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Scaffolding Middle and High School Students’ Engineering
Design Experiences: Quality Problem-SCOPEing Promoting
Successful Solutions

Andrew J. Hughes & Cameron D. Denson

Abstract

Highly proficient expert engineers begin the iterative process of design by
thoroughly investigating the design problem. Engineering students are often
distracted by surface details, leading to a faulty conception of the problem and
inappropriate solution strategies. Adequate problem-scoping is arguably the
most important step in the design process. To address this issue, the researchers
developed an instructional framework to help teachers scaffold students’
cognitive and metacognitive processes during the problem-scoping phase of a
design challenge.

The purpose of this quasi-experimental study was to investigate the impact
that scaffolded instruction related to the SCOPE process had on students’
solution success during a design challenge. The SCOPE process is used to help
teachers scaffold students’ design experiences during a tower design challenge
and increase the overall effectiveness of their design efforts. Students in this
study (N = 802) were separated into treatment and control groups. Using
hierarchical multiple regression, the SCOPE process accounted for 40.4% (AR?
=.404) of the variability of the design score, which was statistically significant
(p <.001). The results indicate that students who received scaffolded instruction
from their teachers related to the SCOPE process during the design experience
performed better on the design challenge.

Keywords: problem-scoping, design, metacognition, cognition, dispositions

Introduction

The purpose of this quasi-experimental study was to investigate the impact
that scaffolded instruction related to the SCOPE process had on students’
solution success during a design challenge. The independent predictor variable
was the SCOPE process. SCOPE is an acronym for Study, Criteria, Organize,
Predict, Evaluate. The SCOPE process was designed and implemented to
promote students spending more time on problem-scoping and problem-framing.
The additional time was used to study the problem, identify criteria, gather and
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organize information, and create and analyze plans for success more thoroughly.
The continuous dependent criterion variable was a design score based on a score
equation provided to students as part of the design challenge. Design literature
indicates the importance of and need to focus on problem-scoping during the
design process (Atman et al., 2007). While reviewing the literature, the
importance of problem-scoping and skillsets required for successfully
developing a design solution became evident. However, there are few studies
aimed at improving K—12 students’ design performance by combining research-
based findings and scaffolded instruction (Daugherty et al., 2018).

Literature Review
Design

Design is often considered a key activity and element within the field of
engineering (Dym et al., 2005). Design is complex, as are the problems that
designers face. Design is more complex than simply finding an answer to a
problem. Design also involves seeking to identify the problem. The concepts of
realism and systems help frame the complexity of design. Design is situated in
reality, and design outcomes arise from a deep and unblemished understanding
of the problem and system (Karakiewicz, 2020). Design is an innately inclusive
process involving a variety of “social processes (Bucciarelli, 1996), and involves
people with different perspectives (designers, non-designers, users, clients, etc.)
from different disciplines within and outside of engineering, working together to
solve complex technological problems that address societal as well as consumer
needs” (Atman et al., 2008, p. 310).

Atman et al. (2008) also indicated other design attributes, including
exploratory, emergent, reflective, ambiguous, the existence of multiple solutions
(as well as multiple problem representations), and a lack of procedural and
declarative rules. The multifaceted, complex nature of design necessitates the
implementation of developed cognitive and metacognitive skills to analyze
“multiple levels of interacting components within a system that may be nested
within or connected to other systems” (Lammi & Becker, 2013, p. 55).
Designers must reckon with the idea that their decisions have implications, not
only for the problem or system at hand but also for other connected systems.

Expert vs. Novice Designers

Highly proficient expert engineers thoroughly scope problems by
“identifying criteria, constraints, and requirements; framing the problem goals or
essential issues; gathering information; and, stating assumptions about
information gathered” (Atman et al., 2007, p. 361), in turn, promoting the
implementation of various outcome-driven heuristics (Dixon & Bucknor, 2019).
Expert engineers do not tend to go step by step through a fixed design process
but instead transition through design stages and several iterative design cycles
(Atman et al., 2007; Atman et al., 2005; Cross & Cross, 1998). Expert engineers
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implement their knowledge and experience while utilizing various strategies,
such as designing from first principles, to approach design tasks with a
systematic view of the design situation (Cross & Cross, 1998). When designing,
expert engineers apply both cognitive and metacognitive skillsets associated
with problem-identification, task clarification, information management, project
management, negotiation, concept generation, reflection, evaluation, and
refinement that are crucial for solution success during complex design
situations. Additionally, expert engineers have developed the social skills
needed for effectively communicating designs as well as working with clients
and team members (Dym et al., 2005).

Engineering students (i.e., novice designers) are singularly focused on a
solution and not an iterative design process; students spend less time at nearly
all stages of the design process (Atman et al., 2007; Becker et al., 2012). There
is a pronounced difference between experts and students in time spent at the
problem-scoping stage (Atman et al., 2007; Becker et al., 2012). “Problem
definition is a critical step in design thinking. It is the first stage of engineering
design[,] and it sets the foundation for developing solutions” (Becker et al.,
2012, p. 18). Failing to thoroughly identify the problem, gather and manage
information, and consider the systematic nature of the design situation results in
novice designers misunderstanding the problem. Misled by a faulty conception
of the problem and failing to realize that it is faulty, a combination of errors—
both cognitive and metacognitive—inevitably leads novices toward flawed
solutions.

Dispositions, Cognition, and Metacognition

The design literature clearly identifies key differences between expert and
novice designers related to specific skills underlying successful design (Atman
et al., 2007; Atman et al., 2008; Becker et al., 2012). These underlying skills
constitute broader skillsets, including dispositions, cognition, and
metacognition, that should be a well-integrated explicit focus during K—12
design experiences. To help students manage the complexity of design,
educators should explicitly focus on developing underlying skillsets during
scaffolded design experiences. Dispositions, as well as cognitive and
metacognitive skillsets, are presented as important in the design literature. These
encompassing skillsets serve as umbrella terms within the design literature to
represent numerous underlying skills (see Table 1). Design thinking and
engineering habits of mind (i.e., dispositions) are examples of phrases used in
the design literature to encompass other design skills such as systems thinking,
communication, collaboration, ethics, and empathy. Sheppard et al. (2009)
stated,

Engineering design involves a way of thinking that is increasingly referred
to as design thinking: a high level of creativity and mental discipline as the
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engineer tries to discover the heart of the problem and explore beyond the
solutions at easy reach. (p. 100)

Table 1
Design Literature Broad Terms and Underlying Skills
©
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Dispositions v v v
Systems thinking v v v
Collaboration v v
Communication v v v
Empathy v
Cognition 4 v v
Problem-scoping (i.e., v 4 4 v v
problem-framing)
Alternative solution v v v v
Estimation/prediction v v v
Modeling 4 v v
Experimentation 4 v v v
Continuous evaluation v v v v v
(i.e., iteration)
Metacognition v
Knowledge (i.e., v v v v
declarative,
procedural, &
conditional)
Planning v v v
Monitoring (i.e., self- v 4 v
questioning)
Organizing (i.e., v v
information
management)
Debugging 4
Reflecting v v
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Cognitive skillsets are also implicitly identified as important in the design
literature, including problem-scoping, generating alternative solutions,
estimating (i.e., predicting), modeling, experimenting, and continuous
evaluation (i.e., iterating). Additionally, terms such as reflection, planning,
information gathering (i.e., information management), and knowledge—
implying the cognitive processing of declarative, procedural, or conditional
knowledge—are used in the design literature to implicitly describe important
metacognitive skills. For K—12 educators to foster students’ abilities with these
umbrella skillsets, educators will need to understand the underlying skills, the
interconnectedness of those skills, and the recommended approaches for skill
development within the learning environment.

Engineering Design Process

For expert designers, the engineering design process is not a step-by-step
approach but rather a systematic and purposeful approach used for solving
complex, often ill-structured, open-ended problems (Cross & Cross, 1998). To
help novice designers develop their design ability, the engineering design
experiences need to be more systematically structured and scaffolded (Denson &
Lammi, 2014). All the engineering design processes seem to have common
activities, including problem or need identification, information gathering, idea
generation, modeling, analyzing, evaluation, decision making, communication,
and implementation. Atman et al. (2007) used a relatively common design
process that includes the activities listed above and added design stages. The
systematic nature of the design process suggests that designers need to work
more efficiently toward optimum solutions based on initial and thorough
problem-scoping.

During the implementation of an engineering design process, there is intent
to integrate the application of science and mathematics concepts; develop
students’ dispositions, cognition, and metacognition through the explicit
application of skills; and thorough problem-scoping for outcome success.

The National Center for Technological Literacy suggested that “The key to
educating students to thrive in a competitive global economy is introducing
them early to the engineering design skills and concepts that will engage
them in applying their math and science knowledge to solve real problems.”
(Becker et al., 2012, p. 2)

Scaffolding students’ experiences during design activities involves guiding them
through the implementation of the engineering design process (Denson &
Lammi, 2014). Teachers need to scaffold students’ implementation of the design
process in order to prompt students to allocate enough time during problem-
scoping or any other stage in the design process (Becker et al., 2012; Atman et
al., 2007). Additionally, helping students make explicit connections between the
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engineering design process (i.e., the doing) and cognitive and metacognitive
skillsets (i.e., the thinking) used during design is an important aspect throughout
scaffolded design experiences.

Importance of Problem-Scoping

Problem-scoping, the first stage of the engineering design process, is
directly related to the success of the design solution. Students engaged in design
do not comprehensively scope the problem, and this negatively influences many
aspects related to the solution’s success (Atman et al., 2007; Becker et al.,
2012). Problem-scoping has three interrelated yet distinct activities: (a)
identifying the need, (b) defining the problem, and (c) gathering information.
Problem-scoping activities further involve designers’ dispositions and utilization
of cognitive and metacognition skillsets. Novice designers do implement their
cognitive and metacognitive skillsets, but they do not have the experience of
experts nor the explicit, scaffolded design experiences to implement their
skillsets in a way that leads toward success (Atman et al., 2007; Becker et al.,
2012; Denson & Lammi, 2014). Becker et al. (2012) discussed The National
Academy of Engineering Committee on K—12 Engineering Education’s 2008
review of 15 high school engineering curricula that found design as a main
theme with problem-identification most often listed as the first design activity.
However, Katehi et al. (2009) noted that the curriculum did not engage students
in robust problem-identification. The lack of focus on the importance of
problem-scoping in middle and high school classroom design experiences
expressly relates to the rationale for investigating the teaching and learning of
design, specifically focusing on improving students’ problem-scoping and, in
turn, design outcome success.

Data presented by Becker et al. (2012) and Atman et al. (2007) indicated
that high school students and novice designers (i.e., college engineering
students) spent less time in the problem-scoping stage compared to expert
engineers. Students spent about 40-50% less time defining the problem and
gathering information than their expert counterparts. Overall, experts devoted
about 24% of their time to problem-scoping, compared to about 18% for
students (Atman et al., 2007; Becker et al., 2012). Despite the difference in time
spent on problem-scoping, Atman et al. (2007) compared the design quality
scores of senior college engineering students and expert engineers using the
Mann-Whitney test and found no statistical difference. Although Atman (2007)
did not compare design quality scores for freshmen engineering students and
experts, the freshmen’s design quality scores appeared to be significantly lower.
Becker et al. (2012) did not compare the quality of students’ designs with
experts’ designs either. However, Becker et al. (2012) noted that “without
exception, a contractor would not be able to build” what the students designed
due to “disorganized, messy, and incomplete” design documentation (p. 15).
Both Becker et al. (2012) and Atman et al. (2007) made recommendations that
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teachers should focus on scaffolding design experiences for students,
specifically during the problem-scoping stage. Dym et al. (2003) suggested that
“we need to spend more time thinking about how we define the problem, rather
than on the solution to a problem” (p. 106).

Background

The study was conducted alongside a 15-week, in-service teacher
professional development (PD) program called Engineering for Educators (EfE)
in Southern California in the United States. The EfE PD was designed around
the Standards for Preparation and Professional Development for Teachers of
Engineering (Farmer et al., 2014). The EfE PD addressed the following:
Engineering Content and Practices; Pedagogical Content Knowledge for
Teaching Engineering; Engineering as a Context for Teaching and Learning;
Engineering Curriculum and Assessment; and Aligning Research, Standards,
and Educational Practices (Farmer et al., 2014). The participants in the EfE PD
consisted of middle and high school science and mathematics teachers.

During the first meeting of the EfE PD, all the teacher participants were
asked if they would like to participate in this study. After the second EfE PD
meeting, one of the researchers in this study and seven teacher volunteers met to
discuss the study and the SCOPE process. The seven teachers had an average of
5 years of teaching experience and were all in the same cohort of a STEM
master’s program that one of the researchers in this study is acquainted with.
Two of the teachers taught math, and five taught science. At this meeting, the
goals were to give teachers the design materials, assign course sections to
treatment and control groups, and train teachers to deliver the SCOPE process
and the tower design challenge. The teachers were asked to implement the
SCOPE process with only the treatment groups and implement the design
challenge with both treatment and control groups.

SCOPE process

Participating teachers introduced the treatment group to the SCOPE process
in a researcher-developed presentation before giving students the tower design
challenge. The students in the treatment group were prompted to ask clarifying
questions about the usage of the SCOPE process. While preparing the teachers
to promote students’ utilization of the SCOPE process, the researchers
specifically addressed anticipated student questions. Students in the treatment
group were asked to use the SCOPE process during the design challenge. The
teachers encouraged students to think through the problem using suggested
techniques and questions to foster thinking about the design challenge (see
Table 2, Column 2). The SCOPE process inherently involves a focus on many of
the underlying skills involved in design. Additionally, the SCOPE process
prompts students to use various tools to record and analyze information (see
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Table 2
SCOPE Treatment
Tool examples for
recording
What How (suggestions) thoughts/ideas
S: Study the Read Carefully. System map/analysis
problem Clarify, look up any words or terms ~ Problem statement
carefully. do not understand Lo
you do not understand. Affinity diagram
Self-question: What am I being asked  Checklists
to do? What is the problem?
Restate the problem in your own
words.
Explain the problem to someone.
C: Criteria: What are the constraints, criteria, or Perception analysis

what are the
criteria for

requirements of the design?
Make a list of requirements.

Check sheet
Pareto chart

o
suceess: Verify the list of requirements.
O: Organize: What information do you have? Pert chart
What ) What does your information tell you  Lotus diagram
informationdo  4pout the problem? If. . then
you have? . "

What options do you have? Consensogram

What can you control or adjust?
What can you not control or adjust?

P: Predict; what
predictions can

What predictions can you make
about each approach?

Correlation chart
Process decision

you make? How might doing X, Y, or Z affect program chart
the outcome success?
What is your plan?
Is this plan feasible?
E: Evaluate: Which approach seems like it would ~ Decision matrix
which approach  yield the best result(s)? T-chart
seems like it What assumptions have you made?
would yield the

best result(s)?

Select the approach that best seems
to meet the criteria AND addresses
the problem you identified.
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Table 2, Column 3). The usage of tools to help manage information was not new
to the teachers or students.

Tower Design Challenge

All participants were challenged to individually design and construct the
tallest note card tower that would hold the most weight on top of it before
failure. The design challenge further specified the following: (1) participants had
a time limit of 20 minutes to design and build, (2) the tower must be self-
supporting during testing, (3) the materials used were assigned a cost, and (4)
the individual with the lowest score using the equation provided would win.
Small note cards (4 inches by 6 inches) cost 3 points each, and large note cards
(5 inches by 8 inches) cost 5 points each. Each inch of tape costs 10 points. The
score equation was: score = ((amount of tape in inches x 10) + (# of small note
cards x 3) + (# of large note cards x 5) — (height of tower in inches) — (amount of
weight held in pounds)).

The tower design challenge is an ill-structured, open-ended design problem;
therefore, understanding the tower design challenge is more difficult than it
might initially seem. The design challenge seemed to suggest that both the
height of the tower and the weight supported were equally important, but they
are not. Thoroughly scoping the tower design challenge involves interpreting the
score equation to consider the tradeoffs between material usage, height, and
weight supported.

Research Questions
1. To what extent does grade level, sex, ethnicity, academic ability, period
within the school day, and teacher explain design solution success?

2. To what extent does SCOPE process instruction predict students’ design
solution success—as measured using a score equation—while controlling
for grade level, sex, ethnicity, academic ability, school period, and
teacher?

Methodology

The research design used in this study was a quasi-experimental design with
treatment and control groups. Entire class sections were randomly assigned to a
treatment or control condition. Each teacher had at least one treatment and
control group. The average class size of the treatment group was 27 students,
and there were 15 groups in the treatment group (n = 404). The average class
size of the control group was 28 students, and there were 14 groups in the
control group (n = 398).

The score generated from testing the towers served as the continuous
dependent variable (i.e., criterion) in the study. The independent variable (i.e.,
predictor) was instruction in the SCOPE process and the scaffolding the teachers
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gave during the design challenge. Other variables controlled for during this
study include participant’s grade level, sex, ethnicity, academic ability, school
period, and teacher. The academic ability variable stratified students based on
academic ability by determining if they were enrolled in a math and science
class below, at, or above the norm for students at their grade level. The teacher
variable also represents schools and school districts because all seven teachers
were in unique schools and districts in Southern California. The participants
included middle and high school students.

Participants

Participants included 802 students: 45.4% self-identified as female, and
54.6% self-identified as male. The racial and ethnic breakdown was 7.6% Black,
5.9% Asian, 11.7% White, and 74.8% Latinx (see Table 3). The participants in
the study all attended public schools in southern California.

Table 3

Study Demographics
Group n Female Male Black Asian White Latinx
Treatment 404 182 222 34 31 43 296
Control 398 182 216 27 16 51 304
Total 802 364 438 61 47 94 600

Data Collection & Analysis

After the 20-minute time limit of the design challenge, the teachers
measured and recorded the height and weight held by each student’s tower
design. The teachers asked the students to count the number of small and large
note cards and measure the amount of tape used. The students were then asked
to determine their score using the score equation. The teachers verified and
recorded the number and size of note cards and the amount of tape used. All
student designs were placed into their own individually sealed plastic bag and
were given to the researchers. Initially, the researchers only deconstructed a few
designs, but they noticed discrepancies between the student- and teacher-
reported data concerning the actual number and type of note cards used and the
amount of tape used. The researchers deconstructed all 802 student designs,
counting the number and type of note cards and measuring the amount of tape.

Other participant characteristic data, including participants’ gender, period,
academic ability, teacher, ethnicity, and grade level, were reported to the
researchers by the teachers. The gender, teacher, and ethnicity characteristics are
straightforward. However, period, academic ability, and grade level may require
more explanation. Period was defined as the order of a class time slot in the
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school day for a regularly scheduled course session that participants had the
teacher participating in this study. Academic ability was identified by the
participants enrolled in math and science courses below, at, or above the norm
for their grade level. Grade level was defined as participants being in Grades 6,
7,9, 10, 11, or 12. All data was compiled into SPSS by treatment and control
groups and later transferred to R for further analysis.

Results
Analysis of the participants’ scores on the tower challenge indicated that
students receiving the SCOPE treatment outperformed the control group on the
design challenge (see Table 4). The participants in the treatment group built
shorter towers that held more weight and ultimately scored lower as a result (on
this design challenge, the goal was to achieve the lowest score possible).

Table 4
Descriptive Statistics of Treatment and Control Group Scores

M SD Quartilel Mdn Quartile 3

Treatments (n = 404)

Score -75 38.28 -30.08 -4.6 18.69
Height .65 1.56 .02 12 .25
Weight 72.6  30.10 65 80 96

Control (n = 398)

Score 62.53  38.38 35 62 89.25
Height 4.3 2.63 2 4 6
Weight 11.1 19.3 0 4 12

Note. A lower score is preferred in the design challenge. Height is measured in
inches. Weight is measured in pounds.

The gender, period, academic ability, teacher, ethnicity, and grade level
variables were included in the first model of the hierarchical multiple regression
(see Table 5). Based on the R? value in Model 1, 2.1% of the variability in the
design score is being accounted for by gender, period, level, teacher, ethnicity,
and grade level. Model 1 was statistically significant, p = .009. However, based
on the standardized beta coefficients (f) in Model 1, these independent control
variables have a relatively weak effect on the design performance. The gender
variable in Models 1 and 2 were statistically significant, p = .006 and p <.001,
respectively. Young men performed better than young women in the control
group, and young women performed better than young men in the treatment

group.
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Table 5
Hierarchical Multiple Regression

Variables B t R R AR’ AF F Sig.
Model 1: 146 .021  .021 2.88 2.88 .009
Gender -.098 -2.761 .006
Period 063  1.744 .082
Acad. -.069 -1.799 .072
Ability

Teacher .058 -1.032 303
Ethnicity .014 357 721
Grade -.082 -1.501 134
Level

Model 2: .652 425 404 557.012 83.768 .000
Gender -102  -3.764 .000
Period 036 1.304 192
Acad. -.069 -2.347 .019
Ability

Teacher .048  1.097 273
Ethnicity  .022 728 467
Grade -072 -1.713 .087
Level

SCOPE -636 -23.6 .000

Note. Score, based on the scoring equation, is the criterion.

In Model 2, the SCOPE process treatment is included with the variables
from Model 1. Including the SCOPE process treatment in Model 2 resulted in an
increase in the predictive ability of the model. Based on the R? change value
from Model 2, there was a 40.4% increase in the predictive capacity by adding
the SCOPE process treatment. The R? value from Model 2 was statistically
significant, p < .001. The standardized beta coefficient (B) for the SCOPE
process treatment in Model 2 indicates a relatively stronger effect on the
dependent variable (B = -.636). Additionally, the standardized beta coefficient
(B) being negative for the treatment in Model 2 indicates that participants in the
treatment group scored lower on the design challenge using the scoring
equation; thus, they performed better. Using the R? value from Model 2 to
calculate Cohen’s £, the effect size is .739. Using the pwr package in R to
calculate power, with seven independent variables, 794 degrees of freedom,
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Cohen’s f* is .739, and alpha level .005, power is rounded up in R to equal 1 (R
Core Team, 2019).

In Model 2, academic ability was statistically significant, p =.019. In the
control group, students enrolled in math and science courses below the norm for
their grade level performed basically the same as students enrolled in normal
math and science. However, in the control group, students enrolled in math and
science courses above the norm for their grade level performed better on the
design challenge than students enrolled in math and science courses normal for
and below the norm for their grade level. In the treatment group, students
enrolled in math and science courses above the norm for their grade level
performed better than students in normal math and science courses, and students
enrolled in normal math and science courses performed better than students in
math and science courses below the norm for their grade level.

Discussion

The results of this study demonstrate that the SCOPE treatment was the
most important predictor of a successful design solution for the tower problem.
The results suggest that the SCOPE process improved teachers’ instructional
scaffolding of the design experience to promote students’ problem-identification
and their likelihood of having a successful solution. It is believed that cognitive
and metacognitive scaffolds in the SCOPE process design instruction helped the
students slow down, think, and more comprehensively engage in the design
process. This finding is consistent with Roll et al.’s (2012) finding that
metacognitive scaffolding increased the number and quality of methods that
undergraduate physics students invented to describe the uncertainties in slopes.
Aligning with the invention and productive failure literature, Roll et al. (2012)
argued that the invention activity paired with metacognitive scaffolding exposed
students to the challenges of the knowledge domains prior to giving students
direct instruction and activated students’ qualitative reasoning.

The 20-minute time limit for the design challenge may not have been
sufficient time to enable students to adequately engage in the SCOPE process.
Atman et al. (2005) suggested that the amount of time students spent working on
the problem was an important factor for shorter design challenges such as the
tower design challenge. The study design did not include a measure of the time
students spent in scoping activities. However, teacher participants reported that
students in the control group spent less than 1 minute scoping the problem,
almost immediately starting to build a tower, and seemingly ignored the score
equation in the tower design challenge. According to the teachers, the
participants in the treatment group spent about 10 to 15 minutes scoping the
problem transitioning through the SCOPE process.

Atman et al. (2005) indicated that transition behavior was the more
important factor in longer design challenges. Although not specifically
measured, teachers reported that the SCOPE process appeared naturally
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iterative, seemingly promoting an increase in students’ transition behavior.
Teachers reported that students transitioned from recording ideas at one part of
the SCOPE process to utilizing cognitive and metacognitive skillsets at another
part and back to recording ideas based on continuous realization from prompting
and tool usage. Romer et al. (2000) suggested that as a design problem becomes
more cognitively taxing, the use of external prompts and tools, especially during
the initial stages of problem-solving, will help support solution success. Future
research should systematically compare the type and frequency of teacher
prompts against the types and timing of SCOPEing activities in which students
engage during the design challenge. In future work, the tools used by students to
record ideas can be added to the evaluation to help improve and evaluate
students’ conceptual understanding of design. Potentially, these patterns could
yield insights into best practices for teacher scaffolding.

In the current study, students enrolled in math and science courses above
the norm for students in their grade level performed better than other students.
Given that engineering design challenges require students to apply mathematical
thinking and scientific reasoning during problem-scoping, students may benefit
from prompts that focus upon mathematics and science crosscutting concepts
and practices. Utilizing the score equation while scoping the problem requires
mathematical modeling. Students enrolled in higher-level science and
mathematics courses may have applied their domain-specific knowledge to
make better design decisions related to the scoring equations (Shergadwala et
al., 2018). Future research could examine the efficacy of SCOPE prompts and
teacher metacognitive scaffolding on students’ design quality and breadth of
potential design considerations and constraints. Given the newness of the
SCOPE process, the limitations of this study, and the sparsity of previous
research on metacognitive scaffolding as it relates to enhancing engineering
design outcome success in K—12 education, these findings are promising but
deserve more extensive study.

Conclusion

Examination, formulation, and understanding of a design problem—
problem-scoping—has been associated with the quality of design solutions,
especially among novice designers (Atman et al., 2007). This tendency presents
a pedagogical challenge for K—12 teachers who strive to employ engineering
design challenges to meet state and national standards. Denson and Lammi
(2014) emphasize the need for effective teacher professional development to
address these challenges, particularly among high school teachers.

Hypothesizing that teacher’s metacognitive scaffolding may improve the
quality of design solutions, an instructional framework was developed to
promote key cognitive and metacognitive processes during the problem-scoping
phase of design. This SCOPE process employed a set of probing, domain-
independent questions during the problem-scoping stage of design, including
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questions that promote thinking about studying (S) the problem, identifying
constraints (C), organizing (O) information, predicting (P) potential outcomes,
and evaluating (E) assumptions.

In this study, mathematics and science teachers received instruction in using
the SCOPE process as part of a 15-week professional development program.
Then, teachers taught their students the SCOPE process and diligently
scaffolded the use of the SCOPE process during the tower design challenge. The
results of hierarchical regression analysis demonstrated that the SCOPE
treatment was the most important predictor of a successful design solution for
the tower problem.

This study contributes insights into the professional development of Grade
6—12 teachers who strive to implement engineering design learning experiences
in their classrooms. Results indicate that the SCOPE process is a worthy
framework to guide teacher practice that, in turn, enhances student design
process and quality of design solutions. Results are at the preliminary stage, but
they are encouraging and align with published frameworks on engineering
design experiences at the secondary level.
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