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From the Editors
In This Issue
Andrew Hughes and Cameron Denson open this issue of the Journal of
Technology Education (JTE) with a study examining the impact of scaffolded
instruction during the problem-scoping phase of a design challenge on the
success of students’ solutions. After completion of a professional development
program that included instruction on the SCOPE process (Study, Criteria,
Organize, Predict, and Evaluate), Grade 6-12 mathematics and science teachers
implemented the process with their students during a tower design challenge.
The results suggest a promising framework for enhancing teachers’ practice.
How was your conception of technology formed? Ruth Molina-Vásquez
studied seventh-grade students in Colombia. However, her findings suggest a
complex, spiraling process that is likely applicable in other countries and at
other grade levels, including graduate courses that address the meaning of
technology. Maybe the question here is, “How is our conception of technology
continuing to be formed?”
Teaching engineering graphics can be challenging because students vary
both in their motivation to learn and in their abilities concerning spatial
visualization. Could augmented reality have an impact on either motivation or
spatial visualization skills? Timothy Thornton and Matthew Lammi attempted to
find out with a study at one southeastern US university.
Two timely reviews of a pair of books published in 2020 close out this issue
of JTE. In the first, Thomas Ryan reviewed Grasp: The science transforming
how we learn, by Sanjay Sarma with Luke Yoquinto. Please read the review to
uncover why Ryan felt the authors’ “proposal could be both exciting and
frightening” (p. 58).
Charles H. McLaughlin, Jr., reviewed The impact of technology education:
International insights, edited by Marc J. de Vries and others. He concluded,
“This book covers a wide array of research efforts that seek to explain the
current state of international technology education and its impact on student
learning” (p. 67).
Call for Manuscripts
This issue of the Journal of Technology Education (JTE) is released
somewhat later than planned, primarily due to a decrease in the submission of
manuscripts. We ask for your help to keep JTE viable. Please remember that
JTE publishes refereed research articles but also position papers and reviews.
Please also talk with colleagues who may be outside of the field but who write
works appropriate to the scope of JTE. Let them know about publishing in JTE.
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A New Portal for Submitting and Reviewing Manuscripts
To streamline the submission, review, and management of manuscripts, JTE
has transitioned to an online management system offered by Virginia Tech
Publishing. After registering, authors can submit their manuscripts and check the
status of the review process. Effective at this time, all manuscripts should be
submitted through:

https://jte-journal.org

If there are questions or concerns, please contact the editors at jte@iteea.org.
Jim Flowers & Mary Annette Rose
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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% (ΔR2
= .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
Hughes, A. & Denson, C. (2021). Scaffolding middle and high school students’
engineering design experiences: Quality problem-SCOPEing promoting successful
solutions. Journal of Technology Education, 32(2), 4-20.
https://doi.org/10.21061/jte.v32i2.a.1
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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 researchbased 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)

Dispositions
Systems thinking
Collaboration
Communication
Empathy
Cognition
Problem-scoping (i.e.,
problem-framing)
Alternative solution
Estimation/prediction
Modeling
Experimentation
Continuous evaluation
(i.e., iteration)
Metacognition
Knowledge (i.e.,
declarative,
procedural, &
conditional)
Planning
Monitoring (i.e., selfquestioning)
Organizing (i.e.,
information
management)
Debugging
Reflecting
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Design Literature Broad Terms and Underlying Skills
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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 problemscoping or any other stage in the design process (Becker et al., 2012; Atman et
al., 2007). Additionally, helping students make explicit connections between the
-8-
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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
-9-

Journal of Technology Education

Vol. 32 No. 2, Spring 2021

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
thoughts/ideas
System map/analysis
Problem statement
Affinity diagram
Checklists

What
S: Study the
problem
carefully.

How (suggestions)
Read Carefully.
Clarify, look up any words or terms
you do not understand.
Self-question: What am I being asked
to do? What is the problem?
Restate the problem in your own
words.
Explain the problem to someone.

C: Criteria:
what are the
criteria for
success?

What are the constraints, criteria, or
requirements of the design?
Make a list of requirements.
Verify the list of requirements.

Perception analysis
Check sheet
Pareto chart

O: Organize:
what
information do
you have?

What information do you have?
What does your information tell you
about the problem?
What options do you have?
What can you control or adjust?
What can you not control or adjust?

Pert chart
Lotus diagram
If…then
Consensogram

P: Predict; what
predictions can
you make?

What predictions can you make
about each approach?
How might doing X, Y, or Z affect
the outcome success?
What is your plan?
Is this plan feasible?

Correlation chart
Process decision
program chart

E: Evaluate:
which approach
seems like it
would yield the
best result(s)?

Which approach seems like it would
yield the best result(s)?
What assumptions have you made?
Select the approach that best seems
to meet the criteria AND addresses
the problem you identified.

Decision matrix
T-chart
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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 selfsupporting 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
-12-
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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
Control

404
398

182
182

222
216

34
27

31
16

43
51

296
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 teacherreported 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
-13-
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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

Quartile 1

Mdn

Quartile 3

-4.6
.12
80

18.69
.25
96

62
4
4

89.25
6
12

Treatments (n = 404)
Score
Height
Weight

-.75
.65
72.6

38.28
1.56
30.10

-30.08
.02
65

Control (n = 398)
Score
Height
Weight

62.53
4.3
11.1

38.38
2.63
19.3

35
2
0

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 R2 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 (β) 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
Model 1:
Gender
Period
Acad.
Ability
Teacher
Ethnicity
Grade
Level
Model 2:
Gender
Period
Acad.
Ability
Teacher
Ethnicity
Grade
Level
SCOPE

β

t

R

R2

ΔR2

ΔF

F

Sig.

.146

.021

.021

2.88

2.88

-.098
.063
-.069

-2.761
1.744
-1.799

.009
.006
.082
.072

.058
.014
-.082

-1.032
.357
-1.501

.303
.721
.134

-.102
.036
-.069

-3.764
1.304
-2.347

.000
.000
.192
.019

.048
.022
-.072

1.097
.728
-1.713

.273
.467
.087

-.636

-23.6

.000

.652

.425

.404

557.012

83.768

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 R2 change value
from Model 2, there was a 40.4% increase in the predictive capacity by adding
the SCOPE process treatment. The R2 value from Model 2 was statistically
significant, p < .001. The standardized beta coefficient (β) for the SCOPE
process treatment in Model 2 indicates a relatively stronger effect on the
dependent variable (β = -.636). Additionally, the standardized beta coefficient
(β) 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 R2 value from Model 2 to
calculate Cohen’s f2, 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 f2 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. Römer 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, domainindependent 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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Conceptual Understanding in the Construction
of a Technology Concept:
A Case Study with Colombian Students
Ruth Molina-Vásquez
Abstract
This article presents an analysis of students’ conceptual understanding of
technology. The study focused on two groups of seventh-grade students located
in Bogotá, Colombia, living in rural and urban areas and participating in
activities developed in a virtual learning network. The methods used in this
study followed grounded theory (Strauss & Corbin, 2002) to generate a
theoretical structure that allows explanations to be built on how participants
construct concepts. A total of 1,257 analysis units were obtained. After an open,
axial selective coding process, these units were classified into four categories:
artifacts, materials, and instruments; social and cultural aspects; systems,
knowledge and processes; and scientific applications. From these categories, the
results show an ordination in transversal dimensions helicoidally articulated in
the following ascending order: (1) artifacts (technological, cultural, symbolic,
and scientific), (2) objectives of technological advances (transformation
processes with varied purposes highlighting continuous technological change),
(3) fulfillment of basic survival needs (daily life, welfare, and biological
maturity), (4) artifact production in terms of process (creation, innovation, and
context transformation), and (5) relationships between human beings and
technology (passive role, positive interdependence, and symbiosis). In
conclusion, a unidirectional concept of technology encompassing all its features
cannot be built. In contrast, students construct the concept in a plural, complex
way. The construction of a technology concept at the school level leads to a
more comprehensive education in technology in terms of its attitudinal, volitive,
and cognitive aspects, which favor cultural technology insertion in schools.
Keywords: concept of technology, education in technology, concept
construction, conceptual understanding.
Problem Context
Technology has transformed knowledge production processes and how
people communicate and learn in modern societies (DuPuis et al., 2016).
Because of these transformations, new generations should be provided with
Molina-Vásquez, R. (2021). Conceptual understanding in the construction of a
technology concept: A case study with Colombian students. Journal of Technology
Education, 32(2), 21-37. https://doi.org/10.21061/jte.v32i2.a.2
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education that helps them to adapt to such changes. In particular, education in
technology must provide experiences for the effective appropriation of different
types of technological advances and provide conceptual and ethical arguments
that enrich judgment abilities. This will lead to conscious, functional, and
coherent decision-making about the appropriate technologies used to satisfy
current social needs (Balkan Kiyici, 2018). Technology education must provide
the basic formation to promote the acquisition of technological concepts and a
positive assessment of technology (Calderón García, 2015).
A starting point for basic education aimed at acquiring technological
concepts is understanding what technology means for young students and how
they focus on and construct this concept. Despite the widely recognized
importance of the concept of technology, studies on its comprehension are not
common (de Vries, 2016), and reflections on the nature of technology in the
school context are scarce. Education in technology is widely perceived as the
dissemination of technological knowledge in schools or the didactic
transposition of technological concepts in conditions similar to those in science
teaching (Cajas, 2001). This view ignores the personalized social context from
which technology comes and in which it is applied (Järvinen & Rasinen, 2015;
Twyford & Järvinen, 2000).
Few studies describe the conceptual understanding of technology, in
contrast with the abundance of studies that describe the perceptions and attitudes
of young students towards technology (Polino, 2015; Ankiewicz, 2019b).
Therefore, it is necessary to set up studies that allow the concept construction
pathways used by young students to be identified as well as the characteristics of
this process. Based on the aforementioned need for such studies, some questions
are formulated in the context of the project entitled Construction of the Concept
of Technology in a Virtual Learning Network. This article considers the
following research question: What type of concept construction pathways are
followed by seventh-grade students when constructing the concept of
technology? The aim is to determine the pathways followed by seventh-grade
basic education students on the concept of technology during their interactions
within a virtual learning network.
Literature Review
Research on education in technology is scarce compared to research focused
on education in sciences, where construction processes have been studied for
most central scientific concepts (de Vries, 2016). Nevertheless, there are
contributions focused on constructing the concept of technology, among which
the work of Gustafson et al. (1999) stands out. These authors asked 242 students
from Grades 1–5 to propose ideas to enhance the stability of a structure to
determine previous concepts on technology. These authors concluded that
despite proposing very creative solutions, the students did not know the concepts
related to their proposed ideas. In another study, Gustafson et al. (1999)
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determined the technological knowledge and problem-solving abilities of 334
children of both genders. In a survey entitled the Awareness of Technology
Survey, case studies were assessed before, during, and after classroom
implementation. The authors concluded that after classroom activities, the
students showed a greater ability to differentiate which ideas were useful or not.
For most cases, the simplest solutions for a technological problem were the most
useful. However, the students did not identify the concepts used or the
classroom experiences that allowed them to find solutions. For future research,
Gustafson et al. proposed exploring the concepts of technology and
technological design, from which the students would start solving the proposed
problems.
Using the same concept of technological problems, Tywford and Järvinen
(2000) aimed to explore concept acquisition by 25 fifth-grade students through
collaborative environments. Evidence for conceptual comprehension of
technology was expected to be evidenced through explanations of the processes
performed and the ability to represent such explanations. The study revealed that
technological concepts presented in the outlined solutions came from students’
experiences, imagination, creative ability, metacognitive processes, analysis, and
ability to make spontaneous judgments. The authors concluded that technology
comprehension does not necessarily come from classroom knowledge but from
experience, reflexive thought, and active participation in problem-solving.
The conclusion above is confirmed by Davis et al. (2002). These authors
aimed to identify comprehension, common elements, and variations of
technological concepts by 92 students in Grades 2, 4, and 6, applying individual
interviews with questions on the aspects of model design and object images. The
results showed a progression in the level of conceptual grouping abstraction on
artifacts, material identification, and selection related to students’ ages. This
coincides with the findings of Chatoney (2003; as cited by de Vries, 2016), who
asked 6-year-olds to discover the properties of an object set. Children
recognized the names of materials but not their properties. Davies et al. (2002)
concluded that technological concept construction is linked to particular
processes and artifacts; a progression toward more abstract aspects was
evidenced in older students. The authors suggested that, for future research,
strategies must be designed not to be linked to the solution of problems with
definite models (e.g., the bridge used in this research) to enhance the
comprehension of abstract technological concepts.
The recommendation of Davis et al. (2002) was implemented by Balkan
Kiyici (2018) in her research on 58 fourth-grade students. This author aimed to
identify perceptions of technology using drawings, images, metaphors, word
association tests, and interviews. The author found that students equated the
concept of technology with artifacts that make life easier for human beings.
The common element observed in the results of these studies is the
students’ total or partial lack of knowledge about technological concepts.
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Concepts are generally associated with definite objects and technological
artifacts and rarely associated with conceptual aspects requiring a higher
abstraction level.
Education in technology has often opted for implementing the results of
studies on science teaching (de Vries, 2016). One example is the use of didactic
transposition (Chevallard, 1991) to promote the teaching of scientific knowledge
in schools. In the field of technology, this approach employs criteria such as the
development of technology for all, content quality decreases, coherence of what
is thought, and the relevance of learned knowledge for daily life (Cajas, 2001).
Although there is a dynamic interaction between science and technology, they
preserve their ontological independence and conceptual differences in their
objectives, results, and development patterns (Niiniluoto, 2016; Stundenmaier,
1985). Therefore, there are specific technological concepts, and their
construction depends on the very nature of technology.
In concept construction, external information generally goes through sense
perception and takes place in the subject’s cognitive structure (Carretero, 2002)
through a constant and dynamic process, allowing them to abstract and
generalize object properties (Ausubel et al., 1983). A concept becomes abstract,
complex, and potentially meaningful when related to ideas previously
established in the cognitive structure. A generic meaning of the new concept
arises from this interaction (Molina-Vásquez, 2014) in the specific case of
technology. These previous ideas can be images, sounds, sensations, and actions
that make up a part of the subject’s personal experience (Pacey, 2000).
The construction of technological concepts is present in interactive
environments in which practical activities, acquired experience synthesis, and
analytical abilities coexist to solve problems and design challenges (Twyford &
Järvinen, 2000; Van Breukelen et al., 2017). These concepts are not constructed
linearly, going from the abstract to the application (Rossouw et al., 2010).
Concept constructions generally start from a definite model, object, or
experience, advancing toward an abstract level by identifying different concepts
to find context-dependent properties and differentiate them into independent
contexts (de Vries, 2016). From a pedagogical perspective, technological
concepts are meaningful when they facilitate solving a problem or producing a
process, product, or artifact (Davis et al., 2002). Their comprehension is
enhanced by conceptual trajectories common to different age ranges that become
a knowledge base for students (Jones et al., 2001).
Based on a Delphi study, Rossouw et al. (2010) identified a set of general,
unifying technological concepts and teaching contexts, including design, system,
modeling, resources and materials, and values (de Vries, 2016). In this regard,
Ankiewicz (2019a) recommended an integral view from the philosophy of
technology to study the concept of technology from the four dimensions
presented by Mitcham (1989): objects, knowledge, activity, and volition.
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Pacey (2000) understood technology as systems designed to perform a
function and proposed that the starting point for comprehension is technological
practice, which encompasses organizational, technical, cultural, and ideological
dimensions. Together with personal experience, motivations, senses, and
nonverbal language, these dimensions integrate into a system that facilitates
both participation and the incorporation of nature in the search for technological
solutions (Osorio Marulanda, 2007).
A systematic approach to technology (Hughes, 1983; Quintanilla, 1998)
contrasts with the more established view that emphasizes its instrumental
character among students (de Vries, 2016; González García et al., 1996). The
systematic approach also contrasts with the approach to technology as a cultural
artifact, which illustrates the structural relationship that material pathways and
mediated cultural pathways have with cultural construction processes (Cole,
1999; Medina, 2002).
These approaches are put into context with sociological and historical
perspectives such as (a) the social construction of technology (Pinch, 1997;
Pinch & Bijiker, 1984), (b) actor-network theory (Latour, 2005), and (c) the
system model (Hughes, 1983). In the social construction of technology,
technological artifacts are understood as social constructions shaping technology
and society (Pinch, 1997; Pinch & Bijiker, 1984). Actor-network theory is based
on the relationship between human and nonhuman actants, the transformations
occurring in this relationship, and the complex structural network in which
world explanations and knowledge production are interwoven (Latour, 2005). In
the system model, technology is analyzed from its complex and heterogeneous
components, such as physical, technical, legislative, and organizational artifacts,
as well as scientific products, research programs, natural resources, and people
(Hughes, 1983). The system model also considers all these components’
functions together with their role in the design, invention, development, system
goal feedback, error correction, control of chaos, and diversity (MolinaVásquez, 2014).
This brief overview demonstrates a diversity of perspectives for
understanding technology, the lack of unanimity on the object of this new
discipline, and the disparity of its definitions (Cupani, 2006). These factors
hinder the use of a single concept with clear learning dynamics for education in
technology, which is not yet replete with the same tradition as other knowledge
areas (Gilbert, 1995).
Research Methods
This study followed a hermeneutic interpretive method of qualitative
research. The method highlights the importance of meaning above data
representativeness and is performed in natural rather than experimental contexts
(Hernández Sampieri et al., 2008). Grounded theory, which aims to explain an
action, interaction, or specific field from systematically analyzed data, was used
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for this study (Creswell, 2005; Hernández Sampieri et al., 2008). This analysis
results in a theory that is, in turn, applied to a particular context without
preconceived theoretical positions (Creswell, 2005; Strauss & Corbin, 2002).
The analytical process was performed through coding, theoretical sampling, and
data comparison, followed by conceptual coding, category comparison, and
theory generation around a central category (Hernández et al., 2011).
Qualitative criteria, such as credibility, transferability, dependence,
verifiability, and reliability of results (Ruiz Olabuénaga, 2003), were used from
data source triangulation, documentation of situations, information gathering
techniques, and independent auditing to guarantee the transferability of results.
The sample comprised 159 seventh-grade boys and girls from two schools,
one in the rural area and the other in the urban area of Bogotá, Colombia.
Student ages ranged between 11 and 15 years, placing them generally within the
concrete operational stage (Ramos Ortega, 2009). Students were provided with
computer rooms and internet access. Recognizing the concept of technology is
one of the competencies included in the education program for the technology
and informatics area (Ministerio de Educación Nacional, República de
Colombia, 2008).
The study was performed in five phases, starting with a review of previous
research to clarify theoretical elements without defining analysis categories. The
second phase involved pedagogical, communicative, technological,
administrative, and content design. The design was followed by validation of
experts in the virtual learning network (VLN), which is the basis for the didactic
strategy that supports the construction of the concept of technology. In the third
phase, which comprised data gathering, the VLN was implemented with
students, and the information from the obtained records was systematized. In the
fourth phase, the information from semistructured interviews and VLN protocols
was analyzed. In the fifth and last phase, categories emerging from data were
used in theory construction to explain students’ pathways when constructing the
concept of technology.
Instrumentation
The data-gathering instruments used in this study were interaction protocols
of communication and cooperation tools included in the VLN (discussion
forums and subgroup wikis) and semistructured interviews extensively
performed on randomly selected students to track category characteristics
(Hernández Sampieri et al., 2008; Strauss & Corbin, 2002).
An initial questionnaire was administered to students to determine previous
conceptions of technology, its features, the problems it addresses, and the
competencies it develops. VLN design is based on a constructivist pedagogical
model of collaborative and meaningful learning. This model includes didactic
strategies such as previous knowledge organizers, challenge solving, conceptual
map implementation, hypertexts, and collaborative writing. The challenge
-26-

Journal of Technology Education

Vol. 32 No. 2, Spring 2021

presented was to discover the identity of a hidden character from four learning
units: in search of our character, problems solved by the character, from the
history to the current clues, and the impact of our character (Molina-Vásquez,
2014).
Data Analysis
Data analysis was performed in the AtlasTi platform (Version 7.0), starting
with a line-by-line microanalysis of systematized protocols (Strauss & Corbin,
2002). Repeated expressions were eliminated, and 1,257 analysis units were
extracted. Open decoding was used to classify analysis units into central codes
and subsequently into 40 subcategories referring to technology’s conceptual
construction. These subcategories represent events, actions, objects, or
interactions among data that define the properties and dimensions of a more
general category (Strauss & Corbin, 2002). In axial coding, relationships
between subcategories were established and grouped into four categories
evidencing conceptual construction. These categories allow the identification of
causal conditions, actions, and interactions. Selective coding was performed
afterward to integrate categories, according to their dimensions, into a theory
that explains the pathway followed by students to build the concept of
technology.
Results
Analysis of the initial questionnaire results revealed that students identified
technology through artifact types: (a) technological (e.g., cell phones and
computers); (b) scientific, related to health (e.g., a stethoscope or microscope);
(c) abstract symbolic (e.g., communication or satellite waves); and (d) cultural,
for the welfare of humans (e.g., utensils or means of transport).
Regarding conceptual construction activities, 40 codes were extracted from
Forum 1: Character Evolution, and 50 codes were extracted from Forum 2:
Inventory of Needs. Twenty-one codes were extracted from Forum 3:
Discovering the Profile, seven codes from Activity 4: Wiki, and 31 codes from
the semistructured interviews. Based on their common elements, these codes
were grouped into 40 subcategories and posteriorly put into four general
categories: (1) artifacts, materials, and instruments; (2) social and cultural
aspects; (3) systems, knowledge, and processes; and (4) scientific applications.
Those relationships common to general categories allow us to describe the
pathways along which the technology concept is constructed, which is
understood as steps given and trajectories followed by students.
Table 1 details each category’s central aspects, from the initial
questionnaire through the learning activities, and concludes with the
semistructured interviews. As can be observed in the artifacts, materials, and
instruments (AMI) category, the students initially alluded to the usefulness of
technological artifacts, the materials from which they are made, and their
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Table 1
Construction Characteristics for the Concept of Technology

Categories in the Concept of Technology

Artifacts,
materials, and
instruments
Moments
(AMI)
Technological
Initial
artifacts.
questionUsefulness.
naire
Artifact
Previous
production.
concepts
Production,
Activity 1
On the search advances, and
utility of
for our
artifacts and
character
materials.
Satisfaction of
needs.
Activity 2
Problems
solved by the
character

Problems of
utility,
operation,
invention, and
modification of
artifacts and
materials.

Instruments and
Activity 3
From history artifacts satisfy
needs.
to current
clues

Advance of
Activity 4
Impact of our methods used in
artifact
character
production.
Interviews Artifacts and
instruments
In-depth
change through
invention and
modification
process

Systems,
Scientific
Social and cultural knowledge, and applications
aspects (SC)
processes (SKP)
(SA)
Cultural artifacts.
Symbolic artifacts, Scientific
Human welfare.
designing,
artifacts,
inventing.
experimenting,
explaining the
world.
Relationship:
Development of
Scientists
technological
knowledge.
solve
advances-human
Relationship with problems.
evolution-society.
the context.
Solving problems of Technological
daily life,
process.
environmental, and
survival.
Problems of human Problems of
Solves health
development, wellevolution of
problems.
being, and quality of humanity,
life. Daily,
materials, and
environmental,
knowledge.
communicational
problems and social
change.
Solution to daily life Bidirectional
Curing disease.
problems and
relationship
facilitating work.
between
Influences the
technological
formation of social
advances and
and ecological
human evolution.
consciousness.
Invention in
artifact
modification.
Positive impact in
Technology
Not recorded.
daily life. Negative
changes thanks to
impact on the
human needs.
environment.
Social and ecological Knowledge,
Technology is
impact.
innovations,
based in
creation, and the scientific
human being all
knowledge.
comprise
technology.

Note. Taken from Table 7 in Molina-Vásquez (2014) found on pp. 246–247.
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function. They then referred to the advance of artifacts to satisfy needs and to
production means. Last, the students referred to changes in the invention
process. Some examples of the expressions used are as follows:
“As times changed, needs became bigger, and for this reason the production
of materials, instruments, and artifacts was growing to improve” (Activity
1—Student 59).
“The human being needs more artifacts to make life simpler” (Activity 2—
Student 14).
These expressions indicate that technology is associated with tangible
objects, machines, and artifacts present in students’ personal experiences that
aim to solve the changing needs of daily life. Attention is focused on the
instruments and their production, modification, and advances, whereas the
human being is an acritical user.
In the social and cultural aspects (SC) category, students first associated
technology with quality of life and the relationships between technological
advances and human evolution and welfare. Technology was then associated
with solving problems in their contexts and environmental incidences, and they
could recognize its social and ecological impact. The involvement of human
beings and societies in the creation and invention of artifacts becomes evident,
as can be observed in the following expressions:
“It [technology-society relationship] will never end, as we will always have
needs and we will always have solutions, and the solution will always be
technology and our advantages in knowledge” (Interview—Student 31).
“Technology looks for an advanced solution to a problem but when one is
solved another comes out” (Activity 2—Student 9).
One perspective is that technological advances and developments are
determined from a humanistic view linked to interpretative, creative, and
imaginative activities that promote material fulfillment. The students claimed
that society and technology are interdependent and preserve symbiotic
relationships aiming to satisfy needs. In this way, technology is a social
phenomenon and, as such, is related to other social phenomena (Geslin, 2000;
Rosales Rodríguez, 2006). Furthermore, as a cultural artifact, technology aims to
fulfill a human project (Cole, 1999).
In the systems, knowledge, and process (SKP) category, the students started
by relating technology with project design, invention, and development of
knowledge within context. The students then integrated intelligence, innovation,
and ingenuity in problem-solving and concluded by claiming that knowledge,
the creation process, and humans are all technology components. Example
expressions are as follows:
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“It serves to satisfy human being needs. It is an example of technology,
invention, innovation” (Activity 2—Student 20).
“I think that it [technology] is more like creativity, ingenuity, innovation,
and not just devices” (Interview—Student 107).
In students’ constructions, technology is a complex unity in which artifacts are
not isolated from culture; they involve knowledge, organizations, techniques,
materials, general experience, intentional agents, objectives, and results. All of
these factors are oriented toward solving problems utilizing a product or by
transforming a process. This is consistent with the proposals of technological
systems (Mumford, 1982; Quintanilla, 1998; Pacey, 2000) and the central aspects
of technological knowledge: design and projected thought (Cupani, 2006).
Science application (SA) was the category least repeated in students’
expressions. In addition to science application, technology was also associated
with curing disease, understanding nature, developing experimental
competencies, and improving human health. The following expression provides
an example:
“There are many problems . . . . Technology solves one and other comes out
for example diseases technology has looked for many medicines to cure
those but when they make a cure for a disease another disease comes out”
(Activity 2—Student 149).
In this category, technology materializes scientific knowledge from the
understanding of nature and the production of artificial artifacts (Bunge, 1985, p.
231; as cited in Cupani, 2006, p. 353).
Discussion
A constant theoretical sampling process (a central theory) reveals the
relationships among the categories found, their properties, and their dimensions
(Strauss & Corbin, 2002). The results demonstrate that a conceptual
understanding route departs from personal experiences and advances toward a
concept that exhibits complex and multidimensionally interwoven relationships.
Therefore, as shown in Figure 1, the conceptual construction route is organized
into categories with dimensions, conceptual fields, and relationships. An
ascending helicoidal structure, which aims to represent its transformation, is
evidenced in the results.
From the categories found (AMI, SC, SKP, SA), conceptual fields were
articulated that represent their characteristics and transversal relationships:
1. Types of technological, cultural, symbolic, and scientific artifacts were
identified.
2. Objectives of technological advances include utility, well-being, the
satisfaction of needs, and generation of knowledge.
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Figure 1
Construction Pathway for the Concept of Technology
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3. There is a sense of technology, from the solution of needs associated with
survival, daily life, well-being, and those derived from social and cultural
contexts.
4. Problems solved by technology are daily problems that require transforming
the natural context, the production of artifacts and their processes, elements
of creation and innovation, the integration of knowledge constructed with
human intelligence at the service of the technological process.
5. Relationships between humanity and technology extend from unidirectional,
passive, positively interdependent ones to those symbiotic and mutually
reciprocal involving technology, society, and culture, with diffuse borders.
This organization into categories and conceptual fields is interpreted to
construct concepts in the form of a spiral. This pathway moves progressively
away from general instrumental perspectives through the appearance of new
elements and increasingly complex relationships. First is the concept of
instrumental character, as indicated by de Vries (2016), evidencing elements of
a concept of technology constructed from the systemic, social, and cultural
perspectives and even from the science application perspective. This implies a
multidimensional construction of the concept with differentiated elements that,
as the conceptual construction progresses, are enriched with the relationships
between categories and a technology concept arising from social and cultural
aspects.
These findings contrast with several elements exposed in the theoretical
framework. The construction of technological concepts in this experience is not
linked to specific artifacts and processes (Davis et al., 2002). They are not the
product of analytical skills for solving design challenges (Twyford & Järvinen,
2000; Van Breukelen et al., 2017), nor are they linearly constructed from the
abstract for application in artifacts’ production (Rossouw et al., 2010).
However, the findings coincide with particular aspects reported by Twyford
and Järvinen (2000) regarding the fact that conceptual construction is generated
from the subject’s reflective thinking and their personal experience, together
with their technological practice (Pacey, 2000), in relationship with the
conception of artifacts that facilitate human life (Balkan Kiyici, 2018). This is
oriented toward a conceptual construction of technology that integrates
dimensions from objects, knowledge, activity, and volition and is compatible
with the conception of technology proposed by Mitcham (1989) and
recommended by Ankiewicz (2019a).
Conclusions and Recommendations
This study, conducted in rural and urban areas of the Bogotá region of
Colombia, reveals that seventh-grade students’ construction of the technology
concept is multidimensional and complex. This study articulates and interrelates
diverse categories that integrate dimensions of society, culture, systems,
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instruments, and scientific application. The concept combines relationships
among the types of artifacts that comprise technology, the objectives in its
advance, the needs it satisfies, the problems it solves, and its symbolic
relationships with society and culture. Relationships between categories in the
construction of a concept of technology contribute to understanding in the
school context, the conceptual appropriation of technology, and the generation
of participative spaces, all of which are central aspects of education in
technology.
On the other hand, the multidimensional character of the concept of technology
sheds light on the nature of technological concepts and the importance of personal
experience as a starting point. These elements are enriched from contextual
referents that allow taking the concept as a challenge and as a stimulating learning
element for technology education. In contrast, the complexity of integration
processes becomes an ingredient for the abstraction of the concept.
The results of this work allow a better understanding of the construction
pathways of the concept for technology and its relationship with the generation of
positive perceptions toward it. Accordingly, the recommendation is to take these
results as the starting point for studies involving relationships among attitudinal,
methodological, and ontological aspects and, in this way, to determine the
characteristics concerning the integral construction of technological concepts.
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An Exploration of Augmented Reality in an Introductory
Engineering Graphics Course
Timothy Thornton & Matthew Lammi
Abstract
The purpose of the study was to explore the effects of augmented reality
(AR) in an introductory engineering graphics course. The study specifically
examined the potential for AR to affect the spatial visualization ability of
students and influence student motivation. This study included 50 students from
an introductory engineering graphics course at a large southeastern US public
university. The AR intervention consisted of six weekly sessions in which
students were required to complete an assignment with the assistance of AR.
Two quantitative measurements were employed to measure the results of the
implementation. The Purdue Spatial Visualization Test: Rotations (PSVT-R)
was used to measure spatial visualization ability, and the Motivated Strategies
for Learning Questionnaire (MSLQ) was used to measure student motivation.
Both instruments used a pre- and post-test format and were analyzed with paired
t-tests. The results of the PSVT-R (p < .01) showed a significant difference
between the pre- and post-test scores; however, this could not be solely
attributed to the implementation of AR. The results of the overall MSLQ (p =
0.57) showed no significant difference between pre- and post-test scores.
Keywords: spatial visualization, augmented reality, motivation
Introduction
The purpose of this study was to investigate the effect of an augmented
reality (AR) intervention on student motivation and spatial visualization ability
in an introductory engineering graphics course. The impact of AR was analyzed
from two unique perspectives: the role of AR as a visual tool to improve spatial
visualization skills and the potential of AR to positively influence a student’s
motivation to learn. The spatial visualization skills and motivation were
measured by the Purdue Spatial Visualization Test: Rotations (PSVT-R) and the
Motivated Strategies for Learning Questionnaire (MSLQ), respectively.
In engineering graphics, visual thinking serves as a means of
communication and a tool for reasoning, leading to visual thinking throughout
the engineering curriculum. Through visual thinking, students learn to visually
comprehend concepts and develop their spatial ability—“the ability to generate,
Thornton, T. & Lammi, M. (2021). An exploration of augmented reality in an
introductory engineering graphics course. Journal of Technology Education, 32(2), 3855. https://doi.org/10.21061/jte.v32i2.a.3
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retain, and manipulate abstract visual images” (Lohman, 1979, pp. 126–127).
McGee (1979) further elucidates spatial visualization skills as “the ability to
mentally manipulate, rotate, twist, or invert a pictorially presented stimulus
object” (p. 893). Because it has multiple implications, spatial ability continues to
be actively researched (Sorby et al., 2014). Several studies have highlighted
spatial ability as a component for success in engineering courses (Burton &
Dowling, 2009; McGee, 1979; Sorby, 2009). Students who do not perform well
in these introductory engineering courses are more likely to fail, change majors,
or transfer from the program.
It has been suggested that greater emphasis should be placed on
visualization skills in education (Alias et al., 2002). The development of spatial
visualization skills in an introductory engineering graphics course is typically
the student’s first exposure to engineering principles at the collegiate level. In
general, introductory engineering courses consist primarily of first-year
engineering students (Crown, 2001). In these courses, spatial visualization skills
can be developed through sketching, design, and computer-based modeling.
Nearly all the topics encountered in an introductory engineering graphics course
address three-dimensional (3D) objects or concepts that are often difficult to
visualize. The ability to visualize is a powerful tool because it allows one to
manipulate a model, mentally understand a model, and develop models not yet
created (Bertoline et al., 2011).
Spatial visualization skills can improve over time. Potter et al. (2006)
concluded that a student’s 3D spatial perception is trainable and will develop
through their first year at a university. Visualization skills can also be improved
through teaching and learning (Alias et al., 2002; Güven & Kosa, 2008). These
studies indicated that spatial visualization skills can improve regardless of AR
implementation. Visualization skills are required by students in the creation of
3D models. Modeling allows the user to represent abstract ideas, words, and
forms through the orderly use of simplified text and images (Bertoline et al.,
2011). This begins with graphics communications—the exchange of information
in a visual format that allows for the effective communication of ideas—which
is a central theme within introductory engineering graphics courses (Prust,
2003). Students begin the process by interpreting engineering drawings,
transition into sketching, and, finally, evolve into 3D modeling using CAD
software. To accomplish these tasks, students must be able to take a 2D drawing
and mentally visualize it as a 3D object.
Augmented Reality
Azuma (1997) defined AR as allowing “the user to see the real world, with
virtual objects superimposed upon or composited with the real world” (p. 356).
AR operates by augmenting the landscape with digital information, allowing the
user to gain additional information about their surroundings or through the
enhancement of an object (Billinghurst et al., 2001). AR enhances an
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individual’s physical environment through a collaboration of the virtual and real
environments (Azuma, 1997), allowing the viewer to superimpose a 3D virtual
object onto a real-world environment (Thornton et al., 2012). Additionally, AR
allows users to turn models into 3D objects that become interactive, creating a
more authentic learning experience with the real-world environment (Goldiez et
al., 2004).
Multiple studies have highlighted the use of AR as a visualization tool to
enhance the learning experience of students (Allen et al., 2011; Bell et al., 2018;
Dünser et al., 2012; Schiavone, 2020). Allen et al. (2011) noted that AR helped
subjects visualize the intention of the design, and Dünser et al. (2012) suggested
that AR has the potential to assist in the learning of 3D concepts. Studies by Bell
et al. (2018) and Schiavone (2020) highlighted the ability of AR to enhance the
spatial visualization skills and reasoning of low-performing students.
Numerous studies have been conducted on the use of AR in engineering
graphics (Dorribo-Camba & Contero, 2013; Martín-Gutiérrez et al., 2015;
Huffman & Miller, 2012). Huffman and Miller (2012) compared the use of AR
to traditional physical models, finding no significant difference between the use
of AR blocks and physical blocks. A study conducted by Martín-Gutiérrez et al.
(2015) found that AR improved academic performance and student motivation.
Dorribo-Camba and Contero (2013) used an AR system in combination with
other materials to improve the spatial visualization skills of engineering
students.
The value of AR may be linked to its use as a motivational tool to enhance
the learning process. In education, the use of AR allows students to take an
active role in their own learning. Accordingly, students are engrossed and may
be motivated to learn new skills to solve problems (Norman & Spohrer, 1996).
Studies have indicated that AR can serve as a motivational factor, increasing
interest and curiosity and leading to improved academic performance (Campos
et al., 2011; Fonseca et al., 2014; Yechkalo et al., 2019). Numerous studies have
highlighted AR’s ability to provide an immersive learning environment (Lee et
al., 2010; Wu et al., 2013). Additional studies indicated that the ability to
interact with AR was motivational (Mladenović et al., 2015; Redondo et al.,
2013) and provided a learner-centered approach to instruction (Kamarainen et
al., 2013).
Academics and researchers have identified the need for strong spatial
visualization skills in engineering graphics as well as the potential for AR to
enhance spatial visualization skills. There is a gap in the literature that fails to
fully explain how best to utilize AR in an introductory engineering graphics
course. This study addressed that gap by examining how an AR intervention
could be used to enhance students’ spatial visualization skills and positively
affect their motivation to learn. The purpose of this study was to further the
understanding of how AR could impact students in an introductory engineering
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graphics course in terms of their spatial visualization skills and motivation. The
following research questions served to focus the study.
1.

To what extent does an augmented reality intervention enhance the
motivation of students to learn an introductory engineering graphics
course?

2.

To what extent does an augmented reality intervention enhance the
spatial visualization skills of students in an introductory engineering
graphics course?

Methodology
A pretest–intervention–posttest methodology was employed to determine
the effects of AR on participants’ spatial visualization and motivation.
Numerous researchers have used a pre-and post-test format to measure changes
in spatial ability (e.g., Alias et al., 2002; Blasko et al., 2009; Sorby & Veurink,
2010).
Study Context
The study was conducted in two sections of an introductory engineering
graphics communications course (GC 120) at a large public university in the
southeastern US. Both sections were taught by the same instructor, followed the
same syllabus, and had identical requirements. The instructor had taught the GC
120 course for 13 years and had developed a uniform approach to all of his
sections, including identical assignments, projects, tests, a book, CAD software,
tutorials, and a Moodle website.
Permission to conduct the study was granted by the university’s
Institutional Review Board. Participation in the study was voluntary and written
informed consent was obtained from each participant. Students were aware that
they could withdraw from the study at any time without penalty. To increase
student participation, compensation was offered in the form of extra credit;
however, there was an alternative assignment for those who chose not to take
part in the study. Both of the GC 120 sections were considered hybrids and
included both a face-to-face and online component. The courses met face-toface on Wednesdays, and optional help sessions were held on Mondays. All
course content was delivered on Wednesdays. The optional help sessions, open
to all students, offered students the opportunity to get assistance with questions
or assignments.
Participants
A total of 120 students were enrolled in the two sections of GC 120, a
requirement for all engineering majors. Of the 120 students enrolled, 50
volunteered to participate in the study. Participants were predominately male
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(70%) engineering majors (92%). The academic levels of participants were 26%
freshman, 50% sophomore, 18% junior, and 6% senior. The distribution of
academic levels indicated that this was the first engineering graphics course for
most students.
Treatment and Assignments
The AR software selected for this study was Augmented® and was
developed by Augmentedev®. The software was selected because of its
compatibility with SolidWorks and ability to be displayed on an iPad. The AR
models were created in SolidWorks, saved as STL files, and then uploaded to an
iPad.
The AR treatment was implemented during help sessions on Mondays. Only
the participants involved in the study attended the six sessions and completed all
six assignments (see Table 1). All the assignments aligned with the course
content and increased in difficulty. All assignments originated from the
Fundamentals of Graphics Communication (Bertoline et al., 2011). A make-up
Table 1
Augmented Reality Assignment Schedule
Number Week

Assignment

1

4

Develop geometric relations (Problem 2, p. 337)

2

5

Fillet, concentric relations or tangential relations, the
fillet command, and symmetry, respectively (Fig. 5.142,
p. 307 or Fig. 5.130 p.305)

3

6

Illustrate design intent and corresponding extrusion
heights (Model 4, p. 484)

4

7

Refine geometric relations (Fig. 5.148, p. 308)

5

9

Concentric relations, angled cuts, and use multiple cutextrude commands, and radially aligned features (Fig,
5.146, p. 308)

6

10

Concentric and tangential features (Fig. 5.147, p. 308)

MakeUp

11

Non-tangent lines, rounded corners, and fillets (Fig.
5.135, p. 306)

Note. All problems adapted from Bertoline, G. R., Wiebe, E. N., Hartman, N.
W., & Ross, W. A. (2011). Fundamentals of Graphics Communication (6th ed.).
McGraw–Hill.
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session was provided for students who missed one of the six sessions. The
number of participants who attended each session ranged from 40 to 50.
Each of the six sessions lasted 90 minutes, a total of 9 treatment hours. At
the start of each session, students received an iPad with a preloaded AR model
and were instructed on how to use the AR system by the researcher (see Figure
1). During this time, the researcher modeled the proper technique and methods
and provided a step-by-step demonstration.
Figure 1.
Augmented Model on iPad

During each session, students analyzed and manipulated the model prior to
starting the assignment and could refer to the AR model throughout the session.
Then, students created a model in SolidWorks with the assistance of the AR
software and the 2D sketch in the book. The AR software placed the virtual
model in a real-world environment, allowing students to manipulate and interact
with the 3D model, whereas the 2D sketch provided students with the
dimensions of the model. Upon completion of the assignment, the students
emailed the modeled part file to the researcher.
Instruments
The decision to use multiple assessment instruments in this study was supported
by the research findings of Clark and Ernst (2012). Clark and Ernst (2012)
recommended that specific assessment instruments were needed to address the
motivation to learn, learning strategies and preferences, and spatial visualization
ability of students in introductory engineering design graphics courses. The
PSVT was selected for this study because of its ability to measure spatial
visualization skills (Branoff, 2009). The PSVT consists of three sections:
developments, rotations, and views. The only section included in this study is
rotations (see Figure 2). According to Ault and John (2010), “most graphics
researchers use only the object rotations portion” of the PSVT (p. 13). The
PSVT-R is a spatial ability test that provides students with an object and then
rotates this object and asks the student to select the correct rotation (Guay,
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1980). The instrument is designed to evaluate the student’s ability to visually
comprehend the rotation of the object. The instrument includes 30 multiplechoice questions consisting of 13 symmetrical and 17 nonsymmetrical figures of
3D objects, all of which are displayed in a 2D isometric format.
Figure 2.
A Sample PSVT-R Question. From Spatial Ability Measurement: A Critique and
an Alternative (p. 8), by R. B. Guay. Copyright 1980 by R. B. Guay

The first research question proposed within this study was whether AR
affected students’ motivation to learn in an engineering graphics course. The
instrument that was administered to answer this question was the MSLQ. The
MSLQ is a self-report instrument chosen because of its ability to measure
student motivation in a college classroom (Pintrich et al., 1993). The two
sections contained within the instrument are motivation orientation and learning
strategies. For the purpose of this study, only the motivation orientation
component was utilized. There were five subscales within the motivation
orientation component examined: intrinsic goal orientation, extrinsic goal
orientation, task value, control of learning beliefs, and self-efficacy for learning
and performance. A sixth component, affection, was omitted because it assesses
test anxiety, which was not addressed in this study. Additionally, the entire
learning strategies section was also excluded because it was not relevant to the
research questions.
Data Collection Methods
All participants completed a pre- and post-test of both the MSLQ and
PSVT-R. The MSLQ and PSVT-R were initially scored by the researcher and
-44-

Journal of Technology Education

Vol. 32 No. 2, Spring 2021

then fact-checked for consistency by a colleague in the program. The pretest for
the PSVT-R was given 2 weeks prior to the start of the treatment, and the pretest
MSLQ was given during the first day of the treatment. The MSLQ posttest was
administered during the last treatment session, and the PSVT-R posttest was
administered 3 weeks later.
The results of the pre- and post-test PSVT-R and MSLQ were analyzed
using a paired t-test. A t-test was selected to compare the means of two sets of
data and determine if there was a significant difference. Researchers have used
paired t-tests to compare spatial gains (e.g., Connolly, 2009; Gorska et al., 1998;
Güven & Kosa, 2008). Additionally, a paired t-test was used by Milner et al.
(2011) to compare mean scores on the MSLQ.
Results and Analyses
The purpose of this study was to further the understanding of how AR could
impact an introductory engineering graphics course. Data was collected from a
pre- and post-test PSVT-R and a pre- and post-test MSLQ. The results of the
PSVT-R were analyzed to answer Research Question 1, and the results of the
MSLQ were analyzed to answer Research Question 2.
Spatial Visualization
Initially, descriptive statistics were analyzed and compared (see Table 2).
Students possessed high spatial skills prior to beginning the study with a pretest
mean score of 24.6 (82%). Additionally, 90% of the students scored higher than
60%. According to Sorby and Veurink (2010), a score of more than 60% was
considered passing, and the average score was 75%. The mean score of the
posttest was 25.9, with 98% of the students scoring at least 60%. The results of
the paired t-test showed a significant statistical (t = -10.267, p = .001) difference
between the pretest (M = 24.6, SD = 4.13) and posttest PSVT-R scores (M =
25.9, SD = 4.09; see Table 3).
Table 2
Results of the PSVT-R (N = 50)
Min

Max

M

SD

Pretest

13

30(4)

24.6

4.13

Posttest

12

30(7)

25.9

4.09
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Table 3
Paired Samples t-Test for PSVT-R

Pre–post
PSVT-R

M

SD

1.280 .8826

Std.
Error
Mean
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95%
Confidence
Interval of the
Difference
Lower Upper

.125

1.53

t

Sig.
df (2-tailed)

1.036 -10.267 49

.001

Student Motivation
The differences between pre- and post-test scores were analyzed for five
MSLQ subscales and an overall MSLQ (see Table 4). Of the five subscales, only
the intrinsic goal orientation subscale showed a statistical difference (see Table
5). Subscales of extrinsic goal orientation, task value component, control of
learning beliefs, and self-efficacy showed no statistical difference. In addition,
there was no statistical difference between pre- and post-test scores on the
overall MSLQ.
Table 4
Comparison of Scores for MSLQ Subscales by Test
Pretest
MSLQ Subscale
Value component: Intrinsic goal
orientation (1)
Value component: Extrinsic
goal orientation (2)
Task value component (3)
Control of learning beliefs (4)
Self-efficacy – Learning
Performance (5)
Overall MSLQ summary

Posttest

N
50

M
5.08

SD
.43

M
5.31

SD
.41

50

5.59

.28

5.53

.43

50
50
50

5.57
5.81
5.59

.21
.43
.32

5.54
5.76
5.57

.28
.36
.26

1297

5.53

1.19

5.57

1.16

Discussion and Implications
The intent of the study was to determine the influence of an AR intervention
upon undergraduate students’ spatial visualization abilities and motivation. Due
to the exploratory nature of the study, no control or comparison groups were
used. Additionally, there were no restrictions on the amount of time students
could spend on a task. Both of these are limitations that could influence the
findings.
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Table 5
Paired Samples t-Test for the Motivation Orientation Section and Subsequent
Subscales of the MSLQ
95%
Confidence
Interval of
Std.
Sig.
Mean
Error the Difference
(2Difference SD Mean Lower Upper t
df tailed)
Intrinsic goal
orientation

.22

1.26

.09

.4

.05

2.48

198

.01

Extrinsic goal
orientation

-.06

1.32

.09

-.15

.22

-.38

199

.71

Task value

-.03

1.23

.07

-.13

.15

-.14

298

.89

Control of
learning beliefs

-.05

1.22

.09

-.16

.22

-.52

197

.60

Self-efficacy
for learning
performance

-.02

1.22

.06

-.18

.06

-.99

398

.32

Overall pre–
post

.04

1.25

.03

-.11

.03

1.1

1299

.27

The results of the PSVT-R paired t-test showed a statistically significant
difference between pre- and post-test scores, indicating that the spatial
visualization skills of the students improved. The results of the MSLQ paired ttest indicated that AR had a positive influence on the intrinsic motivation of the
students in the study. The subscale of intrinsic goal orientation addresses to what
degree the student perceived participation to be associated with tasks for reasons
such as challenge, curiosity, or mastery (Pintrich et al., 1991). No statistically
significant difference was found between the pre- and post-test scores of the
other four subscales or overall MSLQ.
There are potential explanations for the gains in the posttest PSVT-R
scores. For one, the increase in posttest scores could be attributed to AR’s ability
to reduce the learning curve and reduce mistakes that students make when
applying new concepts (Ayasoufi et al., 2019; Larsen et al., 2013), which could
be achieved through the ability to interact and manipulate structures or analyze
models from multiple angles (Núñez et al., 2008). This finding aligns with the
results of several other studies that highlighted the ability of AR to impact
spatial visualization skills (e.g., Allen et al., 2011; Dorribo-Camba & Contero,
2013; Martín-Gutiérrez et al., 2015; Medicherla et al., 2010; Sheharyar et al.,
2020). There could be other reasons for the increase in posttest scores; for
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instance, the improvement in students’ PSVT-R scores could be a result of
taking the engineering graphics course. Studies conducted by Alias et al. (2002),
Connolly (2009), and Sorby and Baartmans (1996) found that students’ spatial
skills were improved through curriculum content. Furthermore, this study
required students to spend an additional 9 hours modeling in SolidWorks. The
additional time spent modeling in SolidWorks may have allowed them to further
develop their visualization skills.
The MSLQ pretest and posttest scores were analyzed for five subscales and
overall scores. A significant statistical difference was evident only in intrinsic
goal orientation. The results were encouraging because Eccles et al. (1998) and
Wigfield et al. (2006) found that interests, intrinsic motivation, and intrinsic
value were all predictors of increased academic engagement and learning.
Understanding intrinsic motivation in engineering graphics is important because
of student retention issues. Student retention remains a pertinent issue with
engineering majors, especially during their freshman year (Sheppard &
Jennison, 1997). A student who struggles during the beginning of their academic
career may become discouraged and withdraw from the engineering program
(Sorby, 2005).
Based upon these findings, we assert that there are further opportunities to
investigate the use of AR within engineering graphics or any course that
emphasizes visual comprehension. Research could be conducted on the use of
AR as a visual tool to enhance lectures and reduce instructional time. During the
lecture, the instructor could display the AR model and use it as a learning tool
for visual concepts. Chen et al. (2011) noted that AR was able to reduce the time
instructors spent in a classroom and that AR-based learning provides flexibility,
self-paced instruction, and immediate feedback. Both Fonseca et al. (2014) and
Parmar et al. (2015) investigated new AR methods that complement and
enhance the teaching process.
The students who participated in this study possessed high visualization
abilities. Future research can be conducted on the effect that AR has on students
with low and high visualization abilities. Additionally, research could be
conducted on the use of AR to improve the skills of students with low spatial
visualization scores. Medicherla et al. (2010), Schiavone (2020), and Tatzgern et
al. (2015) noted that AR had a positive impact on the students’ learning
experience, particularly among students with lower spatial visualization ability.
To better understand the potential of AR, specific content needs to be developed.
The design of specific content for AR could lead to a clearer understanding of
what makes the technology engaging and attractive and allow instructors to fully
utilize the benefits of AR (Martín-Gutiérrez et al., 2010; Radu, 2014).
Exploratory research is needed to analyze the potential benefits of using mobile
devices and apps to deliver AR. Chang et al. (2014) believe that mobile AR
promotes engagement and holds the potential to motivate students to further
examine the content. This stance was corroborated by Bairaktarova et al. (2019),
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who used an AR mobile app to enhance the spatial reasoning skills of lowperforming students. Finally, additional research should be conducted on the use
of AR as a tool to promote collaboration. Studies by Kamarainen et al. (2013)
and Radu (2014) note that the flexibility afforded by AR creates a collaborative
working environment that promotes student interaction. Researchers are
continuously finding increased educational applications for AR (Mladenović et
al., 2015), as evident by the growing wealth of research being conducted (Bacca
et al., 2014). This study adds to that growing knowledge and presents an option
for the utilization of AR in an engineering graphics classroom.
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Book Review
Sarma, S. (with Yoquinto, L.). (2020). Grasp: The science transforming how we
learn. Doubleday. ISBN: 9780385541824 (hardback), $28.95, 352 pages;
ISBN: 9780385541831 (e-book), $14.99, 321 pages.
American preservice teachers are routinely introduced to educational
philosophies positing that all students can learn (Edmonds, 1981) and that a
culturally responsive approach considering students’ knowledge and experiences
is tantamount (Gay, 2018). The atmosphere in many American public schools,
however, reflects far less cultural responsiveness and faith in students’ abilities
than one would anticipate (Bonner et al., 2018). In these schools, teaching to the
test is a practical necessity (Volante, 2004), students are sorted into tracks based
on perceived potential (Meyer, 1977), and curriculum design is restricted by
state and local standards (Spillane, 2004). Grasp: The Science Transforming
How We Learn (2020) by Sanjay Sarma with Luke Yoquinto offers teachers,
school administrators, and educational policy-makers a historical analysis of
how this situation came to exist and a review of the latest research on cognitive
science relevant to education. The book also presents a refreshing proposal to
alter the status quo. Sarma, who leads MIT’s Open Learning program, is well
experienced with novel approaches to curriculum design and implementing
radical ideas to reach diverse student bodies. I recommend this book to anyone
interested in the science of learning or a modern approach to educational policy.
Sarma deftly works through three goals in this book: (1) to provide a
historical analysis of educational policy in the English-speaking world
(especially the United States) since the late 18th century, (2) to review the latest
research on cognitive science related to education, and (3) to contrast typical and
radical educational approaches to discover the best path forward. For educators
seeking to reform their classrooms, this book provides evidence-based ideas for
incremental improvement. For policy-makers, it gives a historical tour of the
milestones and mistakes in the development of modern schools and a researchdriven proposal for a new approach to education. The new path refocuses from
ranking students and winnowing out underperformers to maintaining a skillsfocused environment open to the broadest possible range of diverse students.
The extensive discussion of online instruction and flipped classroom models is
especially timely because of the sudden rise in virtual education due to the
COVID-19 pandemic.
Ryan, T. (2021). Review of the book Grasp: The science transforming how we learn, by
S. Sarma with L. Yoquinto. Journal of Technology Education, 32(2), 56-59.
https://doi.org/10.21061/jte.v32i2.a.4
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“Part 1: Learning is Science and Science is Learning” begins with a history
of two competing philosophies in education. The first, championed by
psychologist John Dewey, focuses on relating education to students’ experiences
and prior knowledge. The second, advanced by psychologist E. L. Thorndike,
sees education as a system designed and refined by society’s best thinkers and
used to produce students fitting a specific mold, with those who best meet the
criteria selected to go on to higher education. Although Dewey’s philosophy
continues to influence teacher education programs, Thorndike’s approach took
hold on K–12 education, firmly backed by college admissions processes. Indeed,
a major theme of the book is that today’s schools primarily function as
winnowing machines, filtering out students who, for one reason or another, are
deemed unworthy of further education. The chapter is filled with interesting
modern-day echoes of historical events and fascinating vignettes that bring
historical figures to life. For example, Dewey’s Laboratory School, which
boasted initial success in educating students following his method, failed not
because of pedagogical errors or outside pressure but because Dewey angrily
resigned following allegations that his wife had misappropriated school funds.
Part 1 continues with a review of the latest cognitive research, progressing
through four layers of cognition: neuron firing and wiring, brain systems,
psychology, and memory storage and retrieval. This section is filled with
practical measures that can be implemented readily by teachers and school
administrators. For instance, extensive research shows that spacing—putting
days or weeks in between studies of the same topic—is far more effective for
long-term learning than a single day’s intensive study. Another revelation is that
when strong emotional stimuli accompany learning, the memories become
strongly ingrained and easy to recall.
“Part 2: Mind and Hand” examines various educational models, mostly
employed by colleges and private K–12 schools, that break free of the traditional
school structure. Some, such as Montessori schools, have long operated on a
student-centric model akin to Dewey’s philosophy. Others use modern
technology to break educational boundaries and bring learning to huge numbers
of students who have been winnowed from traditional education. There are
massive open online courses, such as MIT’s Open Learning, which offers
students worldwide the chance to learn many of the same things as an MIT
student at little or no cost. French-based coding school 42 allows all applicants
to begin a self-directed trial period of challenges that require learning from more
experienced students and mentoring newcomers; those who distinguish
themselves are admitted to the full program. Many universities offer
MicroMasters degrees that allow students to progress remotely at their own pace
through courses designed around specific skills that are directly transferrable to
the job market.
Part 2 concludes with a proposed new educational model in which
education is not only about learning facts but about learning the skills to apply
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them to real-world scenarios. The traditional curriculum gives way to broad
character traits such as learning to learn, the ability to face complex problems,
and a creative ego. Sarma proposes to accomplish this by replacing traditional
degrees and diplomas with microdegrees and certifications focused on specific
skills. Rather than transcripts from one or two schools, students under this
paradigm would own a distributed transcript of skills certifications that could
continue to grow over a lifetime.
This proposal is radical indeed but may be the best path forward in
educational policy. Already, large numbers of high school graduates are
foregoing college for a set of boot camp skill certifications that may give
employers a clearer picture of a candidate’s abilities than a college degree. To
remain competitive, colleges may need to shift their focus from the value of a
degree to the value of shorter, focused programs. For technology and
engineering educators, Sarma’s proposal could be both exciting and frightening.
Microdegrees and certification programs run the risk of education that produces
industrial cogs without developing the cognitive, social, and moral competencies
that Dewey envisioned as a critical part of the development of technologically
literate citizens (Braundy, 2004). Technology and engineering education should
develop the qualities of emotion, intuition, and aesthetics—conceptual age
values that echo Dewey’s work (Warner, 2009) and are embodied in the
Standards for Technological and Engineering Literacy (International
Technology and Engineering Educators Association, 2020). Sarma, however,
would likely respond to these concerns by pointing out that relaxing the
strictures on a student’s educational path frees the student to learn while
choosing to explore a diverse range of personally meaningful subjects, which
goes to the heart of Dewey’s philosophy. Although public K–12 education faces
enormous regulatory inertia, technology and engineering teachers and
administrators could look to relate curriculum to in-demand skills and diversify
the ways in which a student can demonstrate mastery of a standard. Sarma’s
proposal could transform schools into places where every student truly does
have a chance to succeed and where the curriculum responds to student needs.
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Book Review
de Vries, M. J., Fletcher, S., Kruse, S., Labudde, P., Lang, M., Mammes, I.,
Max, C., Münk, D., Nicholl, B., Strobel, J., & Winterbottom, M. (Eds.).
(2020). The impact of technology education: International insights. Center
of Excellence for Technology Education (CETE), Vol. 3. Waxmann Verlag.
ISBN: 9783830941415 (paperback), $46.03, 180 pages.
The Impact of Technology Education: International Insights is the third
volume of international research prepared by the Center of Excellence for
Technology Education (CETE). There are nine chapters of different research
activities that attempt to substantiate the claim that technology education can be
a powerful teaching and learning tool in preK–12 schools and postsecondary
settings. The researchers assert an urgent need to expose students to technical
subjects and realistic problem-solving as early and as often as possible.
Although each chapter presents different kinds of research and insights on the
impact of technology education, the call for a unified effort to support
technology education is the central theme of these chapters.
This book informs us of successes achieved in developing technological
literacies and reminds us of the work that needs to be continued to demonstrate
the value of technology education. What follows is a summary of specific
chapters in this book.
PreK and Primary Education
Several studies presented in this book deal with the challenges of
determining the problem-solving abilities of preschool and primary students and
the impact that technology lessons have on children. Technology education is
not recognized as a subject in those levels of education. However, supporters of
technology education suggest that it should be integrated into the preschool and
primary grades curricula. Student avoidance of technology and engineering
classes in later years may be a sign that they did not have access to technology
or design-based activities during primary education. These studies were
conducted to support the inclusion of technical content into preschool and
primary school curricula.
Guided by a framework developed by the Society for Didactics of General
Education, Mammes analyzed social studies and science curricula from the 16
federal states of Germany to determine the relationships that these curricular
areas have with technology. The results of the analysis indicated that all but one
McLaughlin, C. (2021). Review of the book The impact of technology education:
International insights, by M. J. de Vries, S. Fletcher, S. Kruse, P. Labudde, M. Lang, I.
Mammes, C. Max, D. Münk, B. Nicholl., J. Strobel, & M. Winterbottom, Eds. Journal of
Technology Education, 32(2), 60-67. https://doi.org/10.21061/jte.v32i2.a.5
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of the federal states had some form of technology content offered. The matrix
developed from the analysis offered evidence that could lead to a larger
implementation of technology in preschool and primary school. Furthermore,
this level of schooling provides the necessary environment for students to
observe phenomena in contexts familiar to the students. The addition of
technology to early learning ensures that students can be technologically capable
well into their later school years.
In another research project on early learners directed by Adenstedt and
Gooß, primary school students were recruited as study subjects to determine
self-efficacy and its influence on solving problem-based design tasks. Previous
studies had focused on young adults’ efficacy with technological devices;
therefore, little was known about primary students’ self-efficacy. Two studies
are presented in this chapter: One study focused on technological self-efficacy,
and the other focused on self-efficacy in accomplishing a problem-solving
design task (in progress at the time of publication). The introduction of
technology education into primary subjects is viewed by supporters as a means
to nurture skills, attitudes, and competencies in early learners. Infusion of
technological subject matter into primary curricula is believed to reduce gender
biases and girls’ avoidance of technology.
Over 500 primary school students participated in the first study. A
questionnaire was developed for students to respond to items about their
technological self-efficacy. Not unexpectedly, the results revealed that boys’
scores for self-efficacy were slightly higher than those of girls, but the data
disclosed that girls’ self-efficacy grew from age 8 to age 10. In this study, both
primary school boys and girls had above-average belief in their ability to work
with technology.
The second study presented a design task for primary students to complete.
The influence of self-efficacy on problem-solving abilities was the focus of this
study. In order to determine how children solve problems, the researchers
developed an authentic problem-based design activity using Lego. The research
was also designed to explain the different approaches used by children to solve
problems. Data for the project were collected from a questionnaire with items
concerning self-efficacy in addition to a series of questions about the children’s
use of technology and self-evaluation of their designing and building skills. The
investigation used video to record how children solved the design problem. In
this activity, students were offered three forms of assistance, if needed, to
accomplish the tasks. This strategy was used to guarantee that children did not
avoid completing the activity. Upon completion of the design problem, the
students were interviewed about their decisions and the processes that they used
to solve the problem. All of the students completed the task, with 12 of 23
children using one of the forms of assistance. The results of the two studies
demonstrated that there was a direct link between technological self-efficacy and
technological problem-solving. Teachers who understand this dynamic should
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be better able to develop activities that are realistic and strengthen children’s
belief in their capabilities.
Affinity for Technology at the Lower Secondary School Level
An intervention using natural science with technical design was used to
investigate Swiss lower secondary school students’ conceptions of technology
and the technical competencies that they acquired through the intervention.
Teams of teachers volunteered to participate in the project, beginning with inservice training. The educators were assigned to an experimental group or a
control group for the purpose of this study. The research focused on “Affinity
for Technology” (AFT), a term derived from the “Explicit, Reflective
Technology Education” model research supported by the Swiss National
Foundation. Four variables were selected for the research study: “general
acceptance of technology,” “individual interest,” “self-efficacy in solving
technical tasks,” and “career aspirations” (p. 51). Data were collected from
online pretest/posttest surveys, interviews with students, and working journals.
Special attention was given to analyses of students’ interest in learning about
and working with technology and students’ interest in the design process. The
findings revealed that students generally had a positive attitude toward
technology, but their interest lowered when specific situations and topics were
presented. They also reported that interest in the design process was associated
with high scores on creativity but lower scores on interest in cognitive processes
such as understanding and evaluation. Students fully engaged in the intervention
with technology education displayed increased AFT. Although they found a
stereotypical gender gap during the study, it was reported that girls liked the
activities as much as boys. Girls also showed positive changes between pre- and
post-tests. One explanation for that was the cooperative and creative nature of
the intervention activities. The products from this research were useful
instruments that measured AFT and provided documentation for ways to
motivate students with design processes.
Measuring Technological Literacy
In the chapter written by Stefan Fletcher, he notes that little attention has
been given to measuring secondary level students’ technical knowledge. The
lack of data on the state of technological literacy in adolescents leaves many
new opportunities for national and international study. The dearth of information
was the inspiration for the development of a testing instrument by CETE and its
collaborators. Without a clear set of uniform standards across several nations,
the research group had to create a development model using situational contexts.
Observable and measurable behaviors were cataloged in order to measure the
extent of technological thinking and doing. With this information, a matrix was
designed for each of the participating countries. The matrix contained areas of
technological knowledge, action form (i.e., typical forms of technological
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action), and areas of action. This foundation prepared the way for nations to
collaborate on identifying common technological tasks and knowledge that
could be used to measure students’ technological literacy.
A test instrument was designed with the awareness of the idiosyncrasies that
come with working with different international educational systems and
differences in technology education coursework. The resulting effort produced a
test with 57 tasks that were germane to the study’s countries. The task format
was formulated into a two-tier response system. On the first level, a content
question was generated with several available answers. Test takers were asked to
review the questions and mark whether their answer was “right” or “wrong.”
They then moved to the second tier of the test and would identify how confident
they were of their answers. The use of the two-tier system for this evaluation
was determined to increase the validity of the recorded results. Linguistics was
also a priority for the test instrument; it was formulated in German, and it was
used in two other countries without translation. Experts added English and
Dutch translations to ensure that test item meaning would be accurate. The
results of the testing were not described here, but it is noted that they can be
found in a 2019 issue of the Journal of Technical Education. The researchers
concluded that the test instrument met the quality criteria and suggested that
they have developed a new tool for measuring technological literacy across
international boundaries.
Gaming and Simulations in Technology Education
Gamifying instruction and the use of simulations in the technology
education classroom are powerful tools to motivate student learning and to
impact students’ decision-making skills. The chapter by Karl and Lukosch
speculates that gaming and simulations are appropriate practices to teach
students decision-making skills and the design process. The researchers
deployed a series of exercises with their undergraduate and graduate students
that addressed the complexity of systems and human interactions often found in
industry, in this case, construction and engineering. Their undergraduate
students’ program concentrates on introducing management competencies and
engineering skills. For the first experience, the researchers employed game
theory (models of conflict and cooperation between decision-makers) to allow
students to determine how their decisions impact the other players. In the second
scenario, graduate students designed their own management-style games. It
should be noted that, in both cases, the researchers preferred the use of board
games over internet-based simulations. Technology was not always available to
students, and the researchers determined that the board game was more
convenient for student learning.
In the first experience, students took on the roles of contractors and were
presented with a city that was in need of infrastructure and building
improvements. Project cards were used to determine the construction activity in
-63-

Journal of Technology Education

Vol. 32 No. 2, Spring 2021

which the student would engage. In their role-playing, students had to research
the cost of materials, look at construction trends, and manage their company. Up
to six students were playing the game at once. Instruction was provided to the
students as they moved through processes such as negotiating, resource planning
and acquisition, marketing, and financing and estimating. The knowledge and
skills that they learned in class were then utilized for the game.
In the second experience, graduate students utilized a game design based on
a real problem related to technology. A Triadic Game Design was incorporated
into the work because it encompasses the elements of reality, meaning, and play.
Game designers had to accommodate their designs for players’ actions,
interactions with other players, understanding of goals, strategies, and
engagement in realistic situations.
At the end of the experiences, students were asked to reflect on the process
of game design to determine the value of their learning. Their responses were
positive for both groups, and the students’ narratives demonstrated that they
took theoretical information and applied it in a practical manner.
Digitalization
Acquisition of digitalization competencies by all workers will be necessary
in the future. Kruse and Koch contend that digitization will play a major role in
the industrial production sector in the near future. This project addressed the
content requirements and competencies necessary for work in the future. The
study was a replication of an earlier analysis performed on the Swiss German
Curriculum 21. The intent of the new project was to extend the content and
reevaluate the original study. Technology topics that defined the first study
were: “Internet of Things,” “Cyber-Physical Systems,” “Socio-Technical
Systems,” and Human-“Machine Systems” (p. 86). These areas were used to
provide categories for content and teaching and learning requirements. The
curricula were analyzed for digital theme references and associated
competencies. These competencies were then assigned to occupational
qualifications established for future skilled workers. The researchers utilized a
widely accepted instrument from the Association of German Engineers (VDI) to
analyze technical education competencies using a VDI grid of five competence
areas. A quantitative consensus Delphi design was developed for three dyads of
German specialists that would rate the potential of domains from the first study.
Each domain was rated for content relevancy in transitions from school to
vocational education and training, from school to university, and for future
potential for each technical domain. There was strong agreement from the
specialists that the competencies defined were important to students following
one of the transition paths. The data gathered could be used to improve content
in general technical education. The experts also suggested that innovation to
teaching strategies was appropriate. Interventions will be necessary to prevent a
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knowledge gap between skilled and unskilled workers by creating opportunities
to make digital opportunities more available and to prevent digital illiteracy.
Tinkering
Tinkering within technology education offers students the freedom to
explore personally meaningful projects. Rich in the tradition of constructivism,
tinkering is not defined by a final product but by observation of phenomena and
the processes of exploration and problem-solving that help to explain what is
occurring. The authors are quick to remind us that many maker activities include
step-by-step instructions to complete a project. They consider tinkering as openended activities in which the learner’s personal goals may change as they
resolve a problem. “The emphasis in Tinkering is exploring and discovering
problems worth solving” (p. 135). In a way, developing responsibility for
learning is an advantage of the tinkering process. Students often control the
structure of what they learn and how they learn it.
In the researchers’ review of the literature, they discovered that tinkering
provided “unifying engineering characteristics and the habits of mind” strongly
tied to engineering practices (p. 132). Royal Academy of Engineering reports
revealed that tinkering provided the necessary elements that could attract
students to engineering fields. The role of tinkering in STEM education clearly
removes the emphasis on planning for events and entertains a “messier,” more
creative approach to exploring and solving problems. This teaching approach
shifts learning from a formal process to a more personal frame of inquiry. The
authors maintain that tinkering should become an essential component of
engineering practices necessary to engage future engineers.
Public–Private Partnerships
Public–private partnerships (PPP) were suggested as a key factor for
encouraging students in the United States to become engaged in STEM activities
that could lead to exploring occupations or pursuing pathways to careers in
STEM fields. Strobel and Sun argue that encouraging these collaborations will
be critical for schools to overcome the funding cuts that have impacted technical
programs. The reduction in available resources has led to a smaller pool of
technology-savvy candidates from which industry and businesses can recruit
employees. The authors assert that schools, businesses, and other stakeholders
benefit from cooperative efforts, schools improve STEM education with
newfound support, and business and industry can provide work-based
experiences that help them recruit and mentor students in technological settings.
Among the many challenges facing the development of strong PPP is students’
aversion to mathematics coursework. As one of the pillars of STEM, math
proficiency is required for success in most high technology fields. Another
issue, a theme that occurs throughout this volume, is the lack of professional
development opportunities for teachers who need to grow confident with the
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content and methods of STEM subjects, most importantly, engineering and
technology. The authors suggest that industry and businesses might be able to
assume some responsibility to assist instructors with their enhancement of realworld work habits.
In order to understand how K–12 STEM school and industry partnerships
worked and were sustained, the researchers developed a taxonomy using case
studies, professional publications, and school and industry websites that
addressed the issues of school and industry collaborations. Content analysis was
used as a means to comprehend these relationships and establish categories for
these associations. Once patterns were determined, themes became apparent and
were combined with the categories to create the taxonomy for this study. Five
categories were defined and employed to describe the interactions among
schools, industry partners, and other stakeholders. The culmination of this work
was the design and implementation of a model to assess STEM school and
industry partnerships. The authors hope to use the taxonomy and their model in
the future as a guide to identifying and developing successful partnerships. The
use of categorization was deemed a useful tool to assist others who seek to
understand and develop school and industry partnerships.
Ultimately, this effort could support the implementation of improved STEM
programs around the nation. The taxonomy and the model provide the basis for
planning, implementing, and assessing K–12 STEM school and industry
partnerships.
National Evaluations to Defend the Value of Technology Education
In the last chapter of this volume, de Vries champions the cause for
conducting more national evaluations to discover the impacts of technology
education on students in primary and secondary schools. Using data collected
from two historic national evaluations—“Technology in Basic Education:
Evaluating the First Five Years” (1999) from the Netherlands and “Meeting
Technological Challenges? Design and Technology in the Schools” (2011) from
England—de Vries provides us with insights of both studies. The fact that these
investigations were completed 12 years apart makes them no less valuable as
models for others to determine the present state of technology education. In both
cases, national education inspectors enlisted the services of universities, teacher
education institutes, school boards, and teachers to complete these evaluations.
De Vries compares and contrasts the two reports, noting that these documents
are examples of rare instances in which education studies have been released to
a broader audience. He proposes that these can be used as models for an
ambitious and necessary study of the field. Ultimately, the success and
acceptance of technology education must be based on the “proven value” of the
subject.
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Conclusion
This book covers a wide array of research efforts that seek to explain the
current state of international technology education and its impact on student
learning. Each chapter provides interesting approaches illustrating the value of
technology education. Collectively, the investigators’ intentions will be familiar
to most technical educators, that is, to advance the status of technology
education by using first-hand evidence. The Impact of Technology Education:
International Insights is valuable because of the insights it yields about the work
that international researchers are doing to improve instruction with novel
approaches in their classrooms. The research studies presented on preK–12 and
postsecondary education serve as examples that might be replicated in other
countries with larger groups of students. Findings from these investigations
might be helpful for promoting the continued expansion of technology education
in elementary programs and in areas where it is not well represented.
This compilation of research succeeds in its attempt to highlight
investigations by international researchers that expand our knowledge of
practices within technology education that impact learners of all ages. Taken as
a whole, the descriptions of research in each chapter weave a thematic response
to the value of technology education. This book would make a fine addition to
any library because of the thought-provoking examples presented and the
opportunities it offers for further research.
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The Scope of the Journal of Technology Education
The Journal of Technology Education provides a forum for scholarly
discussion on topics relating to technology and engineering-related education.
Manuscripts should focus on technology and engineering-related education
research, philosophy, and theory. In addition, the Journal publishes book
reviews, editorials, guest articles, comprehensive literature reviews, and
reactions to previously published articles.
Technology and Engineering Education (TEE) is a curricular program
implemented at the PK-12 school levels for all students and at post-secondary
institutions for those students interested in teaching or obtaining employment in
the technology or engineering fields. At the PK-12 grade levels, the aim is for
students to develop technological and engineering literacy, regardless of career
aspirations. Understanding that technology, the environment, the economy, and
social systems are interconnected is essential to being informed citizens as well
as users and designers of technology.
TEE curriculum is primarily taught by certified technology and engineering
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