was a highly effective and dynamic combination,
yielding the most design changes per pair.

The metacognitive strategies used by the Guide partner included vocalized
private speech, questioning (e.g., “What would make this better?””), checking
task instructions, and explanations that contained simulations of how the user
would interact with the design or what the user was thinking or feeling. The
metacognitive strategies used by the Aspirant partner included explanations
(with and without simulations) and requests for feedback. After redesigning, the
Aspirant’s design became more like the Guide’s with similar design features.

The Guide and Aspirant cases are shown in Figures 3 and 4 for the male and
female pairs, respectively. The top row in each case shows the initial designs for
the Guide (on the left) and for the Aspirant (on the right). The second row shows
the revised designs after the student pairs have read and responded to the
scripted prompts and then interacted informally.

For the boys, the Guide, Leo,' designed an enrichment toy—a play area—
for cats, and the Aspirant, Javier, designed a toy for dogs. Note that Leo’s
designs contain many “stations” where cats could have different forms of
entertainment or pleasure (e.g., a feeding station, a napping room, a viewing
room, and a slide).

Although Javier’s initial design was solid (a squeaky ball suspended from a
weighted arm), the transcript revealed that he was dissatisfied with it after
seeing his partner’s design. For example, when Leo read the prompt asking
Javier what he thought was the best part of his design, Javier responded glumly
that he didn’t know. And later, Javier asked Leo for support, saying, “I don’t
even know what to put in mine.” Javier ended up abandoning his initial design
completely and instead, with Leo’s support (e.g., “You should probably have a
shoe room. A room full of shoes. Dogs love shoes”), made a play area for dogs
with different stations (e.g., a ball room, a sock room, a shoe room, and a
feeding station). Javier’s redesign features echoed Leo’s. The boys followed a
similar redesign path.

! All names are pseudonyms.
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Figure 3. Initial (top row) and revised (bottom row) sketches from the Guide
and Aspirant boys.

For the girls, the Guide, Jade, designed an enrichment toy for hippos—an
underwater rattle that was powered by waves. Like the male Guide, Leo, in the
previous case, Jade displayed excellent metacognitive skills. One of Leo’s
metacognitive strategies was to utilize vocalized private speech, but Jade’s
strategies relied on questioning (e.g., “What would make it better?”’) and
verbalizing task instructions. Like Leo, Jade displayed a strong ability to
simulate how the user would interact with the design. She also imagined what
the user would think or feel while using the design. “I think it will help them
because they can have not just each other to play with, but something other than
each other.” “I think the best part is that it triggers that thing in your brain where
it’s like: What is that? Should I be scared of it? Should I like it? Or what?”
“When the tides move, the water moves, and it makes [the beads] move. The
hippos will hear it and be like, ‘Wait, what is that?*”’

Her initial rattle shape was a cylinder filled with beads (Figure 4, upper
left). During revision, the cylinder shape changed to a sphere, and she added
more noises by mixing pebbles with the beads (Figure 4, lower left). Upon
receiving partner feedback to make the hippos “feel at home,” she modified the
toy to look “more natural” and “like a rock.” In addition, upon asking herself
and her partner a broad question (“Okay, what else would make it better?”’), Jade
thought about the safety of materials in her redesign: “For me, the biggest thing
is I don’t want it to decompose underwater. I don’t want it to get into the hippo’s
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digestive system. I don’t want them to eat [plastic]. But wood softens
underwater, so it could break underwater.”

The Aspirant, Luisa, like Javier in the previous case, was more hesitant and
unsure of the design task. Although she was never negative about her initial
design in the way that Javier was, her dog toy design appeared hesitant and
tentative—a small ball in the far upper left corner of the page with no detail or
labeling. Her Guide partner, though, was positive and offered ample
constructive feedback: “So, we could fix any flaws that it has. Or make it better
in some way. Well, I think . . . instead of just squeaking, it could maybe have
bits of food or treats inside . . . . When they squeak it, it opens up and drops the
treat out, and they’re like, ‘Oh my gosh, what was that?”

Luisa agreed that treats sounded like a good idea and wondered if the shape
should be “a little bit more square.” Jade affirmed her suggested shape,
visualizing “a split in a tennis ball.” Luisa then worried about the design (or
decoration) of the toy, saying, “I’m not sure about the design.” Jade offered,
“Maybe it could have bones on it or something because dogs like bones.” Luisa
brightened and drew a bone decoration on the toy.

Jade continued to pressure Luisa gently for more changes: “Okay, is that all
you want to do? Or do you want to add something else?” This questioning led
Luisa to an idea that echoed one of Jade’s features: “I think it would be cool to
make noises once it starts rolling around.” Jade enthusiastically agreed, “Yeah,
that’d be cool!” So, upon interacting with her Guide partner, Luisa’s redesign
became expansive and sure, filling the page and even providing written details
about its features (Figure 4, lower right). The Guide, Jade, led Luisa on a design
path similar to her own.
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Figure 4. Initial (top row) and revised (bottom row) sketches from the Guide
and Aspirant girls.

The Supporters

Three of the student pairs (two female pairs and one male pair) shared many
characteristics that are illustrated by the linked climbers in Figure 2b. First, the
participants in each supporter pair seemed to be at a similar level in their
abilities, as depicted by the climbers being at similar heights on the mountain.
Neither participant in a pair was overly dominant or appeared to have
significantly greater technical or metacognitive knowledge than his or her
partner.

Second, the participants were supportive. Although the participants tended
to follow their own path up the mountain (their own climb up the design
challenge with independent features), they did so with the support of their
partner. The female pairs especially showed a great deal of mirroring of one
another’s comments and behavior. They were positive, encouraging, and
complimentary about their partner’s design. The boys were more competitive
but in a teasing way. They were well matched and showed camaraderie.

Finally, for participants in these three pairs, the design changes came about
through a combination of explanations about their own design and feedback
from their partner. Although the number of the design changes were not as
numerous as those of the Guide and Aspirant pairs, each participant made solid
redesigns. There was no design fixation.
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The Soloists

Two student pairs (one male pair and one female pair) shared some
characteristics with the Supporters but differed in others. Just like the Supporter
pairs, the Soloist participants in each pair seemed to be well matched. No one
participant was dominant. No one participant appeared to have significantly
greater metacognitive or technical knowledge.

However, the Soloist pairs differed from the Supporter pairs in that they
offered little or no feedback to their partner. Even when prompted by a script, or
asked a spontaneous question by a partner, little or no feedback was
forthcoming. In addition, they offered no complimentary (emotional) support to
their partner. Therefore, design changes for each of the participants in the soloist
pairs came about only (or primarily) through explanations about their own
designs. This dynamic is illustrated in Figure 2¢ in which the climbers ascend
the mountain up their own paths with no support rope connecting them.

The Olympian and the Coach

One male student pair had a unique dynamic. They were close friends and
had worked together previously. Each was highly verbal and had an excellent
ability to simulate how the user would interact with the design. One of the
students, however, had significantly more technical knowledge than the other.
Their unevenness led to a dynamic in which the less knowledgeable student was
in awe of his partner’s knowledge and design. Consequently, nearly all of the
boys’ redesign energy was focused on the more knowledgeable student’s design.
The less knowledgeable student became like a Coach to an Olympian, cheering
him on and offering lots of feedback for improvements—both solicited and
unsolicited. The Olympian’s resulting redesign was more technical and
complicated than any of the other student participants; however, the Coach
never explicitly implemented his own redesign ideas. So, the redesign outcomes
were uneven. The Olympian made a challenging climb to the top of a steep
mountain with the support of the Coach, but the Coach remained halfway down
the mountainside, never making it to the top (see Figure 2d).

Findings for Prompts

There were two sets of scripts that the paired peers read aloud to each other
and responded to: One set was intended to provoke explanations to a partner,
and the other set was intended to provoke feedback from a partner. For both sets
of scripts, the metacognitive prompts that were most effective at inciting the
students to reflect upon their designs were the “negative” prompts (which asked
about design weaknesses; see Figures 5 and 6). However, “neutral” prompts
(which asked about how the design worked or how the user would interact with
the design without any value-laden words like weakness, improve, or best) were
only slightly less effective than the negative prompts, as shown in Figure 5.
“Positive” prompts (which asked about best parts of the design) were less
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effective than negative or some neutral prompts but enhanced student rapport by

generating praise in most cases.
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Figure 5. Number of participants who reflected on their own designs when

prompted for explanations.
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Figure 6. Number of participants who reflected on their partners’ designs when
prompted for feedback.

The prompts generated peer-to-peer verbal phenomena (e.g., explanations,
questions, and feedback). We counted the frequencies of the verbal phenomena
and analyzed the counts across all the cases to see if there were any relationships
with the numbers of design changes made.

In addition, we examined combinations of verbal phenomena. An
“Expressiveness Index” was defined as the sum of all verbal utterances from a
participant (excluding the reading of the prompts). Therefore, a participant’s
Expressiveness Index was the sum of his or her total explanations, feedback
given, affirmations given, and questions asked.

Likewise, a “Stimulus Index” was defined as the sum of all the self or
partner stimuli given to a participant about his or her design. Thus, a
participant’s Stimulus Index was the sum of his or her total explanations,
feedback received, affirmations received, and questions asked about his or her
own design. Plots of the indices versus the number of design changes made are
shown in Figures 7. (With the exception of the Olympian and Coach case, the
participants in each pair are grouped. Note that participants in a pair are near to
each other.)
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Figure 7. Frequency counts of participants’ indices versus design changes.

Excluding the Coach (on the x-axis), there was a positive relationship
between the Expressiveness and Stimulus Indices and the number of design
changes made by participants. Those who were highly verbal and those who
received the most stimulus made the most changes.

Conclusions
Peer Interactions
Four interaction patterns emerged from the analysis of the case pairs. The
metacognitive strategies used by each pair to make design changes depended
upon their interaction pattern.

o Guide and Aspirant Interaction Pattern: Design alterations were
numerous for both students and came about through a combination of
simple explanations, user-centered explanations, feedback, and Guide-
generated questions.

o Supporters Interaction Pattern: Design alterations occurred mostly
through a combination of simple and user-centered explanations and
feedback.

o Soloists Interaction Pattern: Alterations occurred mostly through simple
explanations, a few user-center explanations, and internal (unexpressed)
reflection.

o Olympian and Coach Interaction Pattern: Alterations occurred for the
Olympian through a combination of simple and user-centered
explanations, extensive feedback from the Coach, and Olympian- and
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Coach-generated questions. Alterations were limited to discussions for
the Coach and were not explicitly expressed in a sketch.

In addition, for all interaction patterns except the Soloists, there was a
socioemotional component to the alterations (Strong, 2018).

Prompts

The metacognitive prompts that were most effective at inciting the students
to reflect upon their designs were the negative ones, which asked about design
weaknesses. However, neutral prompts, which asked about how the design
worked or how the user would interact with the design, were only slightly less
effective than the negative prompts.

Design Changes and Verbal Phenomena

With the Coach participant excluded, we observed relationships between
peer-to-peer verbal phenomena and the number of design changes. There was a
strong positive relationship between the amount of feedback that participants
received and the number of design changes that they made. There was a weak
positive relationship between the number of explanations that participants made
and the number of design changes that they made. There was no relationship
observed between the number of questions asked and the number of design
changes that they made (Strong, 2018).

When combinations of verbal phenomena were analyzed through the
Expressiveness and Stimulus Indices, there were positive relationships with the
number of design changes. In summary, the students who made the most design
changes were the ones who (a) were highly verbal, (b) received the most
stimulus about their designs from themselves or from a partner, and (c) were in a
Guide and Aspirant pair. This pairing of unsure but motivated students with self-
regulated learners had the greatest number of design changes per pair.

Significance for Middle School Educators

Design is a challenging, creative endeavor. It is a difficult subject to teach
because there are no simple algorithms that can manage ill-defined and complex
design problems. Nor can simple algorithms handle the nonlinear processes that
arise during design, requiring iteration back to earlier stages. Designing requires
considerable metacognitive skills to manipulate knowledge—skills that are still
under development in adolescence.

This comparative case study demonstrated a pragmatic learning activity for
enhancing adolescent designs during their earliest phases through guided peer
interactions with metacognitive prompts. Design revision is stimulated through
peer-to-peer verbal phenomena and through socioemotional means. Which
verbal phenomena contribute to revisions and the degree to which the
socioemotional component plays a role depends upon the interaction pattern of
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the paired peers. Educators may choose to let students pair themselves or pair
self-regulated learners with more unsure students to create dynamic Guide and
Aspirant partnerships. Regardless of how students are paired or their interaction
patterns, the learning activity helps adolescents avoid design fixation. Students
are stimulated and motivated to alter their designs primarily by creating new
criteria or refining or eliminating existing criteria.

The metacognitive prompts used in this comparative case study can be
adapted to fit any design challenge. Teachers or instructional designers need
only to develop prompts that ask about the user (the one who will be using the
design) and what the user’s characteristics and needs are. Prompts can then be
developed that ask about how the user will interact with the design and why
students think their designs will meet the user’s needs. Finally, students can be
prompted to evaluate a design’s strengths and weaknesses—their own and their
partner’s.

The learning activity used in this study meets the Next Generation Science
Standards (NGSS Lead States, 2013) for middle school students which requires
sixth through eighth graders to be able to define a problem by specifying criteria
and constraints (as was done in the design briefs), develop solutions (as was
done in the sketches), and revise. The metacognitive prompts delivered by each
student to a peer partner during the learning activity create an environment in
which revision is supported both metacognitively and socially. Revision is
necessary to emphasize the benefit of peer-prompted engineering design.
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