
Journal of Technology Education Vol. 27 No. 2, Spring 2016 

 

-1- 
 

Contents 
 
2 Editorial 
 
Articles 
 
4 Efficacy of the Technological/Engineering Design Approach: Imposed 

Cognitive Demands Within Design-Based Biotechnology Instruction 
John G. Wells 
 

21 Positioning Technology and Engineering Education as a Key Force in 
STEM Education 
Greg Strimel & Michael E. Grubbs 
 

37 Problem Decomposition and Recomposition in Engineering Design: a 
Comparison of Design Behavior Between Professional Engineers, 
Engineering Seniors, and Engineering Freshmen 
Ting Song, Kurt Becker, John Gero, Scott DeBerard,  
Oenardi Lawanto, & Edward Reeve 
 

57 Identifying Indicators Related to Constructs for Engineering Design 
Outcome 
Cheryl A. Wilhelmsen & Raymond A. Dixon 
 

78 Characterizing Design Cognition of High School Students: Initial 
Analyses Comparing those With and Without Pre-Engineering 
Experiences 
John Wells, Matthew Lammi, John Gero, Michael E. Grubbs, Marie 
Paretti, & Christopher Williams 
 

Miscellany 
92 Scope of the JTE 

Editorial Review Process 
Manuscript Submission Guidelines 
Subscription Information 
JTE Co-sponsors and Membership Information 
JTE Editorial Review Board 
Electronic Access to the JTE 



Journal of Technology Education Vol. 27 No. 2, Spring 2016 

 

-2- 
 

Editorial 
 

Publishing Scholarly Work Entails Hard Work 
 
As I put together the final pieces of the spring edition of the 

JTE, I sit in awe of the scholars we have in and around technology 
and engineering education whom I have been fortunate enough to 
work with over the past six years (six years of a five-year term, but 
who’s counting?). Moreover, the men and women who serve on 
the JTE Editorial Review Board should be commended for the 
work that they do to review potential manuscripts for publication 
and to offer the author or authors of manuscripts input on how to 
improve their work so that their manuscripts can be considered 
further for publication. Finally, to the outstanding Technical Editor 
(Amanda Fain) for whom I have the utmost appreciation; 
Amanda’s “spot on” editing skills go far beyond commas and 
grammar; in fact, the entire JTE community would be shocked by 
the precision with which Amanda edits. Publishing scholarly work 
entails hard work, and all of us do the best we can. 

I wanted to share my appreciation for the hard work that 
everyone puts into JTE, but I also wanted to take this time to write 
about a growing concern of mine—let’s say, for lack of better 
words, my concern is complacency for doing what is right. Don’t 
scholars have a responsibility to conduct, write, and submit 
research-based manuscripts that are accurate, ethical, and 
professional? Of course they do, right! Well, this is not always the 
case, and the more manuscripts, reports, and book reviews I 
receive, the more I question our complacency. For example, I 
routinely get communications from potential authors (averaging 
about five per week) that simply state “publish my work” with a 
file attached, or I receive manuscripts that are so full of plagiarism 
that I cringe, and I hear of professionals in our field questioning 
the role of JTE as a flagship journal. What happened to writing a 
professional cover letter (by the way, to the professionals that do 
this on a routine basis, thank you) describing who you are, what 
the manuscript is about, how to reach you, and who your coauthors 
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are; submitting original work that is not duplicated or plagiarized; 
and submitting manuscripts for potential publication that relate to 
the scope of journal? I am asking for your help. If you are in a 
position to mentor professionals doing scholarly work, please take 
the time to do so. Publishing scholarly work that is “scholarly” 
entails hard work from all of us. 

I hope you enjoy this edition of the JTE as much as I have 
enjoyed putting it together. I believe you will find the content of 
the articles to be thought provoking. 

 
Chris Merrill 
Editor 
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Efficacy of the Technological/Engineering Design 
Approach: Imposed Cognitive Demands Within 

Design-Based Biotechnology Instruction 
 

John G. Wells 
 
 

Abstract 
Though not empirically established as an efficacious pedagogy for 

promoting higher order thinking skills, technological/engineering design-based 
learning in K–12 STEM education is increasingly embraced as a core 
instructional method for integrative STEM learning that promotes the 
development of student critical thinking skills (Honey, Pearson, & 
Schweingruber, 2014; Kolodner, 2002; NGSS Lead States, 2013). To 
demonstrate the efficacy of these practices for promoting student use of higher 
order thinking skills (schematic and strategic knowledge), a group of mixed-
discipline (STEM) students enrolled in a 16-week Biotechnology by Design™ 
graduate course were immersed in a series of biotechnology design challenges 
developed to intentionally teach select content and practices of technology and 
engineering design concurrent with those of science and mathematics. A pre-
experimental, one-group pretest–posttest design was used to assess student 
responses to the continuum of cognitive demands imposed by the biotechnology 
design challenges. Overall findings indicate strong connections between student 
gains in biotechnology content knowledge and practices and supports the 
conclusion that technological/engineering design-based learning strategies 
improve a student’s capacity for responding to all four levels of imposed 
cognitive demand (declarative, procedural, schematic, strategic), lead to deeper 
learning of both content and practices, and promote student development of 
schematic and strategic (higher order) thinking skills. 
 
Keywords: efficacy; imposed cognitive demands; higher order thinking skills; 
critical thinking skills; design-based biotechnology literacy; 
technological/engineering design-based learning. 
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The pedagogical intent that underpins technological/engineering (T/E) 
design-based learning (DBL) as an instructional approach is to (a) promote 
student understanding of the connections between disciplinary content and 
practices (schematic domain) and (b) foster the ability for making informed 
decisions (strategic domain) based on that understanding (National Assessment 
Governing Board [NAGB], 2008; NGSS Lead States, 2013). The integration of 
STEM content and practices employing T/E DBL approaches uniquely imposes 
cognitive demands that tomorrow’s problem solvers must be prepared to 
address. A student’s ability to respond to higher order cognitive demands 
provides the premise for bridging instructional strategies with the assessment of 
student performance expectations at basic, proficient, and advanced levels 
(Wells, 2010). 

The research presented in this article was designed to address the need for 
demonstrating the efficacy of T/E design-based practices in promoting student 
use of higher order thinking skills (schematic and strategic knowledge). 
Specifically, this research was conducted to evidence the potential of Design-
Based Biotechnology Learning (DBBL™) to improve a learner’s response 
capacity to the higher order cognitive demands imposed by these unique T/E 
DBL challenges. 
 

Background 
Meeting the global challenges of the 21st century will require individuals 

who possess the capacity for integrating both the content and the practices 
requisite of specialists in the science, technology, engineering, and mathematics 
(STEM) disciplines (National Academy of Sciences, National Academy of 
Engineering, & Institute of Medicine, 2007, 2010). In anticipation of these 
challenges, the educational system in the United States is aggressively 
promoting the use of integrative approaches to STEM education (Honey, 
Pearson, & Schweingruber, 2014; Wells, 2008, 2010). As a result, STEM 
education disciplines are modifying their current national standards to 
incorporate the content and practices of disciplines other than their own, most 
notably those of T/E design (Burke, 2014; International Technology Education 
Association [ITEA], 2007; NGSS Lead States, 2013; Singer, Nielsen, & 
Schweingruber, 2012). Pedagogically, the underlying intent behind the 
incorporation of T/E design as an instructional strategy within the STEM 
education disciplines is to promote higher order learning skills by enhancing 
student understanding of the connections between disciplinary content and 
practices (schematic domain) and fostering their ability to make informed 
decisions (strategic domain) based on that understanding (NAGB, 2008; NGSS 
Lead States, 2013). Higher order cognitive abilities such as these are based on 
how cognitive theorists have come to distinguish between various types of 
knowledge. Beginning as early as 1949, the British philosopher Ryle envisioned 
knowledge that has been acquired to be demonstrated as declarative (knowing 
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that) and procedural (knowing how), which was later supported empirically 
through Anderson’s (1983) research. Utilization of acquired knowledge has 
more recently come to be recognized (Alexander, Schallert, & Hare, 1991) as a 
different type of knowledge (conditional) with two distinct forms (conceptual 
and metacognitive). Given that conditional knowledge is a subtype of 
metacognition, they could be collapsed into a single type (Li & Shavelson, 
2001) that is referred to as strategic knowledge (knowing when and where). 
Recognition of relationships between multiple concepts or facts is referred to as 
schematic knowledge (knowing why) and is a precursor to development of 
strategic knowledge. This theoretical understanding of knowledge types 
underpins and is explicitly conveyed in the expected and observed performance 
outcomes as described in both the National Assessment of Educational Progress 
(NAEP) Science 2009 (NAGB, 2008, p. 83) and the NAEP Technology and 
Engineering 2014 (WestEd, 2012, p. A-38–A-40). 

Performance expectations are generated by crossing the content to be 
learned with the practices that demonstrate understanding of that content (Wells, 
2010). This approach to assessment provides, by design, the structure needed to 
obviate the connections between the instructional strategies employed by the 
educator and the performance outcomes (content and practice) demonstrated by 
the student. In the NAEP 2009 science framework (NAGB, 2008) and now in 
the Next Generation Science Standards (NGSS Lead States, 2013), science 
performance expectations are inclusive of a student’s ability to employ T/E 
design in the pursuit of learning science content and practices. Theoretically, the 
basis for this inclusion is the belief that T/E DBL promotes and advances a 
student’s ability to respond to the cognitive demands associated with the ill-
structured, ill-defined challenges that they will undoubtedly be confronted with 
when meeting the challenges, both local and global, of the 21st century—that is, 
the knowledge and skills that they will need (Bybee, 2010; National Research 
Council [NRC], 2010; Partnership for 21st Century Skills, 2009) to compete in a 
global society (Engineering Challenges; National Academy of Engineering, 
2008). Specifically, its incorporation is predicated on the pedagogical basis that 
the very nature of T/E DBL requires students to utilize,1 and therefore 
demonstrate, their declarative (knowing that), procedural (knowing how), 
schematic (knowing why), and strategic (knowing when and where) cognitive 
abilities. 

Accepting this pedagogical basis as valid, student responses to the full 
spectrum of cognitive demands would therefore provide a mechanism for 
assessing their knowledge gains along the continuum from declarative to 
strategic and thus some evidence for the efficacy of T/E DBL as an instructional 

                                                           
1The term utilize is intentional and is distinguished from the term apply, which is 
often the perspective taken in science education regarding the role of T/E DBL 
that views engineering as a tool “in the service of science” (Sneider, 2012). 



Journal of Technology Education Vol. 27 No. 2, Spring 2016 

 

-7- 
 

strategy that achieves the goal of integrative STEM education (Wells, 2013). 
However, in spite of this embedded pedagogical basis in the recently published 
Next Generation Science Standards (NGSS Lead States, 2013), the content and 
practices of T/E design are not expressly targeted or assessed learning outcomes, 
nor is there sufficient empirical evidence that the pedagogical approach of T/E 
DBL actually does enhance the ability of students to respond to cognitive 
demands, specifically schematic and strategic (i.e., higher order thinking skills). 

Empirical evidence resulting from prior research related to DBL concludes 
that T/E DBL is a better approach for teaching core science concepts and leads 
to higher gains in science knowledge achievement (Doppelt, Mehalik, Schunn, 
Silk, & Krysinski, 2008; Fortus, Dershimer, Krajcik, Marx, & Mamlok-Naaman, 
2004; Mehalik, Doppelt, & Schunn, 2008). Though such research has provided 
evidence of knowledge gains, concurrent gains in higher order thinking skills 
associated with the development of desired 21st century problem solving 
abilities were not addressed. Herein lies the need and potential for documenting 
the extent to which T/E DBL, as practiced in the secondary technology 
education classroom can and does place such cognitive demands on the learner 
and in so doing results in more well developed higher order thinking abilities 
required in responding to them. 
 

Rationale 
Although not empirically established as an efficacious pedagogy for 

promoting higher order thinking skills, K–12 STEM education engineering, and 
specifically engineering design, is increasingly embraced as a core instructional 
method and teaching tool for integrative STEM learning (Kolodner, 2002; 
NGSS Lead States, 2013). Furthermore, few if any effectiveness trials have been 
conducted to present empirical evidence of T/E DBL as an effective integrative 
STEM instructional method (Honey, Pearson, & Schweingruber, 2014). 
Although widely accepted as a necessary precondition for effectiveness trials 
(Sloane, 2008), efficacy research in education is often not presented as a 
precursor to effectiveness research on new interventions. For T/E DBL, this 
begs the question: Why invest resources into implementing an intervention that 
has yet to be demonstrated efficacious? The research presented here is an 
efficacy study designed to establish, within an ideal setting, the viability of T/E 
DBL as a pedagogical approach that through imposed cognitive demands 
supports student development of critical thinking skills. 
 

Purpose 
The purpose of this study was to evidence the potential of T/E DBL to 

improve the capacity of students to respond to higher order cognitive demands 
imposed by select engineering design challenges. Specifically, the biotechnical 
engineering design challenges used in this research are drawn from the T/E 
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Design-Based Biotechnology Learning teaching guide (Wells, 2015). The 
research was guided by the following questions:  

To what extent can T/E Design-Based Biotechnology Learning design 
challenges: 
1. Facilitate student gains in biotechnology content knowledge 

(declarative and procedural), 
2. Enhance the ability of students to respond to embedded higher order 

cognitive demands (schematic and strategic), and 
3. Provide evidence for the validity of T/E DBL as an instructional 

method? 
In the United States, the contextual basis for studying technology education 

content is organized around three inclusive technological categories: physical, 
biological, and informational systems (ITEA, 1996, 2006). Biotechnology is a 
content area housed specifically within the context of biological systems. Within 
the Standards for Technological Literacy: Content for the Study of Technology 
(STL; ITEA, 2007) biotechnology is addressed directly in Standard 15 (pp. 149–
157) and found naturally embedded across all five STL content standard 
categories as well (Wells & Kwon, 2009, p. 265). In the fields of both science 
and technology education the broadly accepted and employed operational 
definition of biotechnology is “‘any technique that uses living organisms, or 
parts of organisms, to make or modify products, improve plants or animals, or to 
develop microorganisms for specific purposes’ (OTA, 1988/1991, FCCSET, 
1992/1993)” (ITEA, 2007, p. 149; e.g., Dunham, Wells, & White, 2002; 
FCCSET Committee on Life Sciences and Health, 1993; ITEA, 2007; Stotter, 
2004; U.S. Congress, Office of Technological Assessment, 1984, 1988, 1991; 
Wells, 1994, 1999, 2012, 2015; Wells & Kwon, 2008, 2009). As operationally 
defined, educators from the classroom to preservice levels are provided with a 
set of explicit criteria for determining what is or is not recognized as 
biotechnology content or practices (Wells, 1995): 

1. “Any technique”: This first criterion specifies the full spectrum of 
practices, from micro to macro, involved in biotechnical processes. 

2. “That uses living organisms”: This criterion underscores the 
requirement that biotechnical processes must include living organisms 
(such as plants, microbes, fungi, and even macro scale organisms such 
as human beings). 

3. “Or parts of organisms”: As an extension of the living organisms, this 
criterion further specifies that components within the organism or its 
cellular elements (e.g., organelles, enzymes, proteins, DNA) can be 
isolated and used independently. 

4. “To make or modify products, improve plants or animals, or to develop 
microorganisms for specific purposes”: These final elements provide 
specificity for the range of potential biotechnical applications. 
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In technology education, biotechnology is one content area that naturally 
imposes cognitive demands when employing T/E DBL approaches to teach the 
content and practices of both science and technology. In the case of Design-
Based Biotechnology Learning, which uses a T/E design approach to teach 
biotechnology content and practices (Wells, 1992, 1994), each cognitive demand 
is intentionally targeted within a series of authentic experiences that are integral 
to the design of instruction. The DBBL™ curriculum (Wells, 2015) uses 
biotechnology problem scenarios to present students with open-ended, T/E 
design-based biotechnology challenges that intentionally teach the content and 
practices of both science and technology concurrently. 
 

Method 
Participants 

This research involved a mixed-discipline (STEM) group of graduate 
students enrolled in a 16-week Biotechnology by Design™ (BBD™) graduate 
course. The course is designed to immerse participants in a series of 
biotechnology design challenges in the same manner as it would be delivered to 
secondary-level students while concurrently reflecting on the educator’s 
requirements for delivering such instruction. Of the 16 graduate students 
enrolled in the course, 75% (12) were female and 25% (4) were male, with the 
class composition representing each of the four primary (home) STEM 
disciplines (Table 1). All students were currently, or had been, practicing K–12 
educators in their primary disciplines with classroom experience ranging from 2 
to 30 years. The 50% of students representing the technology and engineering 
disciplines had prior experience in using the T/E DBL approach but only 
minimal formal biology content or practice preparation (i.e., high school only). 
None of the science or mathematics students had any prior experience using the 
T/E DBL approach. 

 
Table 1 
Student Disciplinary Demographics 

 Number of students representing primary disciplines 
Gender Science Technology Engineering Mathematics 
Female 5 2 3 2 
Male 0 3 0 1 

 
Specifically, the participants in this study, who were all licensed K–12 

educators, were prepared to teach only one of the four STEM education subjects. 
Each participant possessed at least the minimal required level of classroom 
expertise (content and practice) to teach their respective disciplines, but they 
lacked that same level of expertise for teaching subjects other than their own. 
Therefore, from a preparation perspective, it is a fair assumption that the 
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participants represent a replicable subsample. However, it is recognized that any 
duplication of this study might well produce different results, and as an efficacy 
study, there is no intent to generalize beyond this population. 

The Biotechnology by Design™ course was delivered simultaneously to 
both on-campus and distance students, 10 and 6 respectively, using a 
synchronous audio–video platform. All students received the same instruction, 
materials, and course supplies with no appreciable differences in engagement 
during the regularly scheduled 3-hour class sessions. The overarching 
instructional objective of the course was to intentionally teach select content and 
practices of T/E design concurrent with those of science and mathematics using 
the T/E DBL approach. 
 
Procedure 

Graduate students in the course were engaged in a sequence of 
biotechnology design challenges. Problem Scenario 4A: Alternative Fuel 
Bioreactor (Bioreactor Scenario) was presented first, followed by Problem 
Scenario 4C: Microbial Fuel Cell (Fuel Cell Scenario), which is a more complex 
design challenge. The number of students in the course allowed for five design 
teams comprised of three to four on and off campus students. Multidisciplinary 
teams were purposefully assembled to include at least one student representing 
either technology or engineering and one representing science. Class 
composition allowed only two teams to include a student of mathematics. 
Different design teams of similar disciplinary composition were assembled for 
each of the two design challenges. Both problem scenarios provided the context, 
challenge, and constraints framing the challenge and asked student design teams 
to design, develop, and test a working prototype. The Bioreactor Scenario 
prototype calls for the design of a functioning bioreactor that harnesses S. 
cerevisiae (common yeast) immobilized in alginic beads to metabolize a 
dextrose substrate and produce ethanol and carbon dioxide byproducts. The Fuel 
Cell Scenario challenges students to design a functioning organic microbial fuel 
cell that exploits the electron production abilities of select benthic 
microorganisms to generate an electrical current sufficient enough to power a 
light emitting diode. 

Teams were allotted 5 weeks to complete each problem scenario, at which 
point they would present their functional prototype, discuss performance results, 
and submit a detailed report documenting work performed in the form of a 
collaborative portfolio reflecting every phase of the T/E design process. As part 
of the course materials, students were provided with the PIRPOSAL blended 
pedagogy model (Wells, 2015) portfolio document used to detail the T/E design 
process and guide all students, both independently or collaboratively, in 
achieving plausible design solutions. Elements of the PIRPOSAL portfolio 
include Problem identification, Ideation, Research, Potential solutions, 
Optimization, Solution evaluation, Alterations, and Learned outcomes. The 
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PIRPOSAL portfolio document structured student engagement in a sequence of 
predetermined investigations designed to highlight relationships between key 
technological and biological variables critical to making informed biotechnical 
design decisions. In this way, students were guided in their exploration and 
exposure to prerequisite biological and technological content and practices 
unique to each problem scenario and necessary for achieving viable 
biotechnology solutions. For the Bioreactor Scenario, an immersive strategy was 
used in which students acquired both biology and technology content and 
practice following the steps of the design process. These steps were presented in 
the PIRPOSAL document as a mechanism for both teaching and guiding 
students through the technology design process. No direct (didactic) instruction 
of content or practice was provided. In contrast, because of the more complex 
concepts involved with organic generation of free electrons and their capture for 
use in an electric circuit, a small degree of didactic instruction was necessary for 
initiating the Fuel Cell Scenario. Weekly class discussions were used to assist in 
further clarifying technological and biological concepts, processes, and 
practices, but design teams worked independently to design and develop their 
final biotechnology prototyped solutions. 

This study followed a preexperimental, one-group pretest–posttest design 
(Creswell, 2014). The full spectrum of research that was conducted utilized a 
battery of data collection instruments (Biotechnology Stages of Concern, 
Awareness, General Content Knowledge, ProbScen Knowledge, Terminology, 
and Literacy) intended to assess student variables on multiple levels. However, 
the purpose of this article is to present evidence of the cognitive demands 
inherent within T/E DBL and, therefore, focuses only on the pre–post changes in 
ProbScen Knowledge and corresponding assessment of students responses to the 
continuum of cognitive demands (i.e., cognitive gains) imposed by select 
design-based biotechnology problem scenarios. 
 
Instrumentation 

Prior to introducing either problem scenario, students were asked to 
complete ProbScen Content and Practice Knowledge (CPK) questionnaires 
developed for each. CPK items had been developed to closely correspond with 
those included in the NAEP Science 2000–2011 twelfth grade sample questions 
(National Center for Educational Statistics, 2014) to ensure each assessed the 
specific biology and technology content and design-based practices intentionally 
targeted within the design of instruction. Every item was independently 
analyzed by an expert from engineering education and an expert from biological 
science education. The experts then met to discuss, arbitrate, and reach 
consensus on alignment of each with one of the four cognitive demands 
(declarative, procedural, schematic, and strategic) imposed by the design-based 
instructional approach. The same CPK questionnaires were administered again 
at the completion of each design challenge and following team presentations of 
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final biotechnology prototypes. All pre- and post-CPK questionnaires were web-
based instruments administered during class. 
 

Findings 
Data from the Bioreactor and Fuel Cell pre- and post-Knowledge 

questionnaires were analyzed to assess student knowledge gains and their ability 
to respond to questions aligned with imposed cognitive demands along a 
continuum from declarative to strategic. Of the 17 items comprising the 
Bioreactor questionnaire, roughly 54% targeted declarative knowledge, 5% 
procedural, 23% schematic, and 18% strategic. Of the 17 items used for the Fuel 
Cell questionnaire, roughly 43% targeted declarative knowledge, 11% 
procedural, 11% schematic, and 35% strategic. Pretest–posttest data analyses for 
the Bioreactor Scenario are displayed in Table 2, and data analyses for the Fuel 
Cell Scenario are shown in Table 3. 
 
Table 2 
Bioreactor Scenario: Pretest–Posttest Biotechnology Domain Knowledge 

Domain M SD SEM df t p †ES 

Declarative        
Pre 2.86 1.66 0.44 13 6.63 0.0001* 0.86 
Post 7.71 2.20 0.59     

Procedural        
Pre 0.00 0.00 0.00 13 4.16 0.0001* 2.19 
Post 0.57 0.51 0.14     

Schematic        
Pre 1.71 0.73 0.19 13 6.73 0.0001* 2.44 
Post 3.64 0.84 0.23     

Strategic        
Pre 1.43 0.94 0.31 13 5.38 0.0001* 2.31 
Post 3.07 0.47 0.20     

Combined        
Pre 27.64 10.59 2.93 13 11.15 0.0001* 3.61 
Post 70.62 13.21 3.66     

Note. n = 14 

*p < .05, two-tailed, paired; †Effect Size 
 
  



Journal of Technology Education Vol. 27 No. 2, Spring 2016 

 

-13- 
 

Table 3 
Fuel Cell Scenario: Pretest–Posttest Biotechnology Domain Knowledge 

Domain M SD SEM df t p †ES 

Declarative        
Pre 8.69 1.74 0.44 15 2.61 0.0197* 0.68 
Post 9.93 1.02 0.26     

Procedural        
Pre 2.50 0.89 0.22 15 1.82 0.0891 0.77 
Post 2.94 0.25 0.06     

Schematic        
Pre 2.31 0.87 0.22 15 2.76 0.0145* 0.94 
Post 2.88 0.34 0.09     

Strategic        
Pre 7.50 2.83 0.71 15 2.30 0.0361* 0.61 
Post 8.88 1.67 0.42     

Combined        
Pre 74.88 16.19 4.05 15 3.16 0.0064* 0.91 
Post 85.88 8.08 2.02     

Note. n = 16 

*p < .05, two-tailed, paired; †Effect Size 

 
Data analysis for the Bioreactor Scenario shown in Table 1 indicates 

significance for pretest/posttest differences (p < .05) individually across all four 
levels of cognitive demand, and also for the aggregate analysis (Combined). The 
practical strength of these mean differences for all analyses is substantiated by 
large effect sizes, ranging from .86 to 3.61. The same series of analyses 
performed for data from the Fuel Cell Scenario (Table 3) similarly indicate 
significance (p < .05) across all cognitive demands except for procedural, which 
was not found to be significant. The practical strength of the mean differences 
displayed in Table 3 is substantiated by large effect sizes, ranging from 0.68 to 
0.94. 
 

Discussion 
Design to Understand 

As the signature pedagogy of technology education, technological 
design is privileged in the context of Integrative STEM Education (Wells, 2014) 
in which the teaching of discipline specific content and practice is intentional 
within the selected design-based instructional strategies. Such strategies are 
intent on positioning the students' achievement of understanding within the 
need-to-know learning context imposed by the challenge of designing a 
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functional prototype solution. Design-Based Biotechnology Learning is built 
upon this pedagogical premise in which the instructional goal is intent on having 
students design to understand when working toward a viable biotechnology 
solution. 
 
Problem Scenario Comparisons 

Based on the combined (whole class) findings for the Bioreactor Scenario 
(Table 2), students clearly demonstrated a significantly better understanding of 
the technology, science, engineering, and mathematics content and practices 
following this immersive approach. These findings are supported by similar 
results from prior research into design-based learning (Calabrese-Barton, 1998; 
Doppelt, et al., 2008). However, due to the more complex nature of biology and 
technology content associated with the Fuel Cell Scenario, a more didactic 
approach was necessary for initiating this design challenge. As a result, students 
did receive some direct instruction in order to explain some of the more difficult 
to understand technology and biology concepts and processes. The remainder of 
the design challenge was guided by the same steps of the design process 
outlined in the PIRPOSAL document. 

The comparison of combined results in Tables 2 and 3 (Bioreactor vs. Fuel 
Cell) reveal several interesting points. First, the average pretest combined scores 
for the Fuel Cell Scenario were significantly higher than those for the Bioreactor 
Scenario. This should be expected because students were provided direct 
instruction of content/practice prior to beginning the Fuel Cell Scenario. 
Furthermore, given that the biological elements were distinctly different in the 
second design challenge, the higher combined outcome scores would suggest 
that the T/E knowledge acquired in the first design challenged might well have 
been applied in the second challenge. Moreover, some content and practice 
covered in the completion of the Bioreactor Scenario was common and 
applicable to the design challenge in the Fuel Cell Scenario. The second 
interesting point was that strategic pretest and posttest scores were substantially 
higher for the Fuel Cell Scenario than for the Bioreactor Scenario. Recognizing 
the body of content and practice knowledge acquired in the completion of the 
Bioreactor Scenario, it is logical to consider that design-based decision-making 
(strategic) knowledge would be cumulative and therefore find application in the 
second biotechnology design challenge. Third, a significant difference was not 
observed in the pre–post procedural scores. This result provides some indication 
that the procedures repeatedly followed in the T/E design process were well 
engrained through completion of the problem scenarios. 
 

Conclusions 
This research examined the cognitive demands encountered by graduate 

students when engaged in developing T/E design solutions (functional 
biotechnical prototypes) to challenges presented in two select Design-Based 
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Biotechnology Learning problem scenarios. Specifically, the research was 
designed to investigate the extent to which these biotechnology scenarios 
facilitated student gains in biotechnology content knowledge (declarative and 
procedural), the extent to which these problem scenarios enhanced their ability 
to respond to embedded higher order cognitive demands (schematic and 
strategic), and whether these together with the pedagogical approaches provided 
sufficient evidence to validate the T/E DBL as an instructional method. 

Overall findings indicate strong connections between student gains in 
biotechnology knowledge and the design-based biotechnology instructional 
strategies used to intentionally teach that content and practice, along with 
suggestions that the immersive approach is a viable strategy for facilitating those 
gains. As such, they support the conclusion that T/E DBL strategies improve a 
student’s capacity for responding to all four levels of imposed cognitive 
demand, lead to deeper learning of both content and practices, and promote 
student development of schematic and strategic (higher order) thinking skills. 
Although this research offers valuable empirical support for T/E DBL as a 
viable pedagogical approach, one must acknowledge the research limitations and 
consider the extent to which they affect the applicability of the conclusions 
reached. 
 

Implications 
Demonstrating T/E DBL to be an efficacious instructional approach for 

enhancing student use of higher order thinking skills carries with it at least one 
significant implication that is noteworthy for the T/E education profession. 
Specifically, findings indicate that T/E DBL is a viable approach for achieving 
cognitive learning goals (higher order thinking skills) similar to those espoused 
to be targeted in other core K–12 STEM subjects. For decades, scholars in 
technology education have repeatedly called for just such validation of practice 
(Foster, 1996; Hoepfl, 2002; Lewis, 1999; Zuga, 1994) and credibility among 
core K–12 subjects. Collectively, these calls are poignantly mirrored by Lewis 
(1999) in his statement that “To take its place squarely in school curricula, 
technology education must establish itself not only in its own right, but crucially 
in relation to other subjects” (p. 49). The implications of evidencing the inherent 
value of T/E pedagogical practices within the educational enterprise and 
establishing its legitimacy among other school subjects have significant 
potential for advancing the profession. 
 

Recommendations 
Acknowledging that there are limitations to this research, caution must be 

exercised regarding the extent to which conclusions can be drawn and 
implications made. To establish the broad validity necessary for acceptance of 
T/E DBL as a viable approach that supports student development of higher order 
(critical) thinking skills, many more efficacy studies are needed. In addition to 
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replicating the research presented here, similar efficacy studies should be 
conducted with different populations, larger populations, across geographic 
locations, and using various disciplinary team configurations. Further research is 
needed for improving the alignment of cognitive demands imposed by T/E DBL 
with content and practice assessment items. A replication efficacy study is 
currently underway with modifications addressing item construction and 
alignment with cognitive demands, alignment of cognitive demands with the 
PIRPOSAL blended pedagogy model (Wells, 2015) of integrative STEM 
education, as well as longitudinal assessment of knowledge retention. Efficacy 
studies of this type will be a necessary precondition and precursor to any 
effectiveness studies that might follow. 
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Positioning Technology and Engineering Education as 
a Key Force in STEM Education 

 
Greg Strimel & Michael E. Grubbs 

 
Abstract 

As the presence of engineering content and practices increases in science 
education, the distinction between the two fields of science and technology 
education becomes even more vague than previously theorized. Furthermore, the 
addition of engineering to the title of the profession raises the question of the 
true aim of technology education. As a result, the technology and engineering 
education community must effectively communicate its role in an evolving 
STEM education landscape. During this time of change, it is important that we 
understand how the technology education profession has transitioned in the past 
while we figure out how to balance traditions and contemporary needs. The 
authors present three pathways that appear most salient in moving forward: (1) 
adhering to the fundamental goals of technology education, (2) collaborating 
with science education to potentially become a core discipline, or (3) revitalizing 
the field through a shift to engineering education. A final recommendation is 
made to energize the field by centering on becoming a true provider of K–12 
engineering education. 
 
Keywords: technology and engineering education; science education; STEM; 
engineering. 

 
 

The philosopher Eric Hoffer (1973) once reflected that “In a time of drastic 
change it is the learners who inherit the future. The learned usually find 
themselves equipped to live in a world that no longer exists” (p. 22). As Hoffer 
generalizes consequences of responding to mass movements of change, he 
illustrates the shortcomings of remaining stagnant and committed to previously 
held views. The efficacy of his quote for the field of technology and engineering 
education is the parallel it draws with STEM educational reform and responses 
to the Next Generation Science Standards (NGSS). Specifically, the infusion of 
engineering content and practices into science education further weakens the 
already vague distinction between the fields of science and technology and 
engineering education. 

Although the International Technology Educators Association explicitly 
included engineering and design in the Standards for Technological Literacy 15 
years ago, it is now the NGSS that is recognized and critiqued by organizations 
such as the American Society for Engineering Education (ASEE). Concerns 
have largely been directed towards science educators’ ability to appropriately 
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and effectively incorporate engineering content into science education 
(Buchanan, 2013; Hosni, 2013). However, the engineering communities have 
expressed support and recommendations for science educators’ use of 
engineering at the K–12 level. In turn, as the ASEE has acknowledged the rise 
of K–12 engineering education standards, they have endorsed approaches for 
adequately preparing and supporting “the educators who will teach engineering 
in K-12 classrooms, many of whom have no experience in engineering” 
(Engineering4Kids, 2015, para. 1). This has resulted in the creation of resources 
to assist K–12 teachers who wish to teach engineering. Although such 
documents are aimed at all teachers, it is the NGSS that is frequently cited, the 
ITEEA community or the Standards for Technological Literacy are only 
referenced minimally. Perhaps this displays the engineering communities’ 
confidence in technology and engineering educators’ ability to deliver 
engineering content, or rather, there exists little recognition of the technology 
school subject as a viable pathway for engineering. 

There is no doubt that the architects of technology and engineering 
education are confronted with a daunting task of adequately preparing for an 
evolving landscape. The authors of this paper recognize the urgency of this 
challenge. Therefore the intent of this article is to promote discussion at a time 
when technology and engineering education is presented with multiple avenues 
in response to the adoption of engineering into science education. Although this 
article includes commentary on past responses of technology and engineering 
education to change, we hope that this article will evoke discussion that will lead 
to the selection of viable pathways for the future. 
 

Change and Evolution 
Similar to the evolution and progress of technology over the past 100 years, 

change has been synonymous with the field of technology and engineering 
education (Hill, 2006; Lewis, 2004, 2005; Sanders, 2001). Over time, changes in 
technology and engineering education, often related to the dominant industries 
of the time (Grubbs, 2014), affected the aim, objectives, curricula, and 
instructional practices of the school subject. Presently in the United States, 
educational initiatives in STEM, focus on transdisciplinary teaching and 
learning, the Next Generation Science Standards, the ASEE Standards for 
Preparation and Professional Development for Teachers of Engineering, and the 
National Assessment of Education Progress Technology and Engineering 
Literacy Assessment are but a few examples promoting a shift towards 
engineering (Strimel, 2014b). Much like the industrial arts profession shifted to 
instruction on how technology affects people and the world in which we live, the 
technology and engineering education subject is situated within an opportunistic 
context for truly implementing engineering in the K–12 school setting. 
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Transitioning to Technology Education 
A review of the transition to technology education reveals that individuals 

took multiple approaches when moving forward. For example, Foster (1994) 
reflected on three perspectives originally identified by Pullias (1989) that 
individuals could have taken when implementing technology education. The 
first view was a revolutionary position focused on discarding the old and 
beginning fresh (Pullias, 1989). In retrospect, this would have been removing 
industrial arts completely and focusing on technology education. Secondly, the 
evolutionary position was when an individual preferred to keep a portion of the 
old, while implementing components of the new, and easing into full enactment 
(Pullias, 1989). This might have been comparable to still teaching industrial 
processes while including open-ended problem solving and better aligning with 
the general education disciplines. The third position was merely masking what 
has been done previously with a new façade or veneer (Pullias, 1989). Although 
all three views examined a previous initiative of transitioning to technology 
education, the present focus on engineering, both within science and technology 
education, implies comparable routes during implementation. 

Similar to Pullias’ (1989) observations, the authors of this article recognize 
multiple implementation opportunities for engineering and identify three 
pathways that have seemed to present themselves. First, technology and 
engineering education can stay the course, continuing what has been done in the 
past and focusing on general technological literacy. This is similar to Pullias’s 
first perspective. Second, considering the close relationship from implementing 
engineering design, the technology and engineering education profession can 
further collaborate with science education, finding distinctions that clarify the 
differences between both fields. The last, and perhaps the most viable, option is 
to work with the engineering and engineering education community to establish 
engineering education as the primary pathway for engineering content and 
practices. 

The purpose of this article is to bring forth promising ideas with the intent 
to start and continue the conversation for the future of technology and 
engineering education. Although the authors believe that these are not the only 
options that exist, they do agree that in times of change it is important to 
determine what is essential because “what was essential before may not be 
crucial now or in the future. All that we can predict is that change will happen” 
(Starkweather, 2005, p. 1). 
 
Balancing Traditions and Contemporary Needs 

One challenge the field of technology and engineering education faces is 
maintaining the balance of traditions and contemporary needs. As K–12 
engineering in the United States gains increased attention during STEM 
educational reform, addressing the traditions and contemporary needs becomes a 
challenge. Nearly 20 years ago, Martin (1996) commented on the challenges 
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faced by one industrial teacher education organization as technology education 
further entered the K–12 arena: 

Because people create change, they must accept that there can be no perfect 
or permanent solutions. Similarly, finding a balance between the great 
traditions of the Mississippi Valley Industrial Teacher Education 
Conference (MVITEC) and the contemporary need of its members has no 
perfect or permanent solutions. In fact, finding an appropriate balance is 
like shooting a moving target. The balance will change hourly, daily, 
monthly, and yearly, and members of MVITEC must be prepared to adapt 
constantly. Their willingness to adapt and the methods they choose will 
clearly determine the very future of MVITEC. (p. 39) 

 
A key point drawn from Martin (1996) is that there may not exist one 
identifiable path to meet all of the underpinnings of early industrial arts and 
technology education beliefs while engineering education gains significance. 
Rather, finding a balance between traditions of the past and contemporary needs 
of educators, teacher education programs, and students can provide a solid 
foundation for the field of technology and engineering education. 
 
Technology Education: Staying the Course 

The most convenient path, the path of least resistance, is staying the course 
of technology education. In this context, technology education, rather than 
technology and engineering education, is used to allude to the issue at hand of 
merely adding the term engineering. This would call for little modification to the 
standards, curricula, and philosophical orientation of technology and 
engineering education. For example, early publications such as A Conceptual 
Framework for Technology Education (Savage & Sterry, 1990) have presented a 
sample philosophy of technology education as providing 

Students of all grades, abilities and backgrounds with technological 
knowledge, skills, and attitudes necessary to become competent, 
contributing, and productive members of society. Through experiences in a 
“hands-on” cooperative environment using a systematic, problem-solving 
approach, students should exhibit understanding of all domains relating to 
technology. (p. 27) 

 
Yet, since the addition of engineering to the title of technology and engineering 
education, current definitions, such as the following definition, are synonymous 
to early conceptualizations of the role of the discipline. 

Technology and engineering education is committed to preparing students 
for employment and/or continuing education opportunities by teaching them 
to understand, design, produce, use, and manage the human-made world in 
order to contribute and function in a technological society. (Utah State 
Office of Education, 2010, para. 1). 
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Consequently, the current path of technology and engineering education 

might be one of tradition that cannot meet recent criticism of this path that 
emphasizes the need to truly teach engineering rather than only adjust slightly to 
bumps or changes in the road. For example, staying the course does not account 
for the ongoing discussion of ambiguity and confusion around the term 
technology education. Dugger and Naik (2001) discuss the common 
misperception that technology education is simply computers, electronics, or 
educational technology. Although the mission, vision, instructional approaches, 
and learning outcomes of technology and engineering education are 
understandable to most practitioners, it is doubtful that the general populace has 
the same understanding of this school subject as they have regarding other core 
educational disciplines. Therefore, the question raised is whether theoretical 
understanding is more important to practitioners or if practical, immediate 
understanding of the overall population is a more important outcome. 

Another issue the technology and engineering education profession is 
currently facing is the declining numbers within the discipline. Specifically, the 
number of “technology & engineering teacher preparation programs at colleges 
and universities in the United States have been in a state of decline since the 
1970’s” (Litowitz, 2014, p. 73). Likewise, between 2002 and 2012, studies 
reported that the total number of programs nationwide preparing technology 
teachers has dropped from 40 to 24 programs (Bell, 2002; Litowitz, 2013; 
Rogers, 2012). In 2013, Strimel surveyed teachers who attended training to 
teach the International Technology and Engineering Educators Association’s 
Engineering byDesignTM curriculum and reported that nearly 70% of these 
teachers did not hold a degree in technology education. Furthermore, Strimel 
reports that over 20% of the teachers preparing to teach the Engineering 
byDesigntm curricula were not certified in teaching technology education. 
Anecdotally, one author of this article reports on the status of a metropolitan 
Atlanta school district containing only a small fraction of teachers who were 
traditionally certified in technology education, a large subset of whom were 
alternatively certified with little overall understanding of the scope of the 
technology and engineering education profession, and others who held 
certification in engineering with little educational experience. As a result, there 
are a limited number of individuals in the profession who fully understand 
technology and engineering education and who are able to promote its practices 
to progress the profession forward. Although recent initiatives to develop or 
sustain existing technology education programs have been conceptualized, such 
as Savanah State University, minimal approaches to sustain technology teacher 
education programs have arisen. However, viable options in relation to 
engineering education and possible partnerships will be discussed later in this 
article. 
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Science Education: Playing Nice in the Sandbox 
Although the similarity between science and technology has long been 

discussed in educational literature (Gardner, 1994; Lewis, 2006), the recent 
release of the NGSS has further overlapped both disciplines. Specifically, the 
NGSS promotes the raising of engineering design to the same level of 
importance as scientific inquiry in science education frameworks (NGSS Lead 
States, 2013). As a result, science education and technology and engineering 
education now share a signature component. Moreover, as science education 
increasingly implements resources that were once exclusive to technology and 
engineering education, such as robotics, and recommends moving away from 
cheap, resourceful activities such as egg drops (Milano, 2013), technology and 
engineering education might proceed in collaboration with science education or 
otherwise potentially lose its own identity as a school subject. 

As engineering design is implemented in science education, the opportunity 
arises for technology and engineering education to partner with science 
education for truly transdisciplinary approaches to Integrative STEM Education. 
Rather than being used only as a tool to teach science and assist in students 
working through scientific inquiry, technology and engineering educators can 
build ongoing collaborations that promote integration at the natural intersection 
of each discipline. For example, finding domains that require scientific inquiry 
and engineering design, such as biotechnology, provides opportunities for each 
discipline to contribute equally. For instance, existing biotechnology units such 
as the construction of a Microbial Fuel Cell (Wells, 2013) requires students to 
work through scientific inquiry to discover new scientific knowledge of ideal 
settings for bacteria to grow; those contributions would contribute to the 
engineering design process. Without knowledge of both disciplines, teachers 
might inadvertently situate students in a context that does not intentionally teach 
concepts from both disciplines. 

Technology and engineering education has a great deal to offer the science 
education field as it moves towards more authentic educational approaches. 
Existing programs can work to support the teaching of science concepts and 
practices by providing a laboratory setting for the designing and making of new 
products and processes necessary to carry out realistic scientific investigations. 
Technology and engineering teachers are often more equipped and well trained 
for the acts of designing and making. These acts can be thought of as the kernel 
of technology and engineering education and can be considered what the 
profession does best. Therefore, technology and engineering programs are more 
often than not equipped with industry quality tools, materials, and equipment 
that can be used in conjunction with science education to advance student 
learning. The physical acts of designing and making while using current industry 
quality resources, can provide students with the experiences necessary for 
working in STEM-related careers. Additionally, the resources and abilities that 
technology and engineering instructors have, including lab safety, knowledge of 
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material processing, and correct tool use, can aid in the scientific examination of 
problems facing the world. In turn, these scientific investigations can then 
enable students to develop authentic solutions to these real-life issues using the 
process of engineering design. 

As engineering increasingly enters the instructional practices of science 
educators, this path of cooperation with science educators appears as a viable 
option in moving forward technology and engineering education. Moreover, the 
technology and engineering education profession should collaborate with 
science education because it is a much larger profession that could assume 
responsibility for teaching engineering, leaving technology education without a 
place in a student’s general education. Science education is not only recognized 
and understood as a core educational subject, but it also provides a context for 
technology and engineering education students to apply knowledge and skills 
previously learned. Working closely with science education may provide a solid 
place for technology and engineering education in local school systems. This 
place can be where students actually utilize industry quality technologies to 
“make” solutions to engineering design problems, replacing less authentic 
classroom activities requiring only the use of unrealistic materials, such as 
Popsicle sticks, cardboard, duct tape, and hot glue. 

A challenge for technology and engineering education in most states is the 
determination of where it fits within a student’s education. Since its historical 
beginning, the purpose of technology and engineering education was to provide 
all students the knowledge, skills, and abilities to function in a technological 
world. However, many states have organized technology and engineering 
education under the umbrella of career and technical education. As a result, 
technological and engineering literacy has been missing from many students 
general education, and many technology and engineering programs lack the 
necessary enrollment from all student populations to sustain the subject. Now 
that the NGSS includes engineering and technology as one of the core 
disciplines for science, the technology and engineering profession can use this to 
solidify its spot in the Unites States education system by leveraging the support 
of the much larger science education profession. This being said, some questions 
for the technology and engineering education profession to ponder are: (a) What 
if technology and engineering education becomes a core discipline of the 
science education profession? (b) Can technology and engineering education 
utilize science as a means to bring technological and engineering literacy to all 
students? (c) What if teacher preparation programs enable science teachers to 
specialize in engineering or technology much like one can specialize in 
chemistry or physical science? These are questions that may help guide future 
directions for technology and engineering education. Keep in mind, that a lack 
of collaboration as a profession may lead to science taking the responsibility of 
teaching engineering, leaving technology education with little content and 
practices for a student’s general education. 
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Routes for collaboration with science education already exist, including 
collocated professional organization meetings between science and technology. 
Yet, in moving forward, technology and engineering education might consider 
the implications of so closely aligning with science education and the effect that 
it might have on implementing similar instructional approaches. 
 
E-nough is Enough: A Final Call for Engineering 

The emphasis on engineering at the K–12 level has been increasing since 
the turn of the century (Kelley, 2008; National Research Council [NRC], 2009). 
This expanded interest can be attributed to the idea that engineering education 
can assist in creating a better educated populace and develop a workforce ready 
to meet the needs of high-demand careers of the 21st century, thus providing 
students with the skills necessary for economic success (NRC, 2009). Today 
there is broad agreement among educational stakeholders that the teaching of 
STEM subjects in K–12 U.S. schools must be improved to prepare students with 
the skills necessary for success in this century (National Academy of 
Engineering [NAE] & National Research Council [NRC], 2014). Due to its 
natural ability to tie mathematics and science together through solving authentic 
problems, the inclusion of engineering into K–12 education is now seen as an 
approach to addressing concerns with the U.S. educational system (NAE & 
NRC, 2014; NRC, 2009). As a result, the NGSS has interwoven engineering 
practices within its frameworks, and the National Assessment of Educational 
Progress is now administering a technology and engineering literacy assessment. 
More recently, K–12 engineering education initiatives, such as the Chevron-
funded development of an engineering education community of practice website 
under a 3-year project called Guiding the Implementation of K–12 Engineering 
Education, have been surfacing throughout the nation. As a result, engineering 
education programs such as Engineering is Elementary have seen increased use. 
However, inconsistencies exist between engineering programs as to what 
engineering education consists of at the K–12 level, who teaches these 
engineering programs, how are teachers prepared to teach engineering, how 
engineering is taught at the K–12 level, and where it is situated within a 
student’s general education. 

The increased emphasis on K–12 engineering and the uncertainty of how it 
should be taught provide an opportunity for the technology and engineering 
education profession. The technology and engineering education profession can 
stake the claim for teaching engineering at the K–12 level, align with the 
engineering profession, and reform its instructional practices to reaffirm its 
place in the U.S. educational system. The term engineering is something that is 
recognized by the general population. Although it may not be fully understood 
by the broad populace, it is a term and a profession that is generally respected. 
Adding engineering to technology education brought a refreshing new view on 
the profession. However, the ambiguity and confusion around the term 



Journal of Technology Education Vol. 27 No. 2, Spring 2016 

 

-29- 
 

technology continues to hinder the general understanding of the school subject. 
It can be easy to understand what an engineer is; it is more difficult to explain 
what a technologist does. Failure to align technology and engineering education 
with the engineering profession has caused technology and engineering 
education to continue to lose a foothold within local education systems. 
Therefore, one possibility for the profession could be a greater emphasis on 
engineering education and a surrender of the “T,” technology, to the educational 
technology that the majority of people believe that it is. As a result, the 
technology and engineering profession would become the provider of K–12 
engineering education for all students. However, dropping the “T” will not do 
anything to revitalize and sustain technology and engineering education on its 
own. There will need to be significant work as a profession to develop a 
consistent and comprehensive engineering course sequence, modify preservice 
teacher programs, create an engineering teaching licensure, and establish clear 
postsecondary engineering connections and articulation pathways. 

The authors of this article believe that a change to engineering education 
will require the development of a consistent and coherent course sequence. A 
major concern with technology education has always been the inconsistency of 
what courses students take and the content and skills that they learn from school 
to school. These inconsistencies can limit the ability to work as a profession to 
enhance technology and engineering education. However, with engineering as a 
focus, a core set of disciplines can be created. Much like science education has 
courses in physics, biology, chemistry, and earth or space science, engineering 
education can have coursework in the disciplines of mechanical, electrical, 
chemical, structural, and biological or medical engineering. These courses can 
be taken by all students to help better understand the designed world and do not 
have to focus on preparing students specifically for engineering careers. Just as 
students in biology class do not have to become a biologist, students in a 
mechanical engineering course do not have to become a mechanical engineer. 
However, these courses can provide all students with beneficial knowledge and 
skills as well as introduce them to engineering careers. 

The Project Lead the Way pre-engineering program can be used as an 
example. The program provides core courses for introducing engineering 
entitled Introduction to Engineering Design and Principles of Engineering and 
specialization courses, such as Civil Engineering & Architecture, Biomedical 
Engineering, and Aerospace Engineering. However, it is still difficult to 
determine how this fits into a school district and whether it should be a part of 
student’s general education. Additionally, it can be unclear as to what types of 
teachers are best prepared to teach these courses. 

To be able to teach engineering content, teachers need to be properly 
prepared. The technology and engineering education profession is sometimes 
criticized in regards to its ability to teach engineering at the K–12 level and 
rightfully so. A study conducted by Strimel (2013) showed that over 62% of the 
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teachers preparing to teach the Engineering byDesigntm curriculum had never 
completed a college-level course in trigonometry, and over 64% had never 
completed a college level course in calculus. Furthermore, the study reported 
that almost 54% of these teachers never completed a college course in physics, 
and almost 36% never completed a college course in chemistry and biology. The 
concepts in these mathematics and science courses are the foundation of 
theoretical engineering and are necessary for understanding the true concepts 
and practices of engineering professions. Many technology teacher preparation 
programs do not require multiple courses in mathematics and science, which is 
something that must be modified to produce teachers with the knowledge and 
skills to properly teach engineering. A study conducted by Litowitz (2014) 
reported there was a wide range of mathematics requirements for technology 
teacher education programs. The data indicated that approximately 30% of the 
technology teacher education programs did not require a mathematics course 
beyond statistics and showed that college algebra was the most frequent 
mathematics course required for preservice technology teachers. Additionally, 
his study reported that many institutions allowed technology education majors to 
choose any natural science course to fulfill their degree requirements. 

These minimal degree requirements combined with the wide diversity of 
technology and engineering teacher education core curricula continues to 
compromise technology and engineering education. As reported by Litowitz 
(2014), some programs follow a traditional technology education approach that 
focuses on materials processing, whereas others have evolved into a more 
engineering design focused approach. Moreover, a study of high school students 
pertaining to engineering design cognition conducted by Strimel (2014a) 
indicated potential disconnects between technology and engineering curricula 
and the engineering profession. The study’s findings suggested these 
disconnects may have resulted in students acting and thinking in a way that does 
not match the engineering practices. The data indicated that students were 
heavily focused on the act of making a solution based on an initial idea rather 
than thoughtfully forecasting their designs. The study also portrayed that the 
majority of the students studied employed a more traditional non-engineering, 
trial-and-error approach to solving an engineering design problem. These 
students were observed dedicating little time to analytical designing, modeling, 
experimenting with the proper materials, and utilizing testing results to optimize 
their designs. This study may indicate the engineering habits of mind, which 
involve design, analysis, modeling, and optimization, are not emphasized or 
correctly practiced throughout technology and engineering curriculum and 
instruction. Thus, it should be essential that technology and engineering 
education programs clarify their purpose and, if their purpose is engineering, to 
enhance their standards, curriculum, and instruction to include the proper 
engineering practices and content. 
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Some teacher preparation programs have modified the curriculum to 
address these concerns. Some programs now require preservice technology and 
engineering teachers to complete coursework similar to an engineering major 
with some additional coursework to earn a teaching license. Some notable 
examples are The College of New Jersey, Ohio Northern University, and 
University of Maryland Baltimore County (UMBC). The College of New Jersey 
suggests a more rigorous sequence of mathematics and science courses for the 
technology/pre-engineering preservice teachers through the college’s school of 
engineering. The suggested course sequence provided on their website 
recommends students complete calculus, engineering mathematics, and general 
physics within their first year while progressing toward courses in structures, 
mechanics, analog and digital circuits, and mechanical system design (The 
College of New Jersey, 2016). Ohio Northern University offers an engineering 
education program that “directly addresses the need to develop a new generation 
of high school students who can contribute to solving our nation’s challenges 
through engineering and innovation” (Ohio Northern University, 2014, para. 2). 
The program combines a general engineering degree with the required education 
and mathematics courses to earn a teaching certification. The 4-year engineering 
education degree prepares graduates to become licensed secondary mathematics 
teachers but with a more specialized perspective on engineering-design-based 
learning than teachers who have a traditional education diploma.  

UMBC has developed a pre-service teacher program to prepare individuals 
to deliver pre-engineering curriculum in middle and high schools (University of 
Maryland Baltimore County, 2016). Their program ties the mechanical 
engineering program in with Project Lead the Way training to progress towards 
earning a technology education certification. Lastly, according to Reed and 
Cantu (2016), Old Dominion University is the first institution to utilize the 
UTeach program to certify more technology and engineering teachers. They 
describe the UTeach program as an initiative that seeks to train science, 
mathematics, computer science, and engineering majors to become a certified 
teachers while earning their undergraduate degree in their content areas. 
Therefore, these students may obtain the content knowledge along with the 
pedagogical knowledge to be effective teachers of engineering and technology.  

However, preceding attention to engineering teaching programs, advocacy 
needs to be addressed at the state level, updating current licensure agreements. 
Yet, this should be done carefully as to not create two parallel teacher 
certifications in engineering and technology. Doing so could provide the 
opportunity for the engineering profession to assume complete control over K–
12 engineering education, eliminating the need for any former technology and 
engineering programs and professionals that provide expertise in authentic 
pedagogical practices and the use of tools and machines to make products. 

Lastly, a change to engineering education requires a clear collaboration and 
articulation with 4-year engineering programs and 2-year engineering 
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technology programs. A K-12 engineering program should expose students to 
these career pathways and prepare them for a successful transition to 
postsecondary education. K–12 engineering education programs should 
collaborate with both engineering and engineering technology programs to 
ensure that the proper engineering fundamentals are taught throughout the 
various levels of education. Additionally, a connection between secondary and 
postsecondary engineering education can enable highly motivated high school 
students to obtain early college opportunities so they progress through their 
higher education studies faster and in a more affordable manner. 
Erekson and Custer (2008) 

As we enter the 21st century it is clear that engineering education and 
technology education have the potential for a symbiotic alliance that will 
benefit both technology and engineering educators. Engineering educators 
have become very interested in strengthening the pathways to engineering 
by linking with K-12 education. At the same time, technology educators 
have developed national standards for K-12 education that include 
engineering content. Frankly, it is time to heighten and expand the 
discussion between the two technology and engineering educations. 
Collaboration between engineering educators and technology educators is 
an idea that needs to be further developed and put into practice. (p. 1) 

 
Recommendations for Clarity 

In consideration of the three previously discussed pathways, it is vital for 
the technology and engineering education profession to ruminate on what the 
purpose and fundamental expectations are for students. Specifically, if the field 
focuses on engineering education, it is essential that leaders fully consider the 
impact such a decision will make and that it leads to improvement in student 
learning. Thus, stakeholders might begin with why this change is most 
appropriate and what it will mean for teacher preparation, assessment, 
instructional approaches, and professional development. At the higher education 
level, additional research needs to be conducted to provide empirical evidence 
that engineering does indeed result in changes in students’ higher order thinking 
skills and increases knowledge in other domains. Such research can benefit from 
partnering with engineering education to ensure proper alignment with the 
standards of their profession. This partnership can also help enable engineering 
majors to become interested in teaching K–12 engineering, thus helping fill the 
shortage of technology and engineering educators. Teacher preparation will also 
need to be examined to ensure that course work for preservice teachers is 
consistent and comprehensive across institutions. Teaching engineering content 
and the engineering design process would benefit if taught through programs 
supported and approved by engineering education. It is also recommended that 
preservice engineering teachers be required to complete similar coursework as a 
typical engineering major in addition to coursework in pedagogy necessary for a 
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teaching license. Lastly, structuring pathways between K–12 schools and 
engineering programs would remove some of the ambiguity currently associated 
with technology education. 
 

Conclusion 
In conclusion, the technology and engineering education profession has 

multiple paths for moving forward. What appears most viable and sustainable to 
the authors of this article is to focus truly on engineering as a core disciplinary 
subject, which may help remove the long-standing confusion with technology. 
This shift will require increased rigor in mathematics and science applications, 
predictive analysis, analytical modeling and design, and executive functioning, 
such as decision-making, task initiation, organization, planning and prioritizing, 
and flexible thinking. However, the focus should ensure student opportunity for 
“making” or producing quality outputs that the profession may have shifted 
away from. Although in theory engineering has been added to the field and in 
practice is instilled in technology education classrooms across the country, it 
remains a façade or buzzword for many and has not been intentionally 
introduced, nor aligned to the engineering community. Most teachers are not 
professionally certified to teach engineering and have received little professional 
development to prepare them to do so. Subsequently, the thoughts and actions of 
technology and engineering students may not coincide with the practices of the 
engineering profession (Strimel, 2014a). Yet, in light of declining technology 
education programs and challenges for engineering education to retain students, 
an opportunity exists for moving forward. 

As Foster (1994) suggested, when transitioning to technology education,  
The challenge in interpreting past practice is not to criticize it in an attempt 
to inflate the value of that perceived as new. It is to learn from it in an 
attempt to recognize the value in that established as eminent.” (p. 27). 

 
For the technology and engineering education profession, it can’t do it all; 

even in ideal aspects for what technology education does, it can’t be the best at 
everything. Engineering is recognized not only as a career that students can 
identify with but also provides the core outcomes for technology education, 
including problem-solving; hands-on, minds-on, creation of a product; and 
authentic, meaningful learning opportunities. A decision as large as changing the 
nature of a discipline is not one that should be made lightly. Rather, input from 
stakeholders, discussion on viable solutions, and consideration of the effect of 
such a change should all be considered. 

Lastly, as Martin (2005) reflected on the origin of technology education he 
suggested some “individuals who provided the initial major impetus for 
technology education worked in isolation from their colleagues, while others 
worked in tandem” (para. 1). Although present opportunities of working with 
multiple STEM disciplines exist, it might be too early to determine if a similar 
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situation will arise as technology and engineering education moves forward. 
Yet, in any direction, collaboration is vital to the success of the technology and 
engineering education profession and should be considered. 
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Problem Decomposition and Recomposition in 
Engineering Design: A Comparison of Design 

Behavior Between Professional Engineers, 
Engineering Seniors, and Engineering Freshmen 
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Abstract 
The authors investigated the differences in using problem decomposition 

and problem recomposition between dyads of engineering experts, engineering 
seniors, and engineering freshmen. Participants worked in dyads to complete an 
engineering design challenge within 1 hour. The entire design process was video 
and audio recorded. After the design session, members participated in a group 
interview. Video and audio data were transcribed, segmented, and coded to 
make comparisons. Results show differences between engineering experts, 
seniors, and freshman in design thinking. Students tend to use depth-first 
decomposition, and experts tend to use breadth-first decomposition in 
engineering design. The results also show that students spend less cognitive 
effort on the problem-definition stage than engineering experts. 
 
Keywords: engineering design; problem decomposition and recomposition; 
design thinking; expertise. 
 

Design is recognized as the critical element of engineering thinking which 
differentiates engineering from other problem-solving approaches (Dym, 
Agogino, Eris, Frey, & Leifer, 2005). One of the primary goals of engineering 
design education is to equip students with the capability to become expert design 
engineers. To develop this capability in students, educators require a detailed 
knowledge of the cognitive behavior of both undergraduate students and expert 
design engineers. However, there is insufficient information about the cognitive 
behavior of expert design engineers because most studies are focused on 
individual student engineers or early professional engineers. 

Engineering design is fundamental for engineering graduates because 
engineering design is a major skill required of practicing engineers. The use of 
design strategies plays a significant role in engineering design, and a commonly 
used strategy is problem decomposition or recomposition. It is frequently used 
by experienced engineers, especially for solving complex engineering problems 
(Vincenti, 1990). The process of problem decomposition involves breaking the 
design problem into smaller independent subproblems (Arvanitis, Todd, Gibb, & 
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Orihashi, 2001). Each subproblem can be further broken into even smaller 
problems (Arvanitis et al., 2001), and the decomposition process stops when 
designers can directly approach each subproblem. Problem recomposition is a 
bottom-up process that usually comes with problem decomposition. It is a 
process of recomposing all subsolutions (Chandrasekaran, 1990) in the premise 
of satisfying requirements of the combining design (Hall, Jackson, Lanney, 
Nuseibeh, & Rapanotti, 2002). Instead of focusing on a complex design problem 
as a whole, engineers can work on several smaller, more approachable 
subproblems using this process, which makes the process of engineering design 
more efficient. Studies have identified a gap between engineering novices and 
engineering experts when it comes to problem decomposition and recomposition 
skills in engineering design (Ball, Evans, & Dennis, 1994; Ho, 2001; 
McCracken, 1997). 

To the extent that past works are available (e.g., Ball et al., 1994; Ho, 2001; 
McCracken, 1997), most studies about problem decomposition or recomposition 
have focused on individuals instead of groups. However, in the real world, 
engineers usually work in groups to solve engineering problems. By 
investigating this topic in the context of collaborative engineering design, 
researchers can have a better understanding of the development of expertise and 
the use of problem decomposition or recomposition in practical settings. 
Design is a creative, open-ended, and experiential process that aims at problem 
solving. Engineering design is a central part of engineering and has been 
emphasized as a focus for engineering education for several decades (Dym et al., 
2005). Engineering design challenges are widely and effectively used in 
teaching engineering and in engineering education research. Engineering design 
challenges can be used in both formal academic circumstances and informal 
settings. Dym, Agogino, Eris, Frey, and Leifer (2005) believed that engineering 
design challenges could benefit student learning in many ways. In theory, these 
challenges should include the entire engineering design process, but practical 
engineering design challenges are extremely complex and ill structured. 
Classrooms educators sometimes only incorporate parts of the design process 
based on the needs of the curriculum (Atman et al., 2007; Katehi, Pearson, & 
Feder, 2009). 
 

Research Design 
To investigate the gap that exists between skills developed in universities 

and skills needed in the industry to become an expert engineer, a pilot study was 
conducted. The research question guiding this research is: In the process of 
engineering design, how do experts approach the design problem differently 
from engineering students? 
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Sample 
In this study, participants were selected using a convenience sampling 

method (Gall, Gall, & Borg, 2007). Fifty participants took part in this study, 
including 20 college engineering freshmen, 20 engineering seniors, and 10 
engineering experts. All of the participants worked in dyads. It should be noted 
that this research was a pilot study; therefore, data were collected from a small 
sample. Results of the quantitative data show preliminary findings only and 
cannot be generalized because the N size is small. 
 
Design Challenge 

All dyads completed the same open-ended engineering design challenge. 
The design challenge used was a double-hung window opener that would assist 
the elderly in raising and lowering windows. This design challenge has been 
used by other researchers to study engineering design (Gero 2010; Lammi & 
Becker, 2013). There were various engineering and social constraints in this 
challenge, which made it a typical engineering design challenge. 
During the design session, participants had access to only five websites related 
to the design challenge. Participants had limited access to prevent them from 
searching for solutions to the design problem. They were recommended 1 hour 
to complete the design challenge. Participants only submitted design proposals 
as their final outcome. Participants received no instruction about the form or the 
content of the proposals. They did not build, test, and analyze their design 
because of the time constraint. 
 
Data Collection 

The primary form of data collection was protocol analysis. In the process of 
engineering design, conversation happened naturally within the dyads. The 
researcher used audio and video recording to capture participants’ conversations 
and their nonverbal interactions. The researcher did not answer participants’ 
questions. The audio and video data complemented each other to provide rich 
information about the conversations and actions in engineering design process. 
The protocol analysis of design sessions was coded based on the function–
behavior–structure (FBS) coding scheme. This ontology provides a set of 
irreducible foundational concepts of design and designing, which covers the acts 
of designing and the representation of the design. The definition and 
conceptualization of the ontology is illustrated in Figure 1. Function (F) 
represented designers’ expectations of the products, behavior (B) represented 
the ways that designers accomplish their goals, and structure (S) represented the 
solutions to the problem. 
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Figure 1. FBS framework (Resource: Gero, Kan, & Pourmohamadi, 2011). 

 
The design actually is a consequence of a series of processes including the 
above FBS variables: 

1. Formulation (process 1) transforms the design requirements, expressed 
in function (F), into behavior (Be) that is expected to enable this 
function. 

2. Synthesis (process 2) transforms the expected behavior (Be) into a 
solution structure (S) that is intended to exhibit this desired behavior. 

3. Analysis (process 3) derives the “actual” behavior (Bs) from the 
synthesized structure (S). 

4. Evaluation (process 4) compares the behavior derived from structure 
(Bs) with the expected behavior to prepare the decision if the design 
solution is to be accepted. 

5. Documentation (process 5) produces the design description (D) for 
constructing or manufacturing the product. 

6. Reformulation type 1 (process 6) addresses changes in the design state 
space in terms of structure variables or ranges of values for them if the 
actual behavior is evaluated to be unsatisfactory. 

7. Reformulation type 2 (process 7) addresses changes in the design state 
space in terms of behavior variables or ranges of values for them if the 
actual behavior is evaluated to be unsatisfactory. 

8. Reformulation type 3 (process 8) addresses changes in the design state 
space in terms of function variables or ranges of values for them if the 
actual behavior is evaluated to be unsatisfactory. (Gero & 
Kannengiesser, 2004, p. 3) 
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Under the FBS ontology, there was another coding system to represent the 
level of the problem. Typically, engineers decompose the design problem into 
multiple subproblems and work on each subproblem in order to find a solution. 
The level of the problem ranged from 1 to 3. The meaning of each number is 
shown in Table 1. Gero and Mc Neill (1998) adopted this coding system in 
analyzing design protocols. Ho (2001) used a similar coding system to 
investigate engineering design strategies used by individual electrical engineers. 
Few studies have used levels of the problem to code; as such, there is little data 
available for this study, but Ho (2001) collected very similar data. 
 
Table 1 
Level of the Problem 

Level of the problem Definition 

1: System Designers focused on the problem as an 
integral whole. 

2: System and subsystems Designers focused on interactions between 
subsystems. 

3: Subsystems Designers focused on details of the 
subsystems. 

 
Immediately after completing the design challenge, participants took part in 

a focus group interview in which they answered questions. During this 
semistructured interview, the researcher asked questions about how participants 
framed the problem, generated alternative solutions, reached agreements, and 
used strategies. Table 2 (continued on next page) shows the guiding interview 
questions. Participants’ sketches were also collected as a data resource. 
 
Table 2 
Interview Guiding Questions 

Number Interview Question 

1 How did you define the problem?  
 
2 

 
How did you decide what information to get?  

3 
 
How did you develop or come across different ideas 
(solutions)?  

4 
 
How did you know which ideas would work and which would 
not work? 
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5 Why and how did you choose your final idea or plan?  

6 
 
Is there anything else you needed or wanted that would have 
helped you? 

 
7 

 
Did you tackle the problem as a whole or decompose it into 
several subproblems? If you decomposed it, why did you 
choose it over the other one 

 
8 

 
What difficulties did you meet in solving the problem? 

 
Data Analysis 

Coder training. Prior to analyzing data, two coders were trained to use the 
coding systems in order to reach an ideal intercoder reliability. They learned the 
coding systems and started coding sample data from previous studies separately. 
After coding separately, they compared their codes and calculated the 
percentage of the codes that they coded the same, which was the intercoder 
reliability. They also discussed the segments that they coded differently to reach 
a consistent understanding of the coding scheme. They repeated this process for 
several rounds until the intercoder reliability remained above 80%. In the social 
sciences, 70% intercoder reliability is acceptable (Schloss & Smith, 1999). 

Data transcribing and segmenting. After participants completed the 
design challenge, the researcher manually transcribed participants’ 
conversations and movements into spreadsheets. The spreadsheet data 
containing participants’ conversations and movements were further broken into 
segments based on design issues. Each segment is a coding unit and can only 
contain one code. 

Coding. Coders started the coding process by using the FBS ontology. 
Table 3 shows a piece of coded data and how coders arbitrated data. After all 
data were coded using the FBS ontology, Codes D, R, and O were excluded 
from being coded before coding the level of the problem because they do not 
pertain to levels of the problem. Code O is about other issues that are not related 
to design cognition. Code R is the requirement that is given to designers. Code 
D is the documentation process; the spread sheet didn’t record the content of 
designers’ sketches or drawing, so it was excluded as well. Table 4 shows a 
piece of data coded by two coders. The coding of “levels of the problem” was 
based on codes of the FBS ontology. The last column shows arbitrated codes, 
which are also the final codes of “levels of the problem.” 
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Table 3 
Example of FBS Codes and Arbitrated Codes 

Subject Utterance 
FBS: 

Coder 
1 

FBS : 
Coder 

2 

FBS: 
Final 
code 

A Not what I'm asking, but like 
how in-depth? 

F R F 

A Because that's like how I'm in 
senior drawing ... 

O O O 

A Like a pulley is just something 
you go to the store and buy. 
Like you… You know...Based 
on, like  

R S R 

A I don't think we are given all 
the numbers that we need to be 
able to figure what type of 
pulley system or what gear 
ratio. 

S S S 

B Yes, and the cost of materials S S S 

A Yes, I mean, I wondering this 
is more just given what we are 
given. I don’t think we really 
can say we need a specific 
number 

R R R 

B I see, like 15 or whatever the 
number type going here  

S S S 
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Table 4 
Sample of Codes for Levels of the Problem 

Subject Utterance 
FBS: 
Final 
code 

Levels of 
the 

problem: 
Coder 1 

Levels of 
the 

problem: 
Coder 2 

Levels of 
the 

problem: 
Final 
code 

A Not what I'm asking, 
but like how in-depth? 

F 1 1 1 

A Because that's like how 
I'm in senior drawing ... 

O – – – 

A Like a pulley is just 
something you go to 
the store and buy. Like 
you. You know...Based 
on, like  

R – – – 

A I don't think we are 
given all the numbers 
that we need to be able 
to figure what type of 
pulley system or what 
gear ratio. 

S 3 3 3 

B Yes, and the cost of 
materials 

S 3 1 1 

A Yes, I mean, I 
wondering this is more 
just given what we are 
given. I don’t think we 
really can say we need 
a specific number 

R – – – 

B I see, like 15 or 
whatever the number 
type going here  

R – – – 
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The process of problem decomposition and problem recomposition was 
identified by the change of the level of the problem. Table 5 (continued on next 
page) shows a piece of sample data of an individual dyad in which problem 
decomposition and problem recomposition were coded. As previously 
illustrated, the problem decomposition is a top-down process, whereas the 
problem recomposition is a bottom-up process. When the level of the problem 
transitions from a higher level to a lower level, it is defined as the problem 
decomposition, and when it transitions from a lower level to a higher level, it is 
defined as the problem recomposition. 
 
Table 5 
Example of Problem Decomposition and Problem Recomposition 

Subject Utterance 
FBS 
final 
code 

Levels of 
the 

problem 
final code 

Decomposition/ 
recomposition 

A Not what I'm asking, but 
like how in-depth? 

F 1 – 

A Because that's like how 
I'm in senior drawing ... 

O – – 

A Like a pulley is just 
something you go to the 
store and buy. Like you.. 
You know...Based on, 
like  

R – – 

A I don't think we are given 
all the numbers that we 
need to be able to figure 
what type of pulley 
system or what gear 
ratio. 

S 3 D 

B Yes, and the cost of 
materials 

S 1 R 

A Yes, I mean, I wondering 
this is more just given 
what we are given. I 

R – – 
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don’t think we really can 
say we need a specific 
number 

B I see, like 15 or whatever 
the number type going 
here  

R – – 

 
The numbers of utterances generated by each dyad were different, so simply 

comparing the frequencies of each type of code would affect the validity of the 
study. The percentages of codes were used in order to compare the differences 
between dyads. The percentage of each code from each dyad was calculated by 
dividing the frequency of the code into the total number of effective codes of the 
dyad. 

Interview and sketch data. The analysis of qualitative data was connected 
with quantitative data. The constant comparative method (Glaser, 1965) was 
adapted in analyzing data. The first step included going through each interview 
and sketch and themes were recorded. The second step was sorting themes to 
different categories. The third step was looking for differences between expert 
dyads, senior dyads, and freshman dyads within each category. The analysis of 
qualitative data allowed any themes or new phenomena to emerge that could not 
be discovered by analyzing quantitative data. Table 6 provides a small piece of 
interview data in order to show the first three steps of constant comparative 
method used in analyzing qualitative data. There were many themes and 
categories that emerged from the entire qualitative data, and some themes 
emerged repeatedly. The conclusions drawn in Step 3 were based on the analysis 
of the entire data instead of the small piece shown in Table 6 (please note that 
Table 6 has been divided into several cells for readability purposes). The fourth 
step of analyzing qualitative data was writing the theory which is not shown in 
Table 6. The analysis of sketches followed the same four steps. 
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Table 6 
Example of Qualitative Data Analysis 

Interview 
Question 

Step 1: Themes 
Emerged from Answers 

F- Freshmen S – 
Seniors E - Engineers 

Step 2: 
Categorizing 

Step 3: Comparing 
students and 

engineers 

How did 
you define 
the 
problem? 

Increase the force (F) Problem definition 

Problem definition: 
Engineers 
understood the 
problem better than 
students. 

Modify existing window 
(F) 

Problem definition 

 
ADA Guidelines (S) 

 
Problem definition 

 
Old people in wheel 
chairs (S) 

 
Problem definition 

 
ADA requirements (E) 

 
Problem definition 

 
No major construction 
required (E) 

 
Problem definition 

 
Safety issues (E) 

 
Problem definition 

How did 
you know 
which ideas 
would 
work and 
which 
would not 
work? 

 
Daily experiences (F) 

 
Design experiences 

Design Experiences: 
Engineers had more 
design experiences 
and intent to use 
their experience in 
solving new 
problems. 

 
Don’t know if the ideas 
would work and how 
much it would cost (F) 

 
Cost 

 
Analyze pros and cons 
(S) 

 
Alternative 
solutions 

 
Comparing the design 
with devices used before 
(E) 

 
Design experiences 

 
Analyze clients (E) 

 
Problem definition 
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Why and 
how did 
you choose 
your final 
idea or 
plan? 

Practical and feasible (F) Alternative 
solutions 

Cost: Students did 
not pay enough 
attention to the cost 
of the design. Some 
of them did not 
know the cost of 
materials. 
 

 
Easy to work (F) 

 
Alternative 
solutions 

 
Consider how solutions 
fit requirements (S) 

 
Alternative 
solutions 

 
Only came up with one 
idea (S) 

 
Alternative 
solutions 

 
Cost effective (S) 

 
Cost/ Problem 
definition 

 
Easy to use and 
maintenance (E) 

 
Problem definition 

 
Fits the goal of the 
design (E) 

 
Alternative 
solutions 

 
Not block views (E) 

 
Problem definition 

 

What 
difficulties 
did you 
meet in 
solving the 
problem? 

Have difficulties 
deciding which solution 
to choose (F) 

Alternative 
solutions 

Alternative 
solutions: Engineers 
evaluated 
alternative solution 
more effective than 
students. 

 
They are good at solving 
homework problems but 
not the real problems. (F) 

 
Homework problem 
and real life 
problems 

 
The design challenge is 
very different from 
problems in class. (F) 

 
Homework problem 
and real life 
problems 

 
Need more constraints 
and criteria (S) 

 
Problem definition 

 
They don’t know the cost 
of materials (S) 

 
Cost 

 
They need more 
information about 
clients’ design 
consideration (E) 

 
Problem definition 
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They wanted to talk to a 
window producer to 
make a product of their 
design (E) 

Design experiences 

 
Results 

The researchers calculated frequencies of using problem decomposition and 
problem recomposition in students and engineer dyads. The means and standard 
deviations of percentages of using problem decomposition and problem 
recomposition are shown in Table 7. From these numbers, we can determine that 
engineer dyads used more problem decomposition more than engineering 
freshmen and seniors. In order to see if there are any statistically significant 
differences existing, p-tests were conducted, effect sizes (ES) were calculated. 
The results of statistical tests are shown in Table 8. In the use of problem 
decomposition, freshmen used problem decomposition as much as seniors did in 
engineering design. Engineers used more problem decomposition than both 
freshmen and seniors did in engineering design. In the use of problem 
recomposition, the results are similar; freshmen used problem recomposition as 
much as seniors did in engineering design, and engineers used more problem 
recomposition than both freshmen and seniors. 
 
Table 7 
Means and Standard Deviations of Problem Decomposition and Problem 
Recomposition 

Type of Dyad 

Problem decomposition 
(%)  

Problem recomposition 
(%) 

Mean 
Standard 
Deviation  Mean 

Standard 
Deviation 

Freshmen 
(N=10) 

15.13 2.66  15.28 2.64 

 
Seniors (N=10) 

 
15.22 

 
3.27 

  
15.31 

 
3.14 

 
Engineers 
(N=5) 

 
22.38 

 
3.01 

  
22.57 

 
3.54 
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Table 8 
Comparisons of Problem Decomposition and Problem Recomposition 

Types of dyads 
compared 

Problem 
decomposition 

Problem 
recomposition 

p value Effect Size p value Effect Size 

Freshmen vs. seniors .496 N/A 980 N/A 

Freshmen vs. engineers .000** 2.55 .001** 2.33 

Seniors vs. engineers .010** 2.28 .001** 2.17 
** p ≤ 0.01. 
 

The analysis of qualitative data had similar findings. In the interview, a 
question was “Did you tackle the problem as a whole or decompose it into 
several subproblems? If you decomposed it, why did you choose this over the 
problem as a whole?” Students’ answers varied from dyad to dyad. Some dyads 
broke the problem into multiple subsystems, some dyads solved the problem as 
a whole because they thought the problem was too simple to break down, and 
some student dyads did both. For engineer dyads, the answers were more 
consistent. They started with considering the whole problem to get the big 
picture, then broke it into small pieces to work on, and finally combined small 
pieces into the final solution. 

The study also compared the effort spent on different levels of the problem. 
These results are shown in Table 9. Means and standard deviations from the 
three types of dyads show that freshmen, seniors, and engineers spent most of 
their cognitive effort on Level 3 (details of subsystems). All three types of dyads 
spent the least amount of cognitive effort on Level 1 (system). In order to see if 
there are any statistically significant differences existing, a series of tests were 
conducted, and the results of statistical tests of are shown in Table 10. 
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Table 9 
Means and Standard Deviations of Levels of the Problem 

Type of 
dyad 

Level 1 (%) Level 2 (%) Level 3 (%) 

Mean Standard 
Deviation 

Mean Standard 
Deviation 

Mean Standard 
Deviation 

Freshmen 
(N = 10) 

11.08 2.46 17.42 3.99 71.50 4.87 

Seniors  
(N = 10) 

12.59 3.57 16.75 4.61 70.66 4.37 

Engineers 
(N = 5) 

20.89 13.68 23.79 6.63 55.32 15.66 

 
Table 10 
Comparisons of Cognitive Effort on Different Levels of the Problem 

Types of dyads 
compared 

Level 1 Level 2 Level 3 

p value Effect 
Size 

p value Effect 
Size 

p value Effect 
Size 

Freshmen vs. 
seniors 

.286 N/A .732 N/A .842 N/A 

Freshmen vs. 
engineers 

.020* 1.00 .035* 1.16 .009** 1.40 

Seniors vs. 
engineers 

.043* 0.83 .031* 1.23 .009** 1.33 

*p ≤ 0.05. 
** p ≤ 0.01. 
 

On Level 1, which indicates the designer considering the problem as an 
integral whole, results show that freshman dyads and senior dyads spent the 
same amount of cognitive effort when they considered the problem as an 
integral whole. Engineer dyads spent more cognitive effort than freshman dyads 
and senior dyads when they considered the problem as an integral whole. On 
Level 2, which indicates designer considering interactions between subsystems, 
engineers spent more cognitive effort than freshmen and seniors did when they 
considered interactions between subsystems in engineering design. On Level 3, 
which indicates designer considering details of subsystems, engineers spent less 
cognitive effort than freshmen and seniors did when they considered details of 
subsystems in engineering design. 
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In the interview, participants were asked how they defined the problem. 
Engineer dyads considered many more factors in this stage. They defined the 
problem by thinking about both the problem and their client’s needs. All of them 
made sure that the design met requirements from Americans with Disabilities 
Act (ADA). They also considered safety issues, aesthetic issues, maintenances 
of the device, implementation, and cost. Some of them even considered the 
noises generated by the device because the device would be used in a nursing 
home in which a quiet environment is preferred. When freshman dyads defined 
the problem, the focus was to assist in opening the window. Two dyads 
mentioned clients of the design. A few dyads talked about the ADA, but most of 
them ignored ADA standard. Most senior dyads focused on the device itself, 
although they did better than freshman dyads. Most of them were aware of ADA 
standards, and a few dyads mentioned cost effectiveness as one of their criteria. 
 

Discussion and Implications 
The results showed that engineer dyads used problem decomposition and 

problem recomposition more than senior dyads and freshmen dyads. Qualitative 
data from interviews also support this result. In spite of differences in research 
settings, the results of this study are consistent with Ho’s (2001) study. Both 
studies suggested that there is a gap in using problem decomposition and 
recomposition between experts and novices. In fact, in interviews with engineer 
participants, they emphasized the importance repeatedly. 

Although problem decomposition and recomposition are crucial strategies 
in engineering design, the results of this study showed that there was no 
difference between freshman dyads and senior dyads using this strategy in 
engineering design. This would suggest that, throughout the engineering 
program, students do not learn adequate knowledge about problem 
decomposition and problem recomposition; hence, students in the first year of 
the engineering program perform similar to students about to finish the 
engineering program. 

The results of the study showed that engineer dyads, senior dyads, and 
freshmen dyads all spent the most cognitive effort on Level 3 and the least 
cognitive effort on Level 1. The quantitative data showed that on Level 1, 
engineer dyads spent more cognitive effort than senior dyads and freshman 
dyads. On Level 2, engineer dyads spent more cognitive effort than senior dyads 
and freshman dyads. On Level 3, engineer dyads spent less cognitive effort than 
senior dyads and freshman dyads. 

Past studies identified two types of problem decomposition: the breadth-
first approach and the depth-first approach. The breadth-first decomposition 
approach focuses on exploring various solutions of each subproblem and avoids 
deep exploration to any specific solution in the early stage, whereas depth-first 
decomposition tends to explore a specific subproblem in detail before other 
subproblems are investigated (Ormerod & Ridgway, 1999). In this research, 
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Level 3 represented designers considering details of subproblems. Student dyads 
spent more cognitive effort on this level because most of them used depth-first 
decomposition and spent a majority of cognitive effort exploring details of a 
certain subproblem. Engineer dyads used a breadth-first approach. Unlike 
student dyads, the distribution of their cognitive effort was more balanced across 
three levels of the problem. 

A series of interesting findings emerged from the interviews and the 
analysis of participants’ sketches as well. In the process of generating alternative 
solutions, student dyads tended to generate too many or too few solutions 
compared with engineering dyads. Some dyads only generated one solution and 
finished their design at a premature stage. They did not make use of the time that 
they could have used to optimize their design. When examining engineering 
curriculum, we find that, in most courses, students are taught to generate only 
one solution instead of multiple ones. It also explains why some dyads only 
generated one solution through the entire design. For those dyads who generated 
too many alternative solutions, they spent a lot of time analyzing solutions, 
which lead them to either go way beyond the time limitation or to haphazardly 
select a final solution at the end of the design period. 

In analyzing qualitative data, engineers were found to be more comfortable 
working in groups than students were. Student dyads had various difficulties 
when they worked together. A freshman dyad of students expressed their 
inadequacy in understanding each other’s ideas. Another freshman dyad of 
students had disagreements about which final solution to choose, which cost 
them a lot of time. A few senior dyads pointed out that they did not make good 
use of their time by working individually on different tasks at the same time. 
Typically, engineering students take foundational engineering courses before 
taking design classes. Most engineering fundamental courses focus on learning 
mathematical and scientific theories, which does not provide enough 
opportunities for students to work on team projects. This may be the main 
reason why some freshman dyads in this study had issues working with each 
other. As engineering students move forward in their program, they take design 
classes and participate in group projects, which explained why senior dyads 
performed better than freshman dyads when it comes to working in groups. 
However, the performance of senior dyads was still very different from the 
performance of engineer dyads. This finding is consistent with a series of 
previous studies (Holcombe, 2003; Meier, Williams, & Humphreys, 2000; 
Sageev & Romanowski, 2001; Scott & Yates, 2002). 
 
Implications 

Engineering design has always been a significant content area in 
engineering education. Problem decomposition and recomposition strategies are 
frequently used by professional engineers. The results of this study showed that 
there is a gap between engineering students and engineering experts in using 
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problem decomposition and problem recomposition. In addition, no differences 
were found between engineering freshmen and engineering seniors, which 
indicates that students did not learn the skills of problem decomposition and 
problem recomposition in their undergraduate study. In order to better prepare 
students for future careers, it is extremely important to incorporate this content 
into engineering education. There is a need to develop supplemental teaching 
materials featuring problem decomposition and problem recomposition. 

Considering the design problem as a whole was a common practice among 
professional engineers. They would analyze the big picture of the design 
problem, and this process is part of the problem-definition stage in engineering 
design. Problem definition is the first stage of engineering design. This study 
found that students spent significantly less time on this stage compared with 
engineering experts. This conclusion is consistent with previous studies (Atman 
et al., 2007; Jain & Sobek, 2006). Both freshman and senior dyads were found to 
spent significantly less effort in defining the problem, which implies that 
engineering education should place more importance on teaching problem 
definition in general. 
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Abstract 

This study ranked constructs articulated by Childress and Rhodes (2008) 
and identified the key indicators for each construct as a starting point to explore 
what should be included on an instrument to measure the engineering design 
process and outcomes of students in high schools that use the PLTW and EbDTM 
curricula in Idaho. A case-study design was used. Data were collected in two 
stages. In the first stage, a content analysis was conducted for PLTW and EbDTM 
curricula to identify the indicators that are associated with the six constructs 
articulated by Childress and Rhodes (2008). In the second stage, the constructs 
and key indicators or concepts were placed on a survey and sent to experts for 
them to rate their importance for assessment and their difficulty to assess. Main 
findings included engineering and human values and the application of 
engineering design being ranked as first and second, respectively, for inclusion 
on an instrument to measure the engineering design process and outcomes. In 
addition, a total of 141 indicators were identified for all constructs. The 
indicators identified provide a useful list of measures that can be used by 
technology and engineering teachers. Selected indicators can be used by math, 
science, technology, and engineering education teachers as they coordinate in 
the teaching of STEM concepts and collaborate in the designing of project-based 
activities that they engage students in solving. 
 
Keywords: assessment; EbDTM; engineering design process; PLTW; problem-
based learning; project-based learning; STEM.  
 

Introduction 
Problem-based learning (PBL) promotes deep thinking and problem-

solving skills (Woods, 1996). It has proven to be an effective way to learn 
subject knowledge, and in most PBL programs, “the goal is to empower the 
students with the task of creating the learning objectives that are important to 
them” (Woods, 2000, p. 2). Students are confronted with a scenario constructed 
around real-life problems, which by their nature are ill-structured, open-ended, 
and ambiguous, that launch students’ inquiry as they collaborate to find 
solutions (Banks & Barlex, 2014; Woolfolk, 2013). Project-based learning is 
commonly used in technology and engineering education. Because project-based 
learning shares many of the instructional, multidisciplinary traits as PBL, the 
terms are often confused or used interchangeably (Honey, Pearson, & 
Schweingruber, 2014). 
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According to Banks and Barlex (2014), the difference between project-
based learning and PBL is that: 

PBL has tended to be a way of configuring the curriculum and relating what 
the students know to actual, real-world problems which in turn leads them 
to find out new knowledge and skills to bring to bear on the problem. 
Rather, project-based learning has been more about a pupil choosing an 
extended activity that they are interested in and using it as a vehicle for 
demonstrating their current capabilities, but also including demonstrating 
their abilities in researching and investigating new knowledge and acquiring 
skills as required. (p. 141) 

Project-based learning can also be built on authentic, real-world situations or 
problems (Edström, Soderholm, & Knutson Wedel, 2007). As they work in 
groups, students are not restricted on where they may look for answers. In a 
review of the research on project-based learning, Thomas (2000) articulated five 
criteria that characterized projects: 

1. “Projects are central, not peripheral to the curriculum,” 
2. “focused on questions or problems that ‘drive’ students to encounter 

(and struggle with) the central concepts and principles of a discipline,” 
3. “involve students in a constructive investigation” (p. 3), 
4. “student-driven to some significant degree,” and  
5. “realistic, not school-like” (p. 4). 

“PBL incorporates real-life challenges where the focus is on authentic (not 
simulated) problems or questions and where solutions have the potential to be 
implemented (Gordon, 1998; as cited in Thomas, 2000, p. 4). 

Assessment refers to the process of determining the extent to which students 
are achieving the intended learning outcomes (Gronlund, 1998). In PBL and 
project-based learning, assessment should emphasize problem solving, critical 
thinking, and reasoning skills. Creating problems that are similar to tasks 
accomplished in real life—authentic tasks—is a key principle for assessment 
used in both paradigms of instruction. However, assessment techniques that are 
repeatable are very challenging because of the subjective nature of PBL and 
project-based learning. In fact, McCracken and Waters (1997) believed that the 
requirement to have authentic tasks in problem solving conflicts with the 
requirement for assessments to be repeatable, because authentic tasks are 
themselves ill-structured and difficult to assess objectively. 
 
Assessments in Technology and Engineering Education 

The inclusion of engineering design as a part of the Standards for 
Technological Literacy has resulted in more curricula promoting engineering 
design activities. Engineering design is a systematic and often iterative approach 
to designing objects, processes, and systems to meet human needs and wants 
(National Research Council, 2012). The Standards for Technological Literacy 
define engineering design as “the systematic and creative application of 
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scientific and mathematical principles to practical ends such as the design, 
manufacture, and operation of efficient and economical structures, machines, 
processes, and systems” (International Technology Education Association, 2007, 
p. 238). Engineering design problems are project-based activities during which 
students use the engineering design process to solve the problem while working 
in groups. 

Traditional engineering education programs at the college level use a 
variety of methods to collect evidence that students are achieving intended 
learning outcomes. These include written and oral questions, performance 
ratings, product reviews, journals, portfolios, and other self-reports such as 
inventories and questionnaires. Written assessments include multiple-choice and 
other closed items, calculations, and open-ended questions. Oral questions, on 
the other hand, enable teachers to uncover students’ misconceptions. They 
require students to think on their feet and speak coherently. Journals and 
portfolios provide records of students’ individual and collaborative efforts in 
design projects. “They reveal students’ critical thinking and reasoning skills, and 
record the steps students followed in an engineering [design] process” (Gray, 
2007, p. 161). Performance rating can be used to assess students’ process and 
products in engineering design. Rating scales that define the degrees of quality 
along with rubrics (which are a list of the quality of a performance, process, or 
product) are used to assess the student. Self-report measures allow “students to 
reflect on their learning experiences” and help “them to see more clearly the 
connections among the concepts they have learned, as well as the applications of 
these concepts to new situations” (Gray, 2007, p. 161). 

Addressing the infusing of engineering design at the K–12 level, some 
researchers have indicated that there are still areas in assessment that are open 
issues (Lewis, 2005; Kelley, 2008; Wicklein, 2005). Technology educators face 
these issues or challenges when they seek to implement engineering design into 
their curriculum. For example, the past few years have seen more school 
districts in Idaho adopting either the Engineering by Design (EbDTM) or the 
Project Lead the Way curricula in their technology and engineering education 
programs. Some teachers and administrators, including the program director for 
the Technology and Engineering program in the State of Idaho, have expressed 
the need to explore having some assessment tool to measure engineering design 
outcomes that is repeatable, irrespective of whether the school uses the 
Engineering by Design (EbDTM) curriculum or the Project Lead the Way 
curriculum (PLTW). Other teachers, including science and math teachers in 
some smaller school districts who also teach technology education, think that it 
would be helpful to have some instrument that guides them in their assessment. 
As a starting point to explore this issue, the authors decided to identify 
indicators to measure the constructs associated with engineering design process 
and outcomes particularly for Grades 9–12 level—the level at which the EbDTM 
and the PLTW curricula are primarily used in Idaho. 
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The Framework 
The conceptual framework for this study drew on the work of Childress and 

Rhodes (2008) in which they examined engineering design content that should 
be taught in high school curricula. They articulated a framework to define the 
engineering design curriculum content. The seven categories were identified 
through a modified Delphi approach. They are: 

1. “Engineering design . . . [that] emphasizes the importance of creativity 
in designing engineered solutions to problems . . . [as well as] design 
iteration . . . and tradeoffs” (p. 7). 

2. “Application of engineering design . . . [that] includes outcomes related 
to specific design activities . . . [including] experimentation, 
prototyping, and reverse engineering” (p. 7–8). 

3. “Engineering analysis . . . [that] includes using mathematics to optimize 
solutions, and . . . emphasizes the use of mathematics and science in the 
engineering design process” (p. 8). 

4. “Engineering and human values . . . [that consists of] the interaction of 
engineering design and society . . . [for instance,] safety and the 
environment versus costs and ethics” (p. 8). 

5. “Engineering communication . . . [that includes] all sorts of 
communications important to the engineering design process” (p. 8). 

6. “Engineering science . . . [that] includes many of the traditional 
engineering ‘sciences’ such as statics and dynamics . . . [as well as] 
material processes, ergonomics, energy power, etc.” (p. 8). 

7. “Emerging fields of engineering . . . [that includes] nanotechnology . . . 
[and] genetic engineering” (p. 8). 
 

In this research study, we used six of the seven categories. The seventh category, 
emerging fields of engineering, was not used because it related mainly to 
nanotechnology, which is not covered in the high school curriculum. 
 
Purpose of the Study 

The purpose of this study was to identify indicators for each of the 
constructs identified by Childress and Rhodes (2008) that can be used by STEM 
teachers in Idaho as a guide when they are assessing design outcomes of 
students in high schools, irrespective of whether the curriculum in use is EbDTM 
or PLTW. In addition, these indicators can provide researchers in STEM with 
items that can be used in the development of an instrument for assessment in 
engineering design at the high school level. The research questions that guided 
this study are: 

1. How are the constructs identified by Childress and Rhodes (2008) 
ranked by professional engineers and educators in terms of criticality 
for inclusion on an instrument to measure engineering design outcomes 
in high schools in Idaho? 
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2. What are the key indicators associated with each of the constructs 
identified by Childress and Rhodes (2008) to measure engineering 
design outcomes in high schools in Idaho?  

 
Research Design 

A case-study design was used. Case-study research involves the study of a 
case within a real-life, contemporary context or setting. It is a qualitative 
approach in which the investigator explores a real-life bounded case over time, 
using detailed data collection (Yin, 2009). A letter was sent to the program 
manager for the Technology and Engineering Education program requesting 
permission for the two schools’ participation. 
 
The Cases 

Two cases were examined. One school in northern Idaho that uses the 
EbDTM curriculum and another school in southern Idaho that uses the PLTW 
curriculum. The school in northern Idaho had its own unique way of organizing 
and supplementing the EbDTM course material. The Fundamentals of 
Technology course is taught in Grade 9 and is only offered one semester. The 
technological design curriculum is taught in Grade 10 and covers topics such as 
career search, sketching, toy design (which the instructor uses for teaching shop 
safety, power tools, and finishing), Logo design concepts, mouse-trap cars, 
SolidWorks™ for bridge building, Co2 cars, and an additional design problem. 
The curriculum emphasizes the engineering team concept and encourages 
creative design for all students. The Advanced Design Applications Class, 
taught in Grade 12, uses a material science curriculum developed by Energy 
Concepts Inc. that includes solid materials, metals, polymers, ceramics, and 
composites. The emphasis is on the importance of materials engineering to the 
manufacturing process. The engineering design courses included more 
SolidWorks™, robotics, and the VEX curriculum as well as total quality 
management. Each course requires the students to complete a project. 

The school in southern Idaho uses the PLTW curriculum. Introduction to 
Engineering is taught in Grade 9 and focuses on the design process and its 
application. Principles of Engineering is taught in Grade 10 and introduces 
major concepts that students encounter in postsecondary engineering courses, 
such as mechanisms, statics, materials and kinematics. There are five 
specialization courses within PLTW: Aerospace Engineering (AE), Biotechnical 
Engineering (BE), Civil Engineering and Architecture (CEA), Computer 
Integrated Manufacturing (CIM), and Digital Electronics (DE). Digital 
Electronics and Aerospace Engineering are taught in Grade 11. Engineering 
Design and Development (EDD) is taught in Grade 12. This is the capstone 
course in which students work in teams to design and develop solutions to a 
problem by applying the engineering design process. 
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Procedure 
Data Collection 

Data were collected in two stages. In the first stage, a content analysis was 
conducted for PLTW and EbDTM curricula to identify the indicators that are 
associated with the six constructs identified by Childress and Rhodes (2008). In 
the second stage, the constructs and key indicators or concepts were placed on a 
survey form and sent to experts for them to rate their importance for assessment 
and their difficulty to assess. 
 
Content analysis 

A qualitative content analysis of selected courses from the EbDTM and 
PLTW curricula used by each school was conducted to identify concepts of 
engineering design that were associated with the constructs identified by 
Childress and Rhodes (2008). These concepts are referred to as indicators in this 
study. Content analysis is a research tool in which researchers quantify and 
analyze the meanings and relationships of words and concepts within a text 
(Busch et al., 2012; Krippendorff, 2004).). Content analysis enables researchers 
to sift through large volumes of data in a systematic fashion with relative ease. It 
also allows inferences to be made that can then be corroborated using other 
methods of data collection. The curriculum materials that were analyzed from 
the PLTW and EbD curricula are displayed in Table 1 (below and continued on 
next page). 

 
Table 1 
Curriculum Materials Analyzed for PLTW and EbD 
 

PLTW 10th Grade Curriculum 
Materials 

EbD 10th Grade Curriculum 
Materials 

Principles of Engineering Lessons, 
Activities, Projects, PowerPoint’s, 
Assessments, Teacher Notes, Student 
Resources, ABET Concepts, National 
Science Education Standards, 
Standards for School Mathematics, 
Standards for the English Language 
Arts, Standards for Technological 
Literacy, and Principles of 
Engineering PLTW textbook. 

Technological Design Lessons, 
Activities, Projects, Assessments, 
Teacher Notes, and Student 
Resources. 
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PLTW 11th Grade Curriculum 
Materials 

EbD 11th Grade Curriculum 
Materials 

Digital Electronics Lessons, 
Activities, Projects, PowerPoint’s, 
Assessments, Teacher Notes, Student 
Resources, ABET Concepts, National 
Science Education Standards, 
Standards for School Mathematics, 
Standards for the English Language 
Arts, Standards for Technological 
Literacy, and Digital Electronics 
PLTW textbook. 

Advanced Design Applications 
Lessons, Activities, Projects, 
Assessments, Teacher Notes, Student 
Resources, and Material Science 
Textbooks. 

Aerospace Lessons, Activities, 
Projects, PowerPoint’s, Assessments, 
Teacher Notes, Student Resources, 
ABET Concepts, National Science 
Education Standards, Standards for 
School Mathematics, Standards for 
the English Language Arts, and 
Standards for Technological Literacy. 

 

PLTW 12th Grade Curriculum 
Materials 

EbD 12th Grade Curriculum 
Materials 

Engineering Design & Development 
Lessons, Activities, Projects, 
PowerPoint’s, Assessments, Teacher 
Notes, Student Resources, ABET 
Concepts, National Science 
Education Standards, Standards for 
School Mathematics, Standards for 
the English Language Arts, and 
Standards for Technological Literacy. 

Engineering Design & Robotics 
Lessons, Activities, Projects, 
Assessments, Teacher Notes, Student 
Resources and Robots program 
materials by Intelitek. 

 
Coding. Two coders assigned codes to the six constructs. The curricula 

were then examined to identify engineering design concepts and then 
categorized each of these concept under one or more of the constructs of 
Childress and Rhodes (2008). To ensure intercoder reliability, each coder was 
given a copy of Grade 10 curriculum materials for both PLTW and EbDTM. The 
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researcher provided instructions to the coders prior to the coding process. The 
coders independently highlighted words and phrases relating to engineering 
design concepts that were in the Grade10 curriculum materials of both PLTW 
and EbDTM. The coders met to review and discuss their findings. Discrepancies 
were discussed and resolved. The process was repeated until an inter-coder 
reliability of 87% was obtained. Krippendorff (2004) indicated that in order to 
assure the data under consideration are at least similarly interpreted by two or 
more coders it is customary to require an intercoder reliability of 80% or more; 
therefore, the intercoder reliability for this study was well within acceptable 
levels. The coders then proceeded to perform a content analysis of the remaining 
sample of curriculum materials for both PLTW and EbDTM. 

 
Table 2 
Constructs and Codes 
 

Construct Code 

Engineering design that emphasizes the importance of 
creativity in designing engineered solutions to problems, as 
well as design iterations and tradeoffs 
 
Application of engineering design that included outcomes 
relating to design activities, experimentation, prototyping 
and reverse engineering 
 
Engineering analysis that includes mathematics in 
optimizing solutions and the use of both science and math in 
the engineering design process 
 
Engineering and human values that consists of the 
interactions between engineering design and society such as 
safety and the environment versus costs and ethics 
 
Engineering communication that included all sorts of 
communications important to the engineering design process 
 
Engineering science that includes the traditional sciences 
such as statics and dynamics as well as material properties, 
energy, power, etc. 

ED-CIT 
 
 
 
ED- EPR 
 
 
 
 
ED- MSO 
 
 
ED-HV 
 
 
 
ED-C 
 
 
ED-ESD 

 
After words relating to concepts of engineering design were identified, 

similar concepts were grouped together. The total number\ of words relating to 
engineering concepts that were identified by the coders amounted to 711, 618 of 
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which were common to both coders. Some of the words were a derivative of the 
same word, so they were reduced into a final manageable, qualitative descriptive 
frequency list. This process was done by including the highest frequency word 
found within a group of similar words. For example, a group of words found by 
the coders were: communicate, communication, and communications. The final 
word selected was communication because it had the highest frequency. A part 
of the final frequency list of words is shown in Table 3. 

 
Table 3 
Part of Final Frequency List  
 

Descriptive Frequency Word Frequency 

activity 1612 
addition 106 
aerospace 206 
aircraft 285 
airfoil 79 
airplane 32 
analysis 185 
analyze 239 

 
After the final frequency list was identified, the curriculum material was 

again examined by the coders to better understand the context in which the 
words were used and determine which of the constructs they were related to 
(Busch et al., 2012). Words that appropriately related to a construct were coded 
using the codes identified in Table 2. So, the constructs served as categories. 
Brief statements containing a verb, object, and sometimes a modifier were 
finally used to better capture the meaning of the concept or context in which it 
was used. These were indicators. For example, for the word communication, 
which was coded as ED-C, an examination of the meaning and context produced 
the statement Communicating knowledge professionally. 
 
Survey 

The survey instrument used was a modification of the Task Verification 
instruments used by Norton (1999). In the instrument Norton used, duty 
statements of a job or occupation are stated, and the task statements relating to 
each duty were listed below the duty statement. Expert workers were asked: (a) 
do they perform the task; (b) rate the importance of the task on a Likert scale of 
0–5, with 0 meaning No Importance and 5 meaning Great Importance; and (c) 
rate the difficulty of a task on a Likert scale from 0–5, with 0 being Extremely 
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Easy and 5 being Extremely Difficult. The criticality of each task was 
determined by multiplying the importance index by the difficulty index. 

The instrument developed by the researchers replaced the duty statements 
with the six constructs of Childress and Rhodes (2008): 

• Engineering design, 
• Application of engineering design, 
• Engineering analysis, 
• Engineering communication, 
• Engineering and human values, and 
• Engineering science. 

 
The indicator statements replaced the task statements on Norton’s (1999) 

task verification instruments. The instrument asked expert participants to 
examine the indicators for each construct and rate each indicator on a 5-point 
Likert scale with 1 representing Strongly Disagree and 5 representing Strongly 
Agree for their (a) importance for assessment and (b) difficulty to assess 
engineering design process and outcomes. The criticality index for each 
indicator was determined by multiplying its importance score and its difficulty 
score. The criticality index for each construct was determined by multiplying the 
averaged importance score and the averaged difficulty score for the key 
indicators of that construct. 

The survey was pilot tested by sending it to two teachers to fill out. Simple 
grammatical errors were corrected, and then it was sent to six experts. The 
experts were chosen for their experience in teaching engineering education in 
high school and at the college level and for practicing engineering in industry. 
The expert team consisted of two technology and engineering education teachers 
from two high schools in Idaho with combined years of teaching of over 30 
years, two engineers from industry in Idaho with a combined working 
experience of 45 years, and two engineering education faculty from two 
universities with a combined experience of over 15 years in teaching and 
research. 
 

Results 
The results obtained from an analysis of the data are presented in respect to 

the two research questions posed at the beginning of the study. The first question 
was: How are the constructs identified by Childress and Rhodes (2008) ranked 
by professional engineers and educators in terms of criticality for inclusion on 
an instrument to measure engineering design outcomes in high schools in 
Idaho? Childress and Rhodes (2008) framework consisted of seven constructs, 
six of which were used for this study. The criticality index for each construct 
was derived by multiplying the indicators’ average importance index by the 
average difficulty index. The constructs were then rank ordered from the highest 
criticality index to the lowest criticality index. As indicated in Table 4, 
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engineering and human values had the highest criticality index and so was 
ranked one, and engineering science had the lowest criticality index and was 
ranked six. 

 
Table 4 
Criticality Ranking of the Six Constructs 
 

Construct Category 

 

Mf 

Importance 

Mf 

Difficulty 

Indicator 
of 

Criticality 

Engineering and Human 
Values 

4.2 3.3 13.9 

Application of Engineering 
Design  

4.0 3.0 11.9 

Engineering Communication 4.1 2.9 11.8 
Engineering Design Concepts 4.0 2.9 11.6 
Engineering Analysis 3.8 2.7 10.3 
Engineering Science 3.5 2.3 8.3 

 
The second research questions was: What are the key indicators associated 

with each of the constructs identified by Childress and Rhodes (2008) to 
measure engineering design outcomes in high schools in Idaho? The category 
engineering and human values had six indicators (see Table 5). Five of the six 
indicators were rated high in importance, receiving scores ranging from 4.0 to 
4.8. Three of the indicators were perceived to be difficult to assess. 
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Table 5 
Key Indicator Results for Engineering & Human Values 
 

Engineering & Human Values 
Mf 

Importance 
Mf 

Difficulty 

Participate in teams 4.8 3.0 
Assess the effect of technology on the 
environment  

4.3 3.7 

Understand ethical implications 4.2 3.7 
Determine product’s safety in function 4.2 3.5 
Apply the relationship between voltage, 
current, & resistance 

4.0 2.7 

Understand relationships among technologies 3.8 3.3 

Average Mean Value  4.2 3.3 

 
For the construct application of engineering design, 12 indicators were 

identified (see Table 6). Eleven of the 12 indicators were rated high in 
importance, receiving scores ranging from 4.0 to 4.8. 
 
Table 6 
Key Indicator Results for Application of Engineering Design 
 

Application of Engineering Design 
Mf 

Importance 
Mf 

Difficulty 

Provide accurate documentation 4.8 3.0 
Calculate forces 4.7 2.7 
Understanding measurements 4.7 2.7 
Troubleshoot errors 4.3 3.5 
Modify design 4.2 3.5 
Use experimentation to make decisions 4.2 3.2 
Apply constraints 4.2 2.8 
Construct/evaluate working prototypes 4.2 2.5 
Explore functions of systems 4.0 3.5 
Participate in team activities 4.0 3.0 
Identify manufacturing processes 4.0 2.7 
Utilize flight simulators 2.0 2.1 

Average Mean Value 4.0 3.0 
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The construct engineering communication had 20 indicators (see Table 7). 

Fifteen of the 20 indicators had importance ratings at 4.0 and above. 
Interestingly, the indicator utilizing brainstorming methods was scored 4.5 for 
importance but received 4.2 for difficulty to assess, the highest difficulty score 
for this construct. 
 
Table 7 
Key Indicator Results for Engineering Communication 
 

Engineering Communication 
Mf 

Importance 
Mf 

Difficulty 

Communicate knowledge professionally 4.7 2.8 
Utilize modeling software 4.7 2.7 
Communicate the design solution process 4.5 3.0 
Engage in Problem-based learning 4.5 3.0 
Apply standards 4.5 3.0 
Utilize brainstorming methods  4.5 4.2 
Engage in project-based learning 4.5 3.3 
Develop skills in using tools 4.3 3.2 
Utilize presentation software 4.3 1.8 
Develop sketches 4.3 2.3 
Evaluate feedback 4.2 3.3 
Solve design problems  4.0 3.5 
Create/deliver formal presentations 4.0 2.5 
Communicate using symbols 4.0 2.3 
Understand the importance of project 
management 

4.0 3.3 

Understand communication technologies 3.8 3.2 
Create detailed flow charts 3.5 1.8 
Improve design process & outcome 3.3 3.5 
Use symbols in communicating processes 3.3 2.5 
Utilize automation system programming 
functions 

3.2 2.3 

Average Mean Value 4.1 2.9 

 
For the construct engineering design concepts, 16 indicators were identified 

from the content analysis (see Table 8). Eleven of the indicators had scores 
ranging from 4.0 to 4.8. Each of these 11 indicators had difficulty to assess, with 
scores ranging from 2.3 to 3.3, indicating they are not difficult to assess in class. 
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Table 8 
Key Indicator Results for Engineering Design Concepts 
 

Engineering Design Concepts 
Mf 

Importance 
Mf 

Difficulty 

Use creativity in solving problems 4.8 3.3 
Document project’s progress in 
engineering notebook 

4.7 2.3 

Understand attributes of a design process 4.5 3.5 
Understand core concepts of technology 4.5 2.5 
Develop models 4.5 3.0 
Conduct research 4.3 3.5 
Create portfolios in documenting work 4.0 2.3 
Understand material & equipment 
requirements 

4.0 2.5 

Optimize design solutions 4.0 3.3 
Employ strategies 4.0 2.8 
Understand system energy requirements 4.0 2.5 
Use construction technologies 3.8 2.5 
Use the method of joints strategy to 
determine forces in a truss 

3.7 2.7 

Create system control programs 3.5 2.8 
Create new systems/processes 3.2 3.5 
Justify discoveries or innovations 3.2 3.0 

Average Mean Value 4.0 2.9 

 
The construct engineering analysis had 30 indicators (see Table 9). Thirteen 

of these indicators had scores ranging from 4.0 to 5.0. The indicator utilizing 
mathematics to solve problems received the highest importance score. 
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Table 9 
Key Indicator Results for Engineering Analysis 
 

Engineering Analysis 
Mf 

Importance 
Mf 

Difficulty 

Utilize mathematics to solve problems 5.0 2.7 
Utilize mathematical formulas to solve 
design problems 

4.7 2.8 

Use mathematical concepts in design 4.7 3.0 
Know to calculate a moment 4.5 2.3 
Develop solutions to problems 4.5 3.7 
Understand quantitative data 4.5 2.8 
Conduct testing  4.3 3.2 
Evaluate design solutions 4.2 3.2 
Use assessment techniques 4.0 2.8 
Use decision matrix for design problems 4.0 2.7 
Evaluate output work of mechanisms 4.0 2.5 
Describe basic logic functions 4.0 2.3 
Understand criteria in assessment rubrics 4.0 3.5 
Determine angles 3.8 2.5 
Identify magnitude, direction, & sense of a 
vector 

3.8 2.2 

Understand mechanical advantage ratios 3.8 2.3 
Calculate mean, median, & mode 3.8 2.0 
Calculate gear ratio 3.8 2.0 
Weigh tradeoffs 3.6 3.2 
Calculate drive ratios of mechanisms 3.5 2.0 
Choose appropriate input devices of 
technological systems 

3.3 3.0 

Apply statistics 3.3 2.8 
Choose appropriate output devices of 
technological systems 

3.2 3.3 

Differentiate flow rate and flow velocity 3.2 2.5 
Calculate probability 3.2 2.2 
Perform competitive product analyses 3.0 3.0 
Locate the centroid of structural members 3.0 2.3 
Understand matrix & reinforcement in 
composite materials 

2.8 2.0 

Evaluate input work of mechanisms 2.7 2.7 

Average Mean Value 3.8 2.7 
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The last category or construct on the instrument, engineering science, had 

61 indicators (see Table 10, below and continued on next page). The importance 
rating data indicated that 20% of the indicators ranged at 4.0 or above, which 
means twelve of the 61 key indicators were rated high in importance for 
inclusion in an engineering design assessment tool. Six of the indicators were 
ranked below 3.0 for importance. Only three indicators were rated at 3.0 or 
above in their difficulty to assess. The two indicators that were scored as least 
difficult to assess were differentiating and calculating velocity and differentiate 
digital and analog systems. 
 
Table 10 
Key Indicator Results for Engineering Science 
 

Engineering Science 
Mf 

Importance 
Mf 

Difficulty 

Calculate mechanical advantage 4.5 2.3 
Identify material properties 4.3 2.5 
Use computers to organize & communicate 
data 

4.3 2.3 

Understand static equilibrium of bodies 4.3 2.3 
Calculate mechanical efficiency 4.2 2.3 
Develop technological knowledge 4.2 3.3 
Calculate velocity 4.0 1.8 
Calculating speed 4.0 2.5 
Apply the relationship between voltage, current 
& resistance 

4.0 2.3 

Understand properties of metals 4.0 2.2 
Distinguish between the six simple machines 4.0 2.0 
Calculate mass 4.0 2.0 
Use scientific concepts in design 3.9 2.8 
Understand characteristics of technology 3.8 3.0 
Understand compound machines 3.8 2.3 
Applying thermodynamic principles 3.8 2.8 
Differentiate the basic properties of materials 
(electrical, magnetic, etc.) 

3.8 2.2 

Design, build, & test truss designs 3.8 2.2 
Differentiate digital & analog systems 3.8 1.8 
Calculate material properties using a stress 
strain curve 

3.7 2.3 

Construct simple & compound gear systems 3.7 2.3 
Identify properties of elements 3.7 2.2 
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Calculate torque ratio 3.7 2.0 
Understand characteristics of lever systems 3.7 2.0 
Calculate stress 3.7 2.0 
Calculate circuit resistance, current & voltage 3.7 1.8 
Identify science concepts 3.7 2.8 
Understand of electrical circuits 3.7 2.7 
Understand of electrical energy 3.7 2.5 
Understand thermal energy transfer 3.7 2.7 
Identify impacts of energy 3.5 2.8 
Design, create, & test hydraulic devices 3.5 2.8 
Understand the advantages & disadvantages of 
circuit design 

3.5 2.5 

Understand electronics 3.5 2.5 
Define types of power 3.5 2.0 
Understanding inclined plane systems 3.5 2.0 
Employ kinematics equations 3.3 2.2 
Identify properties & characteristics of solids 3.3 2.2 
Identify & categorize energy sources 3.3 2.0 
Identify components & functions of fluid 
power 

3.3 2.0 

Identify characteristics of composites 3.3 2.3 
Identify engineering disciplines 3.3 2.3 
Provide technical feasibility 3.2 3.3 
Work with electronic assemblies 3.2 2.8 
Design, create, & test pneumatic devices 3.2 2.2 
Design/create/& test pulley systems 3.2 2.2 
Understand recycling technology 3.2 2.2 
Conduct tensile testing 3.2 2.2 
Understand fuel cell technology 3.0 2.5 
Classify properties of Polymers 3.0 2.5 
Use transportation technologies 3.0 2.5 
Design/create/& test sprocket systems 3.0 2.0 
Experiment with solar hydrogen systems 2.8 2.5 
Understand chemical properties 2.8 2.5 
Create a simple airfoil 2.8 2.2 
Understand basic aircraft design 2.7 2.5 
Understand aerospace materials & structures 2.7 2.0 
Differentiate ceramic materials in industry 2.5 2.0 

Average Mean Value 3.5 2.3 
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Discussion 
Engineering and human values was ranked with the highest criticality for 

inclusion in an instrument to measure engineering design outcomes. Not only do 
the experts see this construct as important, but they also see it as difficult to 
assess. Childress and Rhodes (2008) refer to engineering and human values as 
the big picture when it comes to the interaction of engineering design and 
society, which includes the weighing of limitations in decisions about safety and 
the environment versus costs and ethics. So, the expert participants believe that 
this should be given priority in assessment. Engineers are often required to work 
with teams that are diverse and interdisciplinary to solve complex problems that 
may have local, regional, and global consequences, and in doing so, they have to 
be cognizant of the ecological impact of their design. Therefore, good 
engineering goes beyond being technically competent but also involves 
understanding and making judgments about the moral implications of designs. 
Lau (2013) points out that engineers are largely responsible for the artifacts of 
the modern world, and this constructed world has both risks and benefits ranging 
from obvious safety and health issues, to issues of equity and environmental 
degradation. Engineers therefore need to “have an understanding of how their 
activity affects progress, and how to do that benevolently” (p. 1). In addition, he 
indicated that the process of solving ethical problems has many similarities to 
the engineering design process. 

Engineering analysis and engineering science received the two lowest 
rankings. This might be a reflection of the perception that engineering analysis 
and the sciences that are associated with it must not be the predominant 
emphasis of engineering design at the high school level. Overall, however, the 
experts think that students’ engineering outcomes should be determined by their 
performance relating to several key indicators relating to mathematical 
computation and the sciences, such as calculate mechanical advantage, identify 
material properties, and know how to calculate a moment. It should also be 
noted that indicators such as utilize mathematics to solve problems, utilize 
mathematical formulas to solve design problems, and use mathematical concepts 
in design received some of the highest importance scores, emphasizing the 
perception that these experts have of students being able to model math as part 
of the engineering design outcomes in high school. This consistently reflects the 
opinion of other experts in science and engineering. As the National Research 
Council (2012) noted in their framework: 

Although there are differences in how mathematics and computational 
thinking are applied in science and in engineering, mathematics often brings 
these two fields together by enabling engineers to apply the mathematical 
form of scientific theories and by enabling scientists to use powerful 
information technologies designed by engineers. Both kinds of 
professionals can thereby accomplish investigations and analyses and build 
complex models, which might otherwise be out of the question. (p. 65) 
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Assessments that are guided by indicators related to all six constructs 
should give technology and engineering educators that use the EbDTM and 
PLTW curricula in high school in Idaho a more holistic representation of 
students’ performance in engineering design. Importantly, the list of indicators 
relating to each construct can also help to reinforce to math and science teachers 
the depth of students’ immersive STEM experiences when their schools use the 
EbDTM and the PLTW curricula. This might motivate more collaboration across 
these disciplines. These indicators can also provide technology, math, and 
science education teachers with a list of items that can be included on 
performance rating forms to assess students’ process and products in 
engineering design. Rating scales along with rubrics are used to assess students. 
Selected indicators can also be included on self-report measures that allow 
students to reflect on their learning experience and help them see the 
connections among the concepts that they learned as well as the applications of 
these concepts in new situations (Gray, 2007). It must be mentioned that many 
of these indicators can be broken down further into discrete actions that can 
provide useful measures of student’s competency in a particular designing 
activity. In fact, the indicators that were viewed as difficult to assess (such as 
develop solutions to problems, understand attributes of a design process, and 
utilize brainstorming methods) may need to be broken down into more discrete 
action statements to provide clarity for assessment. 
 

Conclusion 
This study explored ranking engineering design constructs identified by 

Childress and Rhodes (2008) and identifying their indicators. The results 
represent preliminary work in addressing assessment of engineering design 
outcomes in schools in Idaho, irrespective of the curriculum in use. Admittedly, 
more questions still need to be answered. For example, can an instrument be 
developed from the indicators that validly and reliably assesses students’ 
outcomes in design? What indicators should be included on such an instrument? 
More study needs to be done to answer these questions. The indicators identified 
for each construct in this study, however, provide a useful list of measures that 
can be used by technology and engineering teachers. Selected indicators can be 
identified by math, science, technology, and engineering education teachers as 
they coordinate in the teaching of STEM concepts and collaborate in the 
designing of project-based activities that they will engage students in solving. 
But, at present, the list provides a menu that teachers can choose from that 
relates to their instructional objectives, which they can use to assess students 
learning outcomes. 
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Characterizing Design Cognition of High School 
Students: Initial Analyses Comparing those With and 

Without Pre-Engineering Experiences 
 

John Wells, Matthew Lammi, John Gero, Michael E. Grubbs, 
Marie Paretti, & Christopher Williams 

 
Abstract 

Reported in this article are initial results from of a longitudinal study to 
characterize the design cognition and cognitive design styles of high school 
students with and without pre-engineering course experience over a 2-year 
period, and to compare them with undergraduate engineering students. 

The research followed a verbal protocol analysis based on the function–
behavior–structure (FBS) ontology, which employs a task-independent approach 
that is distinct from a task-based or an ad hoc approach. This approach to 
protocol analysis is applicable across any process-based view of designing and 
generates results based on a common comparative measure independent of the 
design task. 

In this article, Year 1 results are presented comparing only students in their 
junior year of high school who had formal pre-engineering course experience 
(experiment group) with those who did not have formal pre-engineering course 
experience (control group). Specifically, data collected from design sessions 
were analyzed for comparison of design issues and processes between 
experiment and control groups, respectively. Results from analysis of Year 1 
data did not reveal any significant differences between the experiment and 
control groups in engineering design cognition. Based on these results, one 
would conclude that students with pre-engineering course experience do not 
demonstrate a stronger focus on the process of producing design solutions than 
do students without such experience. Although analysis of demographic data 
from high school participants indicates some degree of common prior pre-
engineering experiences, it did not provide a sufficient explanation for why no 
significant differences in engineering design thinking were found between these 
groups. The researchers anticipate that Year 2 data will indicate that as the pre-
engineering students continue engaging in formal engineering design 
experiences during their final year of high school, some degree of difference in 
design cognition will be demonstrated. 

 
Keywords: design cognition; verbal protocol analysis; high school pre-
engineering. 
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Background 
Engineering design used as an instructional strategy at the PK–12 level is 

increasingly being embraced as a core learning method and as a pedagogical tool 
for integrative STEM education (Kolodner, 2002, Wells, 2010). As a key 
stakeholder in this trend toward integration of engineering design in K–12 
STEM education curricula, it is critical that the elementary and secondary 
technology and engineering (T/E) education community understands the impact 
that such experiences have on student development of design practices. Few 
studies have examined the cognitive characteristics of K–12 students during T/E 
design-based learning (DBL) activities. Moreover, the way in which secondary 
students approach the engineering design process is not well understood (Katehi, 
Pearson, & Feder, 2009; Silk & Schunn, 2008) nor is whether that approach 
differs between students who have engaged in formal engineering experiences 
through pre-engineering course work and those who have not. Within the 
context of increasing opportunities for K–12 students to engage in both formal 
and informal T/E design activities, investigations regarding the extent to which 
such high school experiences contribute to a student’s capacity for design 
thinking (cognition) are needed. The intent of the research reported in this article 
was to characterize the design cognition of high school students and specifically 
to compare the design practices between high school students with and without 
formal pre-engineering design experiences. 

Though few would argue that the design literature in engineering education 
has been somewhat singularly focused on pedagogical issues, there is a growing 
body of literature from studies that seek to understand the characteristics of 
design thinking behavior from a cognitive viewpoint (Cross, 2004; Lawson, 
2004). Among these studies, protocol analysis is the research method of choice 
(Atman & Bursic, 1998; Dorst & Cross, 2001) for investigating design cognition 
and has been the basis for many of the more recent design cognition studies 
(Adams, Turns, & Atman, 2003; Atman et al., 2007; Christensen & Schunn, 
2007). The research study presented in this article followed a verbal protocol 
analysis based on the function–behavior–structure (FBS) ontology developed by 
Gero (1990) and its extension, the situated FBS (sFBS) ontology (Gero & 
Kannengiesser, 2004), as a design-based coding scheme. The FBS protocol 
analysis employs a task-independent approach, which is distinct from a task-
based or an ad hoc approach. This approach to protocol analysis is applicable 
across any process-based view of designing and generates results based on a 
common comparative measure independent of the design challenge (task). In 
this way, the FBS protocol analysis addresses the underlying cognitive 
processes, as opposed to the standard behavior-based analysis, and therefore 
provides a uniform basis for comparisons between students with different 
educational preparation and backgrounds and from different educational 
environments (Jiang, Gero, &Yen, 2014; Williams, Gero, Lee, & Paretti, 2011). 
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Function–Behavior–Structure Verbal Protocol 
FBS Ontology 

The FBS ontology presents designing as the process of converting a set of 
functions into a set of design descriptions whereby those descriptions accurately 
convey an artifact capable of such functions (Gero, 1990). The design process is 
characterized in the FBS ontology (Figure 1) using three classes of ontological 
variables—function, behavior, and structure—as well as the external design 
requirements given the designer and a final description of the designed structure. 
Modeled in this way, function (F) is defined as the teleology of a designed 
object, and the behavior of that object is either what is expected (Be) from the 
structure or derived (Bs) from the structure. The structure (S) of an object 
represents individual components and the relationships among them. The 
external design requirements that the designer is given are designated by R, and 
the resultant set of design descriptions designated by D. These six ontological 
variables in the FBS model map onto design issues and serve as the basis for 
design cognition. 

 

 
 
Figure 1. FBS framework (Resource: Kannengiesser, Gero, Wells, Lammi, 
2015). 

 
A design description is the result of a designer having progressed through a 

set of eight distinct processes each of which reflects their movements (Numbers 
1–8, Figure 1) among the ontological variables. The first five processes reflect 
an implied linear sequence of movements that include formulation, synthesis, 
analysis, evaluation, and documentation. In formulation (1), requirements are 
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transformed into functions and functions into a set of expected behaviors; 
synthesis (2) results in a proposed structure to satisfy expected behaviors; 
analysis (3) of the proposed structure produces derived behaviors; in evaluation 
(4), both expected behavior and behavior derived from structure are 
concurrently assessed; and documentation (5) generates the design description. 
The iterative nature of designing is captured in the movement among three types 
of reformulation processes, which are also denoted numerically in Figure 1: 
Reformulation I (6) is the reformulation of structure; Reformulation II (7) is a 
reformulation of expected behavior; and Reformulation III (8) is a reformulation 
of function. 
 
FBS Coding Scheme: Design Issues and Processes 

The coding scheme adhered to in this research is based on this FBS 
ontology whereby the ontological variables are translated into six design issues. 
These design issues are coded using the FBS ontology, as exemplified in the 
sample of participant utterances and associated codes seen in Table 1. The 
selected utterances were drawn from an engineering design session in which 
high school participants were asked to design a device that would assist elderly 
clients in opening a stuck double-hung window. Transformations between the 
six codes used to label the design issues reflected in participant utterances 
generate the eight distinct design processes (Table 2). 

 
Table 1 
FBS Coding Examples 

Design Issues Respective Utterance Example 
Design 
Requirements (R) 

"so they need help in trying to…. for the elderly to raise 
windows"; "it says a significant amount of force to raise 
and lower the windows…" 

Function (F) "but it'd have to be something that is really easy to 
twist."; "causes the window to expand on the frame" 

Behavior 
Expected (Be) 

"that will increase mechanical advantage"; "that may 
help the elderly lift or…"; 

Behavior from 
Structure (Bs) 

"so if they like pull the string it actually lifts it"; "so the 
longer this is the more mechanical advantage you'll have 
so the easier it will be" 

Structure (S) "So one thing I came up with is to cut a notch in the 
bottom frame of the window right there"; "and have the 
strings coming back down" 

Design 
Description (D) 

"let's draw a right side view of this thing to explain it 
okay I'll let you do that..." 
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Unidirectional transformational movements are indicated by the "→" symbol, 
the "↔" symbol indicates transformational comparisons, and the numbers 
associated with each design issue correspond to those depicted in the FBS model 
(Figure 1). 
 
Table 2 
FBS Design Processes 

Progression Design Process Transformational Movement 
(1) Formulation R → F, F → Be 
(2) Synthesis Be → S 
(3) Analysis S → Bs 
(4) Evaluation Be ↔ Bs 
(5) Documentation S → D 
(6) Reformulation I S → S 
(7) Reformulation II S → Be 
(8) Reformulation III S → F 

 
Method 

The research design followed a two-by-two factorial investigation across 
two exogenous variables, design experience and maturity, in which experience is 
formal pre-engineering coursework and maturity was the time between data 
collected fall of the junior and senior years of high school. The full scope of the 
research was to characterize the design cognition and cognitive design styles of 
high school pre-engineering students over a 2-year period and to compare them 
with undergraduate engineering students as well as high school students without 
such design experience. Presented in this article are Year 1 results comparing 
only the high school participants and only addressing the following hypothesis, 
which was one of six hypotheses posed in this study: High school pre-
engineering students have a stronger focus than high school students with no 
design experience on the design process of synthesis (i.e., the process of 
producing solutions). 

Using purposeful selection, high school students in their junior year were 
assigned to experiment (those with formal pre-engineering course experience) 
and control (those without formal pre-engineering course experience) groups. In 
teams of two (dyads), students engaged in a predefined engineering design task 
in which they were to develop a design-only solution. A dyad configuration was 
used because it has been found to naturally promote authentic verbal interactions 
during collaborations on developing acceptable engineering design solutions 
(Kan & Gero, 2009; Purzer, Baker, Roberts, & Krause, 2008). 
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Participants 
Participants were drawn from a convenience sample of high school juniors 

attending one of three rural, mid-Atlantic high schools that offered the same 
ninth through twelfth grade Project Lead the Way (PLTW) pre-engineering 
course sequence. Student populations at each of the participating schools were 
of similar size. Two groups of participants, those with (experiment) and those 
without (control) formal PLTW pre-engineering course experience, were 
recruited from each high school, using a small monetary incentive. Prior PLTW 
course experience for the experiment group ranged from those enrolling in their 
first PLTW course at the start of their junior year to those with one full year of 
prior PLTW coursework. Within groups, students self-selected into dyads, 60% 
of which were mixed-gender. Of the 40 students participating in Year 1, the 
gender distribution within the experiment group was 64% male and 36% female, 
and for the control group, it was 65% male and 35% female. 
 
Procedures 

Participant recruitment was conducted using typical modes of school 
communication. Student demographic data (e.g., age, gender, pre-engineering 
course experience) were collected as students arrived at their session and before 
dyads engaged in the design task. The design task dyads addressed was that of 
designing a solution to assist physically impaired elderly nursing home residents 
with opening difficult-to-open, double-hung windows. Instructions for 
completing the design task were provided as well as basic information resources 
regarding the construction and operation of a double-hung window. Dyads were 
allowed 45 minutes to collaborate on their design task and instructed to include 
a detailed sketch of the final solution on a whiteboard. 
 
Data Collection and Protocol Analysis 

The following sequence of tasks presents the basic set of procedures used 
for data collection and protocol analysis. 

Video Capture. Each design task session was captured using two video 
cameras that were arranged at two distinct vantage points ensuring sufficient 
recording of dyad interactions and their development of a final design 
description (Figure 2). Additionally, the two video cameras safeguarded against 
potential technological issues or difficulties encountered by either device. The  
first camera directly captured the white board and dyads engaged in progressive 
design development and sketching of their solution, while second camera 
recorded a general view of the entire design session. Both members of a dyad 
were equipped with a high-sensitivity wireless microphone to ensure that quality 
audio was captured for successful transcription of student verbalizations into 
text. The resulting videos provide a time-stamped recording of the entire design 
session. 
 



Journal of Technology Education Vol. 27 No. 2, Spring 2016 

 

-84- 
 

 

 
 

 
Figure 2. Participants sketching final design solution descriptions. 

 
Transcription. Video recordings of dyad design sessions were transcribed 

manually with individual utterances from each dyad member entered verbatim 
into alternating rows of a spreadsheet. Timestamps were inserted every three 
minutes to establish reference points throughout the entire video. This approach 
to transcription resulted in a written version of the verbalizations between 
participants with time stamps throughout. 

Segmentation and coding of text-based verbalizations. The method used 
to segment the text-based version of dyad verbalizations was conducted on the 
basis of the FBS coding that was previously described. This method involved 
concurrent analysis of a given transcript by independent coders. A total of six 
coders were involved with coding the 40 protocols. All coders participated in 
training using practice protocols until consistently achieving sufficient 
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intercoder reliability. Coders segmented and coded simultaneously, dividing the 
utterances until each individual segment contained a single code that reflected 
only one of the six possible design issues (Kan & Gero, 2007). The use of two 
independent coders ensured robustness and demonstrated an intercoder 
reliability ranging from 85% to 95%, which was consistent with prior research 
(Williams et al., 2011). 

Arbitration. After independent coders completed the segmentation and 
coding of a given transcript, they would meet to arbitrate—compare, discuss, 
and justify—the FBS codes that they assigned to each segment. When 
agreement of independently coded segments occurred, a final code was 
assigned. Segments that differed in assigned codes required coders to engage in 
arbitration to dispute the assigned coding and reach agreement on the design 
issue addressed. If coders were unable to agree on an arbitrated code, that 
segment was left uncoded and was highlighted for subsequent final arbitration 
between the lead researchers. The final arbitration resulted in a final protocol 
data set that was readied for use in statistical analyses. The number of segments 
typically generated from the final protocol for a 45-minute design session was 
between 200 and 700. Because there are six codes, this implies that, on average, 
each code would likely appear at least 33 times. This provides a statistically 
significant data set. Analyses of final arbitrated protocols were conducted using 
LINKODER (www.linkoder.com) to generate descriptive statistics and 
probability analyses of the FBS ontology. Data were analyzed to determine 
statistical differences in design issues and processes between the control and 
experiment groups. 
 

Results 
In this article, we report on the analyses of the first year data collected from 

design sessions of participating high school juniors. These data were analyzed 
for comparison of design issues and processes between experiment and control 
groups, pre-engineering (ENG) and nonengineering (NON), respectively. 
 
Design Issues 

A comparison of design issue distributions between ENG and control NON 
groups is illustrated in Figure 3, and descriptive statistics are presented in Table 
3. The percent occurrence reflects the average within group frequency of 
segments associated with each of the six design issues for both groups. The data 
indicate that both groups expended the majority of their cognitive efforts (~ 
40%) in discussions of the design structure (S), which is typical for most 
designers. Relatively similar total percent effort (~26–28) was expended on 
behavior from structure (Bs) and expected behavior (Be) combined (~14–18). 
Comparisons of control and experiment group data using a t-test (Table 3) 
revealed no significant differences among any of the design issues, although 
expected behavior approached it. Similarly, comparison of the total effort 
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expended in the problem versus the solution space (P–S Index; Jiang et al., 
2014) indicated that there were no significant differences. 
 

Figure 3. Percent occurrence of design issues: ENG vs. NON high school 
juniors. Error bars indicate standard deviation. 
 
Table 3 
Statistical Results of Design Issues (Entire Session): ENG vs. NON High School 
Juniors 

Design Issue t - value (%) p - value 
(R) Requirement -0.78 0.240 

(F) Function 1.05 0.153 

(Be) Expected Behavior  -1.7 0.053 

(Bs) Behavior from Structure  0.43 0.334 

(S) Structure -0.23 0.410 

(D) Description 1.09 0.145 

P-S Issue Index -1.2 0.123 
 
Design Processes 

The distribution of syntactic design processes was computed to discern 
differences in the cognitive effort expended between control and experiment 
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groups. Similar to computations of design issues, analytical comparisons of the 
eight syntactic design processes showed no statistically significant differences 
between ENG and NON groups (Table 4). No statistically significant differences 
were observed in the P–S Processes Index between these two groups. 
 
Table 4 
Statistical Results of Design Processes (Entire Session): ENG vs. NON High 
School Juniors 

Design Process t - value (%) p - value 
Formulation 1.22 0.118 

Synthesis -1.01 0.163 

Analysis 1.48 0.077 

Evaluation -0.16 0.436 

Documentation 0.82 0.211 

Reformulation I -0.5 0.311 

Reformulation II -1.59 0.064 

Reformulation III 0.55 0.295 

P-S Process Index -0.92 0.183 
 
Percent occurrences for the eight design processes (Figure 4) indicate that 
roughly 30% of their cognitive effort was invested in Reformulation I (S > S) 
and between ~17–21% on Analysis (Be<>Bs). 
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Figure 4. Percent design processes occurrences: ENG vs. NON high school 
juniors. Error bars indicate standard deviation. 
 

Discussion and Conclusions 
Analysis of Year 1 data did not reveal any significant differences between 

the experiment (ENG) and control (NON) groups in engineering design 
cognition. Based on these results, the underlying hypothesis must be rejected: 
Pre-engineering students do not demonstrate a stronger focus on the process of 
producing design solutions. To further investigate this apparent lack of 
difference between ENG and NON groups, the following select demographic 
data related to prior T/E design experiences were collected: participation in (a) 
middle school technology education classes, (b) T/E clubs, (c) other T/E-related 
activities, and because of the rural school settings, (d) farm-related activities. 
Analysis of these data indicated that of the ENG students, 59% had previously 
participated in middle school technology education classes, 14% were or had 
been involved in T/E clubs, 30% engaged in other T/E-related activities, and 
30% had T/E-related farm experiences. In each of these demographic categories, 
students in the NON group had significantly less additional formal or informal 
T/E-related experiences, 33%, 5%, 17%, and 0% respectively. It is evident from 
these demographic data that students in the ENG group had far more formal and 
informal T/E-related experiences. 

Although demographic data indicates some degree of common prior pre-
engineering experiences, it does not provide sufficient explanation for finding 
no significant differences in engineering design thinking between these groups. 
Other influences such as curricular and pedagogical factors must therefore be 
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considered. Project Lead the Way (PLTW) program documents present entry-
level course outlines that do not specifically target design thinking as a learning 
goal (https://www.pltw.org/our-programs/engineering). This is equally the case 
for the curriculum used by the middle school technology education programs at 
participating schools. The initial PLTW course that all pre-engineering 
participants engaged in was Introduction to Engineering Design (IED). A review 
of the detailed IED curriculum outline indicates that instructional units give 
attention to teaching the following set of practices and steps in the design 
process: technical sketching and drawing skills, modeling skills, geometry of 
design, documentation, and completion of a prescribed design project using 
computer-aided design (CAD) software. Authentic open-ended design 
challenges are not integral to the learning experience provided to students in this 
entry-level pre-engineering course. In light of this, it suggests that the 
pedagogical preparation provided to educators delivering the earlier courses in 
PLTW might not be adequate for intentionally incorporating or promoting 
design thinking as part of pre-engineering experiences. 

Year 2 data of this longitudinal study are currently being collected. The 
researchers anticipate that as the pre-engineering students continue their 
engagement in engineering design experiences during their final year of high 
school, differences in design cognition will be demonstrated to some degree. 
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