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Abstract
Although engineering education has been practiced at the undergraduate
level for over a century, only fairly recently has the field broadened to include the
elementary level; the pre-college division of the American Society of Engineering
Education was established in 2003. As a result, while recent education standards
require engineering in elementary schools, current studies are still filling in basic
research on how best to design and implement elementary engineering activities.
One area in need of investigation is how students engage with physical failure in
design tasks. In this dissertation, I explore how upper elementary students engage
in failure-prone engineering design tasks in an out-of-school environment. In a
series of three empirical case studies, I look closely at how students evaluate
failed tests and decide on changes to their design constructions, how their
reasoning evolves as they repeatedly encounter physical failure, and how students
and facilitators co-construct testing norms where repetitive failure is manageable.
I also briefly investigate how students’ engagement differs in a task that features
near-immediate success.
By closely examining student groups’ discourse and their interactions with
their design constructions, I found that these students: are able to engage in
iteration and see failure-as-feedback with minimal externally-imposed structure;
seem to be designing in a more sophisticated manner, attending to multiple causal
factors, after experiencing repetitive failure; and are able to manage the stress and
frustration of repetitive failure, provided the co-constructed testing norms of the
workshop environment are supportive of failure management. These results have
ii

both pedagogical implications, in terms of how to create and facilitate design
tasks, and methodological implications—namely, I highlight the particular
insights afforded by a case study approach for analyzing engagement in design
tasks.
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Chapter 1. Motivation: Failure in engineering and
engineering education
In this first chapter, which describes the motivation for the studies that
comprise this dissertation, I provide an overview of the state of engineering
education and then more specifically delve into conceptualizing failure in
engineering at the professional level and describe how that relates to failure
within design tasks in elementary education. I argue that a result of the lack of
research on failure at the elementary level is continued uncertainty about how best
to create and facilitate engineering design tasks and curricula for the elementary
level.

1.1 Engineering at the elementary level
Engineering design has become increasingly present at the K-12 level over
the last few decades, spurred by multiple objectives, including: to increase
awareness of engineering as a career path and increase the number and diversity
of students interested in engineering (National Academy of Engineering [NAE]
and National Research Council [NRC], 2009), to increase citizens’ technological
literacy (NAE and NRC, 2002), and to improve mathematics and science learning
(American Society for Engineering Education, 1987; NAE, 2005; Apedoe,
Reynolds, Ellefson, & Schunn, 2008; Silk, Schunn, & Strand-Cary, 2009; Kanter,
2010). With engineering design explicitly included in the Next Generation
Science Standards (NGSS Lead States, 2013), this trend is likely to accelerate.
Despite this trend, there is a notable lack of basic research on how students
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engage with engineering design, especially at the elementary level (Brophy,
Klein, Portsmore, & Rogers, 2008; NAE and NRC, 2009).
Engineering educators seek to engage learners in authentic engineering
practices, including testing and iterating on designs (NAE and NRC, 2009). Thus,
when engineering is included in elementary classrooms, it is often in the form of
design tasks (Brophy et al., 2008; Cunningham, Knight, Carlsen, & Kelly, 2007;
Douglas, Iverson, & Kalyandurg, 2004) in which students design, construct, and
test an object to fulfill a specific function. Like all design problems, design tasks
“set a goal, some constraints within which the goal must be achieved, and some
criteria by which a successful solution might be recognized” (Cross, 2000, p. 13).
A common feature of many elementary classroom engineering design tasks is the
use of a physical test to evaluate groups’ design constructions1 (e.g., NAE and
NRC, 2009). The design constructions often initially fail the physical test; that is,
they do not meet the design criteria. This failure is not just an artifact of
engineering at the elementary level, but is in fact a necessary aspect of testing and
iterating on designs, which is a fundamental feature of the discipline of
engineering (Cunningham & Carlsen, 2015; Moore et al., 2014; NAE and NRC,
2009). Failure is an integral part of the iteration cycle in the engineering design
process; designs often fail, that is, do not meet all criteria and constraints2, and a

1

Following Wendell (2013), I will use the term “design constructions” to refer to the physical
objects that students create during an engineering design task. Wendell built on descriptions by
Dym (1994) and Roth (1996) to arrive at a definition of design constructions as “tangible, threedimensional artifacts that result from some kind of engineering design process and that are created
by children to perform specific functions or solve specific problems” (Wendell, 2013, p. 190).
These constructions are typically rough functional prototypes that can be subjected to a physical
test to evaluate whether they meet the requirements of the design problem (Benenson, 2001).
2
Of course, designs that do meet all criteria and constraints, but which are nonetheless deemed
suboptimal by designers, may also be subject to changes; these changes are often similarly
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central disciplinary practice in engineering is interpreting this failure as feedback
about the current design to inform design changes (Cunningham & Carlsen, 2015;
Lottero-Perdue & Parry, 2014 & 2015).
While it has been established that failure-as-feedback is an essential part
of the discipline of engineering (which will be discussed further in section 1.2),
there is limited literature about what failure can and should look like at the
elementary level and what supports are necessary to make failure productive in
elementary classrooms. To better describe how this dissertation aims to fill this
gap, it is first necessary to look more closely at the way design tasks are typically
designed for and implemented in elementary classrooms.
Although engineering tasks are implemented at the elementary level with
various objectives in mind, classroom observations, descriptions from published
research (e.g., Roth, 1995 & 1996; Sadler, Coyle, & Schwartz, 2000), as well as
curricula descriptions (e.g., Engineering is Elementary [Hester & Cunningham,
2007], Learning by Design [Kolodner et al., 2003], and others [see NAE and
NRC, 2009]), reveal that the overarching organization of classroom design tasks
are generally quite similar. In these classrooms, a teacher presents students with a
pre-determined problem and charges them with solving it by designing and
creating a functional engineering solution. Very often, teachers also dictate the
criteria and constraints of the problem and the physical test used to evaluate

informed by test results. Whether suboptimal, yet still sufficient, designs are altered is influenced
by how constrained designers feel by time and material limitations. This may be particularly true
in K-12 classrooms, where student designers have little control over available time and materials.
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student solutions3. Typically, pairs or teams of students then work together to plan
and construct their designs from available materials. The groups of students then
test their design constructions, and if time allows, iterate to improve their design,
although often there is only time for one iteration at most after the first test (NAE
and NRC, 2009). In this way, the classrooms loosely follow an engineering design
process, with the teacher often performing the initial steps of problem and test
definition (e.g., Dym & Little, 2004; French, 1985; Pahl & Beitz, 1996; Ulrich &
Eppinger, 2008).
To ground my focus on failure, it may be helpful to consider an example
of a common engineering design task that follows this pattern: the egg-drop
challenge (e.g., Egg Drop Competition, 2015). The goal of the egg drop challenge
is to create an object out of craft materials that will allow an egg to survive a large
fall. In this task, students build a container to hold and protect the egg; common
designs use padding, suspend the egg with rubber bands, and/or attach parachutes
to the container holding the egg. For the physical test, the object holding the egg
is dropped from a large height and after it hits the ground the egg is checked for
cracks. As may be anticipated, many initial designs (and often the next iterations,
if students are given time to iterate) do not pass the physical test—the eggs break
when they hit the ground. There is a lack of literature investigating how students
handle this failure—what do students do in this situation? Do students get stuck
and give up on the task? Do students purposefully reflect on their failed design
and the test result to make informed decisions about what changes to make for the
3

Some classrooms are beginning to include students in this process, e.g., McCormick & Hynes,
2012.
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next iteration? Failure can only be productively implemented in classroom tasks if
educators know what to look for in failure and how to support it; creating detailed
descriptions of young students engaging with failure is the first step in
determining how to create and support design tasks.

1.2 Failure in engineering and engineering education
As in the egg drop example above, engineering involves failure, both in
finished products and during design. I take “failure” to mean that the planned
design, design construction, prototype4, or final product does not meet some
specified design criteria under intended constraints. For finished engineering
products, failure could thus range from unsatisfied users (e.g., a smartphone not
meeting expectations), to an inefficient but still functional design (e.g., poor
intersection signal timing causing traffic jams), all the way to catastrophic
physical failure (e.g., a bridge collapse). It goes without saying that engineers
work diligently to limit failures at the finished product stage; while these failures
are inevitable and inform future design work, they are never intended (Petroski,
1992). On the other hand, failure during the design process, which can be
described as failure-as-feedback (Lottero-Perdue & Parry, 2014), is necessary—
this kind of failure informs engineers that their design needs improvement and
hopefully gives insight into how to improve the design. Importantly, failures

4

Definitions of “prototype” vary. I use “prototype” to refer to a functional, testable, at-scale
solution or part of a solution to a design problem, which is not intended as the final product. I only
use prototype when referencing engineering in general or the work of practicing engineers, and
reserve design construction or design artifact for objects created by students, because most
artifacts created by students are intended to operate within a classroom environment, and thus do
not fit neatly into the general definition of prototype.
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during the design process are not mistakes; rather, they are a feature of working
on complex problems incorporating many parts with “interrelationships…[that]
can be difficult to analyze and predict” (Brophy et al., 2008, p. 371). For
practicing engineers, failure during the design stage could range from a computer
simulation showing excessive beam deflection, a focus group finding bugs in
software, a concrete sample that crushes before the weight limit is reached, or,
when a design involves a prototype, a physical failure during a physical test.
In their “Framework for Quality K-12 Engineering Education,” Moore et
al. (2014) include “Test and Evaluate” as a key indicator and a defining process in
engineering. They describe the test and evaluate indicator as such:
Once a prototype or model is created it must be tested. This likely
involves generating testable hypotheses or questions and designing
experiments to evaluate them. Students may conduct experiments
and collect data (and/or be provided with data) to analyze
graphically, numerically, or tabularly. The data should be used to
evaluate the prototype or solution, to identify strengths and
weakness of the solution, and to use this feedback in redesign.
Because of the iterative nature of design, students should be
encouraged to consider all aspects of a design process multiple
times in order to improve the solution or product until it meets the
design criteria. (p. 5)
As described above, “improv[ing] a solution or product until it meets the design
criteria” likely entails encountering failure of a design construction—it is often
this failure that demonstrates a design does not meet the criteria, which prompts
redesign. Indeed, failure could prompt students to revise and build on their ideas
about why their designs are working or not (Kolodner et al., 2003). However,
failure can only be productively implemented in classroom tasks if educators
know what to look for in failure and how to support it. Identifying how students
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recognize and engage with failure in elementary classrooms can inform teaching
and the design of curriculum.
At the K-12 level, and particularly in elementary classrooms, the
engineering that is practiced is typically closest to civil or mechanical
engineering, where the artifacts are products or scale models of infrastructure, as
opposed to, for example, processes or materials. As Roth (1995) points out,
“children’s activities should not be compared to that of architects, engineers, or
systems designers during routine activity, but to the design phases in which they
construct initial plans or scale models” (p. 376). When students are experiencing
failure during design it is most similar to a physical failure of a prototype or of a
scale model. Thus, from here on I will limit the discussion to that kind of
designing and testing. For example, students may design bridges and test them by
loading them with weights—the bridge breaking apart or collapsing before the
goal weight is reached would be a physical failure5.
For this kind of designing (creating physical products or infrastructure,
rather than processes), practicing engineers create and test models of their
designs. These “models” may include mathematical models, digital models, and
sometimes, physical models (possibly prototypes or scale models). Practicing

5

Of course, students face many other types of failure, both within engineering and in schooling
more generally. For example, if a group never creates a design that passes the physical test, that
could be considered, by the students and/or instructors, to be failing the task. If a group sees that
another group has a more successful design than they have, they may consider their design a
failure, even if it passes the test. Similarly, if a student creates their own criteria beyond the
specified criteria, they may consider a design that does not meet this more stringent criteria to be a
failure, even if it passes the test by the standards of the task. While in this dissertation I only
consider in detail the very specific physical failure of a design during a physical test, these other
types of failure are discussed as they arise and Chapter 7 has a discussion on how failure in
engineering and making can be approached more generally in schools.
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engineers create and test these constructions, then iterate using the previous test
results as feedback (Cross, 2000). Inspired by this professional model, many K-12
engineering tasks have been structured with the assumption that students will
naturally follow these same steps: create design constructions, test them, and
iterate on their designs using feedback from the test results (NAE and NRC, 2009;
Moore et al., 2014). However, as will be described in detail in Chapter 2, many
engineering education researchers are becoming concerned that this assumption is
not warranted with novice designers, and that students need considerable support
to iterate effectively (e.g., Crismond & Adams, 2012). On the other hand,
researchers primarily in mathematics and science education have concluded that
failure may be an essential learning mechanism, and that instruction should thus
be designed to intentionally induce failure (e.g., Kapur, 2008). While the
engineering education community focuses on the concept of iteration, and the
mathematics and science education community has recently taken up the concept
of failure, the two events are often inextricably linked in design tasks: students
generally iterate (make changes to a design, creating a new iteration) because the
previous iteration failed the test; when they arrive at a design iteration that passes
the test (meets all criteria and constraints), then they are often free to cease
iterating on their design. Because failure in engineering education has not been
studied in detail, especially at the elementary level, it is still unclear how students
may respond to failure and how teachers can best support them. This dissertation
looks directly at how students engage with failure of a design, rather than solely
focusing on iteration, or the changes students make to designs over time.
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Clarifying what engineering should look like for young students is
especially important as engineering is becoming even more common in
elementary classrooms, due to a current focus on STEM in general (e.g., the
White House’s STEM for All initiative, Handelsman & Smith, 2016), and a
specific focus on engineering in the Next Generation Science Standards (NGSS
Lead States, 2013). Despite the increased presence and awareness of engineering,
there is a notable lack of basic research on how students engage with engineering
design, especially at the elementary level (NAE and NRC, 2009; Brophy et al.,
2008). Historically, there have been qualitative studies from outside the U.S.
where design has been a part of K-12 curricula for decades (e.g., Roth, 1995;
Roth, 1996), but there have been very few qualitative studies on engineering
design in the U.S. (Borrego, Douglas, & Amelink, 2009; Koro-Ljungberg &
Douglas, 2008). The literature in engineering education at the K-12 level has
primarily focused on testing the effectiveness of classroom interventions (Johri &
Olds, 2011), determining students’ conceptions of engineers and engineering
(e.g., Lachapelle, Phadnis, Hertel, & Cunningham, 2012), and examining the
development of science content knowledge through engineering design (e.g.,
Wendell & Rogers, 2013; Fortus, Dershimer, Krajcik, Marx, & Mamlok-Naaman,
2004; Kolodner et al., 2003). Many of these studies use pre/post tests and surveys;
there are still very few case studies, although there have been calls for more (Case
& Light, 2011; Johri & Olds, 2011). Concern over the lack of methodological
diversity in the field stems from the fact that sticking to a few methodologies
limits the kinds of questions that are being asked and the kind of data that is
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collected; in this case, the result is that few studies have investigated closely how
young students engage in engineering design. A result of this lack of research is
continued uncertainty about how best to create and facilitate engineering design
tasks and curricula for the K-12 level.
In this dissertation, I offer a theoretical and methodological contribution to
the field of engineering education. By grounding my theoretical framework in an
established literature base of mathematics and science education studies, I provide
a framework for understanding failure that has not been taken up in engineering
education. This work adds three in-depth qualitative case studies to the small but
growing set of case studies in engineering education, responding to calls for more
of this work. Methodologically, this work demonstrates the particular insights
afforded by applying discourse analysis tools to analyzing elementary students
engaging in failure-prone design tasks.
Organization of dissertation
This dissertation is organized in seven chapters. The following two
chapters include the theoretical framework I use to ground my analysis (Chapter
2) and an overview of the methodology used in the three studies (Chapter 3). The
next three chapters (Chapters 4-6) comprise the bulk of the dissertation, the three
stand-alone empirical studies, each with its own abstract, motivation, theoretical
framework, results, discussion, and list of references. The first two studies
(Chapters 4 and 5) are single-authored papers; initial versions of these were
presented as conference presentations (Andrews, 2014; Andrews 2016). The final
study (Chapter 6) is a co-authored manuscript for journal publication. The last
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chapter (Chapter 7) provides the overall conclusions of the work, along with
implications, limitations, and proposed directions for future work.

11

Chapter 2. Theoretical framework
In this chapter, I provide the theoretical framework for this work by
considering how other researchers, both within and outside of engineering
education, have approached studying failure and what they have found. I describe
theoretical and empirical findings from other domains that argue failure is
productive and potentially necessary for learning, and I then review the current
literature in engineering education, where the findings and recommendations
about what students can do with regards to failure are more mixed. I then present
my research questions, which are grounded in this literature base and seek to build
from it.
My research objectives are grounded in constructivist and constructionist
theories of learning, emphasizing building on learners’ prior understandings and
experiences of the world (Piaget, 1952; Smith, diSessa, & Roschelle, 1994)
through construction of public physical artifacts (Papert, 1980) as productive
ways to engage learners in disciplinary practices and build conceptual knowledge.
I seek to do this by providing students with challenging and engaging engineering
design tasks and supporting them during their designing.
Toward this goal, I am exploring how elementary students engage in
engineering design tasks that feature repetitive failure and how this differs from
their engagement in tasks with ready success. I define failure as occurring when a
design, design construction, prototype, or final product fails to meet some
intended design criteria under specified constraints. This definition is aligned with
descriptions in current policy documents and others in the engineering education
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community (e.g., Lottero-Perdue & Parry, 2014; Moore et al., 2014). By this
definition, failure can be found at all stages of design—from drawings6, to design
constructions (if they fail a physical test), to finished products. It goes without
saying that engineers work diligently to limit failures at the finished product
stage; while these failures are inevitable and inform future design work, they are
never intended (Petroski, 1992). On the other hand, failure during the design
process, which can be described as failure-as-feedback (Lottero-Perdue & Parry,
2014), is necessary—this kind of failure informs engineers that their design needs
improvement and hopefully gives insight into how to improve the design.
Although failure-as-feedback is often promoted by the engineering
education community (Moore et al., 2014), there is limited knowledge about how
elementary students engage with failure and as a result, uncertainty about how it
should be approached at this level. This research provides empirical data that
begins to unpack what we can expect from failure at the elementary level and
what supports are necessary to make failure productive in elementary classrooms.
To inform this analysis, I draw from literature on problem solving from outside of
engineering that finds failure to be beneficial and perhaps even essential for
learning, and then describe how failure has been treated in the engineering
education community.

6

Cross (2003) describes how the designer Victor Scheinman, in a think-aloud protocol study,
realizes while drawing a design he is creating in the moment for a bike carrier that some of his
intended design details will not work together structurally. By the definition of failure used here,
that aspect of his design thus failed—it did not meet the criteria given for the carrier.

13

2.1 Failure in other domains
While many instructional approaches encourage leading students through
successful problem solving (Tawfik, Rong, & Choi, 2015), a body of literature
beginning decades ago with Piaget has promoted allowing learners to struggle on
their own with difficult problems without much structure. What I refer to as
failure in this engineering context is related to the failure that Kapur (2008)
describes in mathematics and science problem solving contexts and what other
researchers have referred to as: perturbations (Piaget, 1977), impasses (Van Lehn,
Siler, Murray, Yamauchi, & Baggett, 2003), script deviations (Schank, 1999),
errors (Gartmeier, Bauer, Gruber, & Heid, 2010), and micro-failure (Tawfik et al.,
2015).
The benefits of failure have been theorized for decades, with empirical
support reported for a range of ages and content. Karmiloff-Smith and Inhelder
(1975) found that as young children struggled with a balancing task they
developed “theories-in-action” that they then tested and refined as they continued
engaging with the task. Research in physics education has found that students
were more likely to learn a physics principle when they reached an impasse than
when instructors interceded before an impasse was reached (Van Lehn et al.,
2003). Kapur and colleagues (Kapur, 2008; Kapur & Bielaczyc, 2012) found that
grade 7 and 11 students who were allowed to struggle with complex, ill-structured
problems in mathematics and science without support structures later
outperformed students taught with a direct instruction approach.
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Much of this research sees failure as an essential learning experience that
affords students “an opportunity to refine their knowledge and understanding of
the phenomenon” (Tawfik et al., 2015, p. 990). The literature argues that failure
should be welcomed as it (a) encourages students to generate ideas and
consolidate solutions (Kapur, 2008), (b) activates prior knowledge differentiation
and allows students to critically assess their current knowledge (Bransford &
Schwartz, 1999; Kapur, 2011), (c) can set the stage for noticing critical features of
a solution (Bransford & Schwartz, 1999), (d) provides an impetus for prediction
and causal reasoning (Gartmeier et al., 2010; Schank, 1982), (e) helps students
resolve misconceptions (Gartmeier et al., 2010), and (f) makes it easier to retrieve
experiences for future problem solving (Gartmeier, Bauer, Gruber, & Heid, 2008;
Kapur, 2010; Schank, 1999). As Kapur and Bielaczyc (2012) state, “our work is
grounded in the belief that engaging novices to try, and even fail, at tasks that are
beyond their skills and abilities can, under certain conditions, be productive for
developing deeper understandings” (p. 46).
Tawfik and colleagues (2015) synthesize prior research and conclude that
failure “generates an additional inquiry process at the point of failure that may not
exist during successful experience” (p. 977), and they posit that this inquiry
process leads to improved conceptual understanding of a phenomenon. Based on
their review of the literature, they developed a model of failure-based learning
that suggests learners progress through a cycle in failure-based problem solving.
They display this model as a linear cycle of the following nine stages, arranged in
a circle and connected by unidirectional arrows: experienced failure, challenge
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existing mental model, inquiry, identify potential reasons, find evidence to
validate reasons, identify root cause, new solution generation, implement
proposed solution, and assess viability of outcomes (p. 984).
Based on these conceptualizations and findings, researchers have
recommended designing learning environments to intentionally induce failure
(Gartmeier et al., 2010; Kapur, 2011; Schank, 1999; Tawfik et al., 2015; Van
Lehn et al., 2003). In their seminal paper on preparation for future learning,
Bransford and Schwartz (1999) contend that “[a]n important way that learners
interact with their environments is by creating situations that allow them to ‘bump
up against the world’ in order to test their thinking” (p. 82). Strategically
employing failure within instructional design (Tawfik et al., 2015) is one way to
allow students to “bump up against the world” and test out their ideas. Most of
these researchers suggest delaying support for learners until after failure has
occurred and been recognized, and after learners have grappled with the failure
(Bransford & Schwartz, 1999; Kapur 2008; Van Lehn et al., 2003). In contrast to
typical lessons, when designing for failure, an instructor would plan for students
to engage in sustained inquiry after failure is encountered (Tawfik et al., 2015).
These studies show some benefits of failure that have emerged from
research mostly in mathematics and science education and propose mechanisms
for why this failure is productive for learning. These results lead us to expect
benefits from failure in engineering, as well. However, there are important
disciplinary differences between mathematics, science, and engineering. In
particular, when students experience physical failure in engineering, they often
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receive immediate feedback from the interaction of their artifact and the physical
world, rather than an assessment from an instructor. Students in engineering
design tasks are not attempting to arrive at canonical solutions, they are
attempting to create a physical object that meets specified criteria and constraints.
Thus, while this literature base convincingly points to failure being productive in
science and mathematics, the disciplinary differences between these fields
warrants further in-depth investigation of physical failure in elementary
engineering education, which is the goal of this dissertation.

2.2 Failure in engineering education
While failure in professional engineering is commonly endorsed through
aphorisms, like the well-known slogan of design consultancy firm IDEO: “Fail
often in order to succeed sooner” (Kelley & Littman, 2006), failure has not been
studied in depth in engineering education. In engineering, failure, and more
commonly, iteration (of which failure is often a part), have generally been
promoted as a feature of the discipline, grounded in implicit theories that learners
should engage in the same practices as practicing professionals. This is not to say
that failure is not an essential aspect of other disciplines, but that within designing
there is a distinct type of failure, which is often what leads engineers to iterate on
their designs, to arrive at a design that meets all criteria and constraints.
When practicing engineers engage in designing small physical products
(the kind of designing most similar to many tasks given to elementary students),
they create and test models of their designs. Initial “models” may include
mathematical models, digital models, and, sometimes, physical models (possibly
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prototypes or physical scale models) (NAE and NRC, 2009). Practicing engineers
create and test these constructions, then use the previous test results as feedback
to iterate and improve their design (Petroski, 1996). In this way, the test provides
more than simply an evaluation of whether a design meets the design criteria, and
interpreting failure (in the broad sense of not acceptably meeting all criteria) as
feedback about designs is an essential aspect of engineering practice.
In this section, I’ll survey some of the research from engineering
education, including a few recent studies on failure at the elementary level and
relevant conclusions on students’ design capabilities from other work that has not
focused on failure.

2.2.1

Failure-focused studies
Recently, a few studies have looked at failure at the elementary level in

the context of the Engineering is Elementary (EiE) curriculum from the Boston
Museum of Science (Cunningham & Hester, 2007). Lottero-Perdue and Parry
surveyed and interviewed teachers to investigate: how they interpret failure
(2014), what failure words they use and how students and they respond to failures
in design tasks (2015), and how their comfort with failure and use of fail words
changed over their two years of teaching the EiE units (2016). They are
particularly interested in what they see as the dichotomy of failure: that it is an
essential aspect of engineering design, but also generally avoided in academic
contexts.
From teacher responses to surveys and in interviews, Lottero-Perdue and
Parry (2015, 2016) have compiled a list of reported student responses to design
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failure, which they organize into (a) resilient, productive action, (b) non-resilient,
non-productive actions, (c) positive emotions / identities, and (d) negative
emotions / identities (Table 2-1). A few teachers also reported that some students
seemed surprised when their planned design ideas did not work; this response is
not included in the table because it does not fit in the researchers’ categories.
Table 2-1: Summary of teacher-reported student responses to design failure,
reproduced from Lottero-Perdue and Parry (2016, p. 3)
Resilient, Productive Actions

Non-Resilient, Non-Productive
Actions
Denying that failure occurred by
ignoring proper testing processes
Giving up or losing interest
Seeing the task as being too difficult
Making changes to design without
planning or thinking carefully
Staying with the original failed
design
Engaging in negative team dynamics
Focusing on competition (worrying
about performing less well than other
teams)
Ignoring background information
that could inform next steps

Acknowledging design failure when
it occurs
Trying again
Engaging in failure analysis
Focusing on improvement
Working effectively as a team
Seeking help from peers and looking
at other teams’ designs
Using the EDP to guide next steps
Referencing background information
to inform next steps
Asking for help from the teacher

Seeking the “right answer” from the
teacher
Negative Emotions / Identities
Expressing a positive emotion /
failure identity
Appearing not to care

Positive Emotions / Identities
Expressing a positive emotion
Not appearing to take on a failure
identity

In terms of findings about teachers, the researchers report that initially, a
majority of teachers expressed an overall negative connotation of failure and that
teachers were inclined to scaffold to avoid failure (Lottero-Perdue & Parry, 2014).
Although teachers reported feeling more comfortable supporting students after
failures following two years of teaching the EiE units, many teachers continued to
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associate failure with mistakes, which is not consistent with the engineering view
of failure as an “essential feedback mechanism” (Lottero-Perdue & Parry, 2014,
p. 3). These results indicate that teachers need to know more about how well
students can handle failure and how to support them as they test their designs.
Throughout the three sets of surveys and interviews over multiple years, a
persistent theme was teachers’ concern about students’ misinterpreting the failure
of their designs as a personal failure. Teachers reported worries about: students
identifying themselves as failures when designs failed (Lottero-Perdue & Parry,
2014), students’ levels of frustration and tendency to internalize failure as a label
(2015), and students taking on failure identities if “fail” words are not used
carefully (2016).
While there are numerous shortcomings in these studies, including the
self-reported nature of the data, these studies have drawn attention to the
phenomena of failure during design tasks at the elementary level and identified
this topic as worthy of study. These results also give us some idea of what we
might expect from failure in elementary engineering, based on what teachers have
reported—in particular, we see that teachers do not see students’ responses to
failed tests as productive in classroom contexts. The self-reports indicate that
teachers are in need of more guidance on what to expect around failure in these
spaces and how to support their students as they encounter physical failure of the
design constructions. These studies, and their notable reception by the engineering
education community (winning multiple awards at the American Society for
Engineering Education’s Annual Meeting [Pre-College Engineering Education,
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n.d.]), provide additional support for the need for this dissertation’s focus on
failure as a topic. The limitations inherent in the methodology used in these
studies help justify the in-depth case study methodology employed here
(discussed in detail in Chapter 3).

2.2.2

Studies not focused on failure
In an effort to engage students with authentic engineering practices, many

K-12 engineering tasks have been structured with the assumption that students
will naturally follow the same general iteration process as professional engineers:
create design constructions, test them, and iterate on their designs using feedback
from the test results. However, as described below, many engineering education
researchers are now becoming concerned that this assumption is not warranted
with novice designers, and that students need considerable support to iterate
effectively. On the other hand, some researchers using qualitative methods with
elementary students have found the converse to be true: that even young students
show the beginnings of engineering. Here, I review some of the concerns of the
first group of investigators and their recommendations for task design and
classroom supports, and then I review the arguments and findings from the second
group.
Based on their meta-literature review, Crismond and Adams (2012)
concluded that, overall, the test and redesign process is difficult and unintuitive
for beginning designers. They claim that novice designers tend to evaluate a
prototype’s performances “uncritically, in a coarse-grained, undifferentiated, and
unfocused way,” leading to ineffective troubleshooting and possibly resulting in
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over-valuing flawed prototypes (p. 767), although specific studies that led to these
findings are not referenced. These beginner designer patterns are described in
contrast to those of informed designers, who “focus attention on problematic areas
and subsystems when troubleshooting devices” (p. 749). Similarly, Sadler, Coyle,
and Schwartz (2000) found that elementary students have difficulty evaluating
feedback from tests, particularly in distinguishing between experimental error and
legitimate feedback on their designs.
Some researchers have also pointed out that a prominent characteristic of
undergraduate students’ design behaviors is idea fixation, that is, failing to
explore the entire design space (Crismond & Adams, 2012; Cross, 2000; Douglas,
Koro-Ljungberg, McNeill, Malcolm, & Therriault, 2012; Jansson & Smith, 1991;
Newstetter & McCracken, 2001). The concern is that this could be problematic
for redesign after failed tests; if students are experiencing idea fixation, they may
be unwilling or unable to deviate from their initial plan to use feedback from the
test to create an improved design construction. On the other hand, others have
noted that not all experts consider and choose between a wide range of design
alternatives either (Atman et al., 2007; Cross, 2004).
Aligned with these conclusions that students have difficulty independently
handling testing and failure, some researchers have suggested approaches to avoid
or limit the failure students experience. Some advocate starting with a working
prototype and improving it (Crismond & Adams, 2012; Kolodner et al., 2003;
Sadler et al., 2000; Schauble, Klopfer, & Raghavan, 1991), effectively avoiding
encountering failed tests, at least initially. In another approach, many published
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curricula feature a substantial amount of scaffolding in the form of, for example,
standardized fill-in worksheets, pre-determined and limited building materials,
and employing a strict step-by-step process with all students on the same step at
the same time (e.g., Cunningham, 2009; Kolodner et al., 2003; Project Lead the
Way, 2014). Indeed, the National Academy of Engineering report on K-12
Engineering Education, based on its investigation of literature and curricula,
cautions: “Although it may be tempting to allow students to direct their modeling
themselves, the successful interventions reviewed here highlight the importance
of the teacher providing explicit guidance and developing activities for
investigating and negotiating contested claims” (NAE and NRC, 2009, p. 142).
While the literature reviewed above describes the ineffective practices of
beginning designers, many researchers who have relied on qualitative
methodologies have come to the opposite conclusion, that even young children
show the beginnings of productive engineering design practices. These studies
have not directly investigated how students respond to failure, but their findings
suggest that students may be more competent in engaging with failure than the
previous engineering education literature predicts. It is reasonable and expected
that different methodologies lead to different conclusions, as certain approaches,
such as self-reports, quantifying time spent on different design stages, or counting
criteria mentioned by students, do not allow researchers to focus as closely on
what students are actually doing as they work on a design task.
Some researchers argue that much of the work identifying potential
engineering problem areas for students has relied on simplistic criteria, such as
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the number of design criteria students mention, which may obscure students’
productive beginning resources in these activities. Recent research by Watkins,
Spencer, and Hammer (2014) on problem framing found that using an in-depth
qualitative approach, in particular, “broadening our ways of identifying and
evaluating students’ problem scoping,” led to different conclusions, namely that
students “demonstrate greater abilities for problem scoping than suggested by
previous research” (p. 52).
Schauble, Klopfer, and Raghavan (1991) concluded that an engineering
approach to experimentation was more natural for children than a science-focused
approach. This is despite their agreement with other literature that elementary
students run confounded tests (e.g., Crismond & Adams, 2012; Kuhn, Black,
Keselman, & Kaplan, 2000; Sadler et al., 2000). In their view, because
engineering is goal driven, knowing the effect of every variable is unnecessary,
and thus changing multiple variables with each test was deemed appropriate for
the practical goal of the engineering approach. Thus, these researchers arrived at
findings similar to previous literature, but interpreted these findings differently:
instead of seeing the students as deficient in their approach of changing multiple
variables, they concluded that the students’ approach was in line with the goal the
students were given.
This promising view of younger students as competent designers is well
articulated by Roth (1995), who used a qualitative case study approach to
consider how upper elementary students engaged in multiple design activities
over time. He found that students “demonstrated an uncanny competence” (p.
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365) in their ability to consider problems on multiple scales and negotiate
inherently ambiguous problem contexts, making reasonable design decisions. He
states: “when my research focused on accomplishments during, and results of,
problem resolutions, the remarkable effectiveness of students' activity became
apparent; it revealed students' competence in structuring their resources and
practices in gap-closing and sense-making processes” (Roth, 1995, p. 376). These
studies, which look closely at students designing, show that students demonstrate
rich beginnings in engineering, and that engineering activities should thus aim to
help students develop their design competence by allowing them to engage in
open-ended and ill-defined situations (McCormick, 2015; Roth, 1995; Watkins et
al., 2014).
Jordan and McDaniel (2014) have contributed important recent research in
engineering education that does not look at failure explicitly, but sheds light on
similar moments—when students were faced with uncertainty during engineering.
They looked closely at a single class of fifth grade students engaging in multiple
robotics-based design tasks. They use discourse analysis to investigate the
students’ collaborative efforts in uncertainty management, including identifying
socially supportive and non-supportive peer responses and the ways students
adapted their uncertainty management in response to those peer responses.
Although they focused on uncertainty in their work, Jordan and McDaniel
(2014) also see parallels between uncertainty and failure: “Both failure and
uncertainty create opportunities for argumentation, for the pursuit of different
lines of logic, for knowledge construction, and for the movement of ideas from
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tacit to explicit” (p. 523). For both uncertainty and failure, it is tempting to
assume that they may interfere with learning, and teachers often hesitate to
include activities with significant uncertainty (Doyle & Carter, 1984), as they do
with failure (Lottero-Perdue & Parry, 2014). However, as Jordan and McDaniel
(2014) argue, attempts to reduce uncertainty are misguided: “wringing uncertainty
out of tasks or shying away from assigning tasks that induce uncertainty may
reduce learning” (p. 525). From their analysis, it is clear that peers have an
enormous influence on how students manage uncertainty; peers are likely to play
a significant role in how students engage with failure as well.
The research reviewed above shows that in the engineering education
research landscape, there is some research identifying the ineffective practices of
beginning and inexperienced designers, including students’ potential difficulty
with productively engaging with failure and iteration without explicit support
from instructors. On the other hand, research from more in-depth qualitative
studies have shown, in general, that students are capable sensemakers who
demonstrate productive beginnings of engineering design practices when given
compelling open-ended design tasks. The disparate conclusions from this
literature base and the lack of in-depth qualitative studies focusing on iteration,
and failure in particular, in elementary engineering demonstrate the need for the
studies in this dissertation.

2.3 How students notice and interpret failure
Researchers need to take care not to imply that all actors will interpret
failure events in the same way; what a teacher or researcher might consider a
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failure the student might not, and the converse also holds. Many researchers have
highlighted the necessity of learners’ noticing and identifying an experience as a
failure as a first step in learning from that failure (Kapur, 2008; Lottero-Perdue &
Parry, 2015; Van Lehn et al., 2003; Tawfik et al., 2015). However, it is not always
clear how researchers have characterized what counts as failure recognition.
In mathematics and science activities, in particular, it is not clear that
students are aware that they “failed” when teachers or researchers would identify
an occasion as such. For example, in Kapur’s (2008) study comparing groups of
eleventh graders engaging in either well-structured (WS) or ill-structured (IS)
problem solving tasks on similar science content, a major conclusion is that “on
many accounts, IS groups failed compared to WS groups” (p. 403, emphasis in
original). This finding was based on the quality of groups’ solutions; however,
scoring these solutions “was initially problematic because there were no
objectively right or wrong answers to the problem scenarios…the strategy
adopted was to focus on the extent to which groups were able to support their
decisions through a synthesis of both qualitative and quantitative arguments, and
supporting them with justifiable assumptions” (Kapur, 2008, p. 401). Thus,
students were scored based on a rubric they were unaware of and which was
developed after the fact, and the IS groups only failed in comparison to the WS
groups, so it is unlikely that students in these groups were aware that they “failed”
in their problem solving attempt. In other mathematics and science problem
solving scenarios, failure is determined by the teacher or researcher, by grading
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solutions and seeing how close they are to the target solution (Van Lehn et al.,
2003; Kapur & Bielaczyc, 2012, Barron, 2003).
In engineering design tasks, identifying instances of failure (a design not
meeting intended criteria and constraints) may seem less ambiguous, as failure of
a design artifact is often determined by a physical test, rather than by comparison
against a canonical solution. However, the criteria and constraints of a task, what
counts as a failure or success, and the results of a given test, cannot be assumed to
be objective entities shared by all members. As Roth (1996) emphasizes, most
elements of a design task in a classroom are “interpretively flexible,” with
different meanings for different children and instructors (p. 141). Even if a design
task establishes a set of explicit criteria for design solutions, teachers and students
may also harbor their own implicit criteria. When students generate their own
criteria, as either a stipulated part of the task (if students define their own tests) or
as personal criteria apart from the teacher-defined criteria, that criteria may not be
articulated (or even consciously known by the student) before the test.
These differences in interpretations can lead to misunderstandings and
friction between students and teachers. For example, if a design meets a student’s
personal criteria, but fails the teacher-defined test, the student may declare the test
unfair. Students may also take up additional personal criteria, in which case a
design may pass the test but the student feels it failed because it didn’t meet their
criteria. Finally, in a competitive space, a group with a design that passed the test
might consider their design a failure if it performs less well than their peers’
designs. These different interpretations may become more difficult to manage in a

28

task with multiple criteria for success, not all of which is evaluated by a physical
test, where students might weigh the multiple criteria differently than a teacher
intends. For example, in the EiE bridge task, a design construction is considered a
success if it costs less than a certain amount, can support a minimum weight, and
a boat can fit underneath (Engineering is Elementary, 2011). In this task, students
might care more about how much weight a bridge can support than its cost, and as
a result they may consider their design successful if it supports a lot of weight,
even if it costs too much.
A few teachers in Lottero-Perdue and Parry’s (2015) study distinguished
between tasks with qualitative and quantitative criteria for success or failure. In
contrast to the EiE bridges unit, which they described as having very “defined
criteria” (p. 18) and quantitative evaluations, the teachers reported that in units
with qualitative criteria, students were able to avoid evaluating a particular artifact
as failing by ignoring criteria or constraints. Thus, the structure of the task and
how failure was defined seemed to affect how students engaged with and
responded to failure.
However, even in cases where failure is defined for a given task in such a
way that there seems to be a clear pass or fail evaluation, the test results may not
be interpreted that way by students, and/or teachers and students may still
interpret the results in different ways. Studies have not closely considered how
students interpret test results. Even with seemingly clear tests, do students always
characterize the test results as binary (either passes or fails) or might they also
interpret the results as on a continuous scale (such that more dramatic failures are
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evaluated as worse)? If students are experiencing repetitive failure, do they
consider “less bad” failures as mini-successes and “worse” failures as minifailures? These questions will be taken up again in Chapter 7, after the empirical
data is presented and analyzed.

2.4 Research questions and contributions of this dissertation
The literature reviewed above suggests that failure during physical tests in
engineering tasks would give students feedback about their designs and the ideas
that gave rise to those designs, leading to refinement of their understanding of the
phenomenon. This supports one of the central conjectures of my dissertation, that
engaging in failure-prone physical testing cycles provides opportunities for
students to think deeply about the engineering design task and their design
constructions, possibly prompting students to revise and build upon their initial
ideas. In contrast, when success comes immediately, there is little external
impetus to closely consider what aspects of a design led to its success. It also
suggests that students may require supports—such as facilitation practices—to
productively engage in design iteration.
However, still little is known about how learners might respond to
repetitive failure during design tasks, or how to support them in doing so. Very
little research has looked directly at how students engage in testing and iteration,
especially at the elementary level. There appear to be two major concerns in the
literature in allowing students to freely test designs and encounter failure in
engineering design tasks: the first concerns students’ affect, and the second
students’ design abilities. In terms of affect, there is a concern that students may
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interpret failure during testing as a personal failure, rather than a failure of a
physical object for a physical reason (Lottero-Perdue & Parry, 2014; Sadler et al.,
2000). In terms of design abilities, there is concern that students use ineffective
approaches to testing and redesign that require teachers to employ didactic
methods and scaffolding worksheets. A less serious but non-trivial concern may
be that allowing students to fail may result in spending more time on a task than
necessary, if leading students through successful designing is equally productive
for learning. However, if failure can be productive, by prompting students to
revise and build on their ideas about why their designs are working or not
(Kolodner et al., 2003), then it is important to investigate how failure can be
included in elementary engineering tasks.
My goal is to explore the potential of engaging learners in failure-prone
engineering design tasks and to begin to identify what supports can encourage
them to persist and make progress. The three studies in this dissertation focus on
different aspects of students’ engagement with failure; together, they provide a
holistic account of what students do “naturally” in these situations, which is the
first step toward the linked goals of helping teachers to recognize, notice, and
encourage productive engineering practice and helping curriculum designers to
design tasks and activities that provide opportunities for failure.
In the first study (Chapter 4), I address the concern about whether students
are capable of engaging in failure-prone engineering design tasks without
intrusive scaffolding. I focused on a pair of fourth grade students designing,
creating, testing, and iterating on design constructions with little adult
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intervention to investigate what elementary students are capable of with physical
testing and failure. The guiding question in this work is: How do fourth grade
students engage in failure-prone physical testing cycles in engineering design
tasks? This broader question can be split into two related research questions:
1. How do students evaluate and use the results of previous test(s)?
2. What do students do in response to testing failures?
In the second study (Chapter 5), I looked across all six groups in a single
day engineering design workshop over the course of a single design task to
investigate whether, as predicted by some of the literature from outside
engineering, failure may provide opportunities for students to revise their ideas
about how the world works. The guiding question in this work is: How do
students’ design ideas evolve over the course of a failure-prone engineering
design task? The more specific related research questions are:
1. In what ways did the factors used to inform designs evolve as groups
engaged in failure-prone physical testing cycles?
2. In what ways did groups’ responses to ready success differ from those
seen after repetitive failure?
In the third study (Chapter 6), I address the concern about whether having
students freely engage in failure-prone tasks will negatively influence students’
emotional state and as a result create non-ideal conditions for learning. I looked
closely at the discourse of facilitators and elementary students engaging in a
failure-prone engineering design task in the engineering design workshop to better
understand how facilitators and students co-construct testing norms that allow
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students to feel comfortable testing risky designs. The guiding question in this
work is: What testing norms made it possible for elementary students in an
engineering workshop to risk continually testing their designs constructions
despite repetitive failure?

2.4.1

Note on the conceptual evolution of “failure” through the three
studies
These three studies were written sequentially over the last four years. As

such, they represent how my thinking has evolved with respect to how students
can, and potentially should, engage with iteration, testing, and failure (including
which of those terms I favor). Therefore, while the three papers combined give a
coherent, multifaceted overview of physical failure during elementary design
tasks, they are standalone papers and contain some conceptual differences in how
they present and understand failure in this space.
At the beginning of my research into physical failure in engineering, as
evident in the first study, I located responses to failure within individuals or
groups, an individual trait, albeit one that was a result of a student’s prior
experiences in the world, and one that was affected by the local environment.
Thus, how facilitators framed tasks could affect whether students expected failure
or not, which likely affected how they responded to failure, but the facilitators’
speech and actions were seen to be acting on each individual separately. While
aligned with this perspective, I was surprised to discover little diversity in the
failure responses of students in the same workshop or classroom. By the end of
this dissertation work, I have taken up a more sociocultural perspective, both in
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word and in practice. In the third study, I consider how students’ perspectives on
testing and failure are jointly constructed by students and facilitators within a
given space.
My perspective on the role of the facilitators has similarly evolved over
time as I analyzed the data. Initially, I aimed to remove the role of the facilitators
in an attempt to view how students “naturally” engage in failure-prone
engineering design tasks. Thus, in the first study, there is very little mention of the
facilitators (this is also due to the fact that during this task in the camp, there was
much less interaction between facilitators and that group, compared to the
workshop). Later, I developed a deeper understanding of responsive teaching, and
realized there is a middle ground between (a) the direct instruction approach I had
been familiar with in engineering education spaces and (b) simply giving students
a task and watching them engage in it with no interaction with adults. Thus, the
second and third studies, from the workshop, look closely at the interactions
between students and facilitators. These studies see the facilitator role as critical
in not only how students are taking up and understanding the task and the
environment, but in how students are coming to deeper understandings of the way
the world works through their work on the design tasks.
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Chapter 3. Methodology
In this chapter, I describe my methodology and corresponding methods of
data analysis. First, I describe the context, participants, and design tasks of the
different sets of data, then describe how the data was collected and selected. I
argue for addressing my research questions through an analytical approach that
combines case study and discourse analytic techniques. I conclude with the ways
the analyses of the three studies differ, in alignment with each research question.
My methodology for studying failure in elementary engineering is
grounded in a pragmatic orientation, drawing on a variety of approaches and tools
to study the phenomena of interest (Maxcy, 2003). As a result, the pieces of my
methodology and the corresponding methods of analysis were chosen as those
which were most likely to inform my research questions. I align with a Deweyan
pragmatism, believing that “it is perfectly logical for researchers to select and use
differing methods, mixing them as they see the need, and to seek to apply their
findings to a reality that is at once plural and unknown” (Maxcy, 2003, p. 59). I
also do not rely on a priori approaches, such as published coding schemes,
particularly as looking closely at elementary students engaging in failure has not
been well studied. This pragmatic orientation is seen throughout my methodology,
as will be described below. In summary, this orientation led me to: (1) use data
from out-of-school settings, rather than formal classrooms, (2) bound the different
case studies in different ways according to each research question, (3) segment
the cases according to building and testing times and recording test results, given
my focus on failure, (4) choose different foci for discourse analysis, in terms of
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backgrounding artifacts and interactions with materials in some studies, and (5)
use codes derived from the data for the second study (Chapter 5).

3.1 Research context
The data for the three studies in this dissertation come from two out-ofschool engineering events for upper elementary students held at Tufts
University’s Center for Engineering Education and Outreach (CEEO). The first
event was a week-long summer camp in summer 2013 and the second was a
single-day Saturday workshop held in fall 2013. The summer camp was run as
part of the Novel Engineering (NE) project7, a research and professional
development project that seeks to improve STEM education at the elementary
level by using classroom literature as the context for engineering problems. The
Saturday workshop was funded by the CEEO.
As national reports and state standards have strongly argued, it is essential
that all elementary students are provided opportunities to engage in engineering in
formal, in-school settings (NAE and NRC, 2009; NGSS Lead States, 2013).
However, in many current implementations of engineering in formal classroom
settings, failure is not valued as a learning mechanism (Lottero-Perdue & Parry,
2014). As a result, there are not many occurrences within classrooms of students
given the space to fail repeatedly on the same design task, which makes it difficult
to collect the kind of data needed to answer my research questions in a classroom
setting. Therefore, this dissertation, as a first step in characterizing failure at the

7

This project is funded by the National Science Foundation DRK-12 program, grant #DRL1020243.
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elementary level, uses informal, out-of-school settings, a camp and workshop, as
these settings make it possible to control the environment, time, and value placed
on failure. How reliably findings from these informal settings can be applied to
formal, in-school settings is a significant question that will be explored in depth in
the final chapter, Chapter 7.

3.2 Participants
Participants for both the camp and workshop were recruited by emails sent
to a listserv of parents who had previously expressed interest in this type of outof-school engineering design program.
Camp (study 1, Chapter 4):
A total of 16 students, entering fourth to sixth graders, attended the camp;
three of these students identified themselves as girls on registration materials.
Some students had previously attended similar camps and workshops and a few
students knew each other outside of camp. The cost of the camp was $75 to offset
the cost of materials (a comparable camp would cost about five times more). The
camp facilitators, researchers affiliated with the NE project, included
undergraduate engineering students, graduate education students, and university
staff familiar with engineering outreach activities.
Workshop (studies 2 and 3, Chapters 5 and 6):
A total of 13 students, entering fourth to sixth graders, attended the singleday workshop; five of these students identified themselves as girls on registration
materials. Admission for the workshop prioritized students who had never or not
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recently attended programs at the CEEO, although two students who attended the
camp were selected to attend the workshop. Some students were siblings or
friends outside of the workshop. The workshop facilitators, researchers affiliated
with the center, included an undergraduate engineering student, graduate
education students, and an elementary teacher on sabbatical with the center.
While information on socioeconomic status and race was not collected for
either the camp or workshop, the listserv of parents who receive information
about these types of opportunities typically features persons of a higher
socioeconomic background and who are predominantly white. This is
representative of the area immediately surrounding Tufts. Many students who
attend these design programs have personal connections to Tufts, such as a parent
who is a professor at the university.

3.3 Design tasks
As described in Chapter 1, engineering at the elementary level often takes
the form of students engaging in short design tasks (Cunningham et al., 2007;
Douglas et al., 2004), in which students design, construct, and test an object to
fulfill a specific function. Design tasks “set a goal, some constraints within which
the goal must be achieved, and some criteria by which a successful solution might
be recognized” (Cross, 2000, p. 13). Physical tests are often used to determine
whether students’ design constructions meet the specified design criteria, under
given constraints (e.g., NAE and NRC, 2009).
Both the workshop and the first day of the camp, from which this data is
drawn, consisted of a series of design tasks to mirror what often occurs in
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elementary classrooms. In each facilitator-defined task, which lasted on the order
of one hour, groups of two to three students created design constructions to meet a
set of design criteria, as evaluated by a physical test. For each of these tasks,
students were given craft materials to build with, including: cardboard, straws,
pipe cleaners, balloons, popsicle sticks, paper lollipop sticks, aluminum foil,
coffee filters, rubber bands, egg cartons, and masking tape.
The bulk of this dissertation centers on data from the wind tunnel task8.
This task was enacted slightly differently in the camp and workshop (details are
provided in each study), but the general idea is the same. The goal of the wind
tunnel task is to create an object out of craft materials that will hover in the top
half of a plastic tube set above a vertically-oriented fan (Figure 3-1) for about ten
seconds without flying out of the top or falling to the bottom.

Figure 3-1: The test setup for the wind tunnel task, consisting of a clear plastic
cylinder with open ends set atop an upwards-facing fan. The plastic cylinder is 14
inches across and 40 inches tall.
During each task, students were free to test their designs as often as they
desired and were encouraged at the beginning to also test individual materials.

8

The second study, Chapter 5, also includes an excerpt from the water transport task, which is
described in detail in that chapter.
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There was a final share out at the end of each task where each group publically
tested their designs; the share out was intended to be a low-stakes venue to share
their most successful designs and design history with the other groups.
As described in Chapter 2, failure is never an objective event, but rather is
always interpreted differently by different actors. Even so, the variance in the
interpretations of a physical test may be expected to be narrower for tests with
ostensibly binary, pass/fail criteria. Therefore, for this initial in-depth study of
students’ engagement with failure, I chose to focus on the wind tunnel task, which
has a comparatively clear, visual indication of success or failure.

3.4 Data collection
All work was recorded using multiple video cameras set to capture small
group work at tables. During the workshop, video cameras also captured students
testing at two testing stations; during the camp, the testing station was visible on
another camera, but because there was no video camera aimed at the testing
station, there is no audio of the testing station. Pictures were taken of all final
artifacts and of any drawings that were created. Both talk and participant artifacts
were analyzed. The video data allowed me to analyze students’ discourse,
including conversations, gestures, and facial expressions, as well as to document
the corresponding evolution of groups’ design constructions.

3.5 Data selection
Consistent with a pragmatist orientation, the choice of which task and
groups to focus on was determined principally as those which would give the
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most useful data concerning how students engage with failure. Accordingly, when
reviewing data from the camp and when designing the workshop, I sought to
include tasks which gave students many opportunities to engage in failure and
redesign cycles.
The first day of the camp included a series of design tasks, including a
period with a choice between two tasks. Only one group chose the wind tunnel
design task and therefore had exclusive access to that testing station, which made
it much easier to follow their design trajectory. From observations during the
camp as a facilitator and in reviewing data from the camp, I determined that this
data, of a group consisting of a single pair of students working on a single design
task, was a good place to begin looking at how students engage in failure and
redesign cycle. The analysis of this group’s work in the camp is found in the first
study, Chapter 4.
Based on that analysis, I designed a single-day workshop specifically to
look at physical failure with elementary students. I structured the workshop
around four design tasks, including the wind tunnel task that yielded interesting
data from the camp. In reviewing this data, I chose to focus again on the wind
tunnel task because it features a test with a clear pass/fail metric and because in
this task, students engaged in many more iterations, and experienced many more
failure events, than in the other tasks. As there are no detailed published studies
on failure, it seemed reasonable to use a task with a relatively clear indication of
failure for this initial study, as these failure events could be used as indicators for
episodes in need of further in-depth analysis.
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In the wind tunnel task in the workshop, the students began rapidly testing
and iterating on their designs, at a much faster rate than in the camp, which
resulted in students experiencing many failed tests in a short amount of time.
While students engaged in this task, I and the other facilitators noted that although
students were failing nearly constantly, no groups gave up on the task, as we have
seen in classrooms and as has been reported in the literature (Lottero-Perdue &
Parry, 2015; Sadler et al., 2000).
The workshop wind tunnel task is the focus of the second and third studies
in this dissertation. Chapter 5 looks across all six of the student groups to consider
how students’ ideas may have evolved while engaging in the failure-prone task.
This study also includes a short excerpt from another task in the workshop, the
water transport task, as a contrasting case. This task was chosen as it occurred
immediately after the wind task and was similar in structure, in terms of having a
clear test and two public testing stations, but featured different patterns of student
engagement from the wind task, which I argue was because it featured nearimmediate success for every group. The final study in this dissertation, Chapter 6,
investigates the interactions between students and facilitators as they coconstructed testing norms that may have contributed to the students’ persistence
with the wind tunnel task.
As a result, only two of the four design tasks in the workshop are
mentioned in this dissertation. I chose to not focus on the first design task, an egg
drop task, because students only conducted a single iteration (the students voted
to move on to another task after one test). The last task, to build a chair for a
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stuffed bear, was also not included in this study because there were no clear
markers of tests, as students tested on their own at their tables, which made it
difficult to mark failures and iterations. Tasks such as this with more ambiguous
tests and pass/fail metrics are important to consider in future studies, as will be
discussed in Chapter 7.

3.6 Analytical approach
To investigate how elementary students handle repetitive failure during
engineering design tasks, I combined an in-depth qualitative case study approach
with tools and techniques from discourse analysis to analyze the video data.

3.6.1

Case study
To investigate how young students engage in physical testing cycles

during engineering design tasks I used an in-depth qualitative case study
approach. Case studies are relevant to answering “‘how’ or ‘why’ some social
phenomenon works” (Yin, 2013, p. 4). Employing a case study approach allows
researchers to focus on and closely examine the discussions and actions of
relatively few students over the course of an entire design task. Privileging depth
(concentrating on a single or few cases) over breadth (looking at a larger number
of cases) provides the space to deeply consider student thinking on a moment-bymoment basis (Flyvberg, 2006). The case for building theory from rich
description of cases has been succinctly made by Erickson (1986): “The search is
not for abstract universals arrived at by statistical generalizations from a sample to
a population, but for concrete universals arrived at by studying a specific case in
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great detail and then comparing it with other cases studied in great detail” (p.
130). As failure has yet to be theorized deeply in engineering education research,
particularly at the elementary level, a case study approach seemed best suited to
closely consider how elementary students engage in and cope with repetitive
failure during design tasks.
In the three studies of this dissertation, the entire wind tunnel design task,
a 45-60 minute activity, was chosen for the case, as it was deemed to be short
enough to examine in detail while still containing many design cycles. However,
the different studies included different numbers of participants in the case; the
scope of participants was aligned with the specific research questions in each
study, as will be described below.
Creating units of analysis - Because I am interested in testing and failure,
my first step in analyzing each case was to identify the tests and failures of each
group in each study. Details about how tests and failures were determined are
given in each paper, as the definitions changed in part due to what video data was
available for the camp and workshop. In both the camp and workshop wind tunnel
tasks and the water transport task, I focus solely on tests conducted at the testing
stations. Additionally, I define ‘success’ and ‘failure’ in those tests according to
the criteria set by the facilitators, and defer to the facilitators’ stated evaluations of
the test results during the tasks in the few times students and facilitators expressed
differing interpretations of the test result. These are purely methodological
decisions, which were in large part chosen to make comparisons across groups
and tasks possible. Certainly, students conduct what I would consider tests of their
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constructions away from the official testing stations and likely have their own
(explicit or implicit) evaluations of success and failure. For example, Chapter 4
describes how Marco and Vincenzo tossed their design into the air in an initial
test before discussing how that attempt did not replicate the testing set up
accurately. The choice to focus on tests at the testing stations is a limitation of the
current studies; future work can and should focus on tests that occur away from
the testing station and how students understand these activities, including whether
they consider them ‘tests’ at all. Additionally, it is critically important to consider
how students view and interpret the test results when considering their responses,
which I discuss in more detail in Chapter 7.
As described below, parsing the data by tests, which is not an approach
found in the literature but is logical here given my focus on failure, allowed me to
interpret the discourse with respect to the tests and failures of each group and of
the entire workshop.

3.6.2

Discourse analysis
To gain deeper insight into students’ interactions and experiences, I drew

on qualitative discourse analysis techniques (Erickson, 1992; Wells, 2000) to
analyze the video data, including both verbal and non-verbal data (such as
gestures and facial expressions; Gee, 2005). Discourse analysis tools and methods
are based on a theory of “language-in-use” or “language-in-action”, which
recognizes many functions of language beyond exchanging information, such as
to make certain things significant, to enact activities, to take on identities, to
negotiate relationships, and to build connections between things (Gee, 2005).
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Further, conceiving of discourse as “language in use,” a speech act or utterance
can only be understood through its relationship to the wider context in which it
appears (Jaworski & Coupland, 1999). But the relationship between language and
context is not unidirectional; as Gee (2005) concisely states, language is reflexive
in that “language simultaneously reflects reality…and constructs it to be a certain
way” (p. 97).
To demonstrate how I applied these theories of the multiple functions of
speech and the reflexivity property of language, I will present an example of a
piece of discourse from Chapter 6, the third empirical study. Here, a student
approaches the testing station with their design construction and preemptively
tells the facilitator, “I’m gonna try this, I bet it’s gonna fail”; this statement must
be interpreted in terms of the current context of the workshop, while it
simultaneously acts to create that context. In this single statement, it can be
argued this student is simultaneously (a) stating a prediction for the result of the
physical test of his construction (“I bet it’s gonna fail”), (b) protecting himself
from potential failure in the test (as failure may seem less upsetting it if was
expected), and (c) making a bid to the facilitator (and other students within
hearing range) to allow this sort of testing, where failure is expected (heretofore,
even though there had been many failed tests, it could be presumed that every
object was tested with some expectation that it may succeed). To construct this
analysis, it is important to know that at the time this statement was verbalized,
there had been a few successful tests but the vast majority of tests had resulted in
failure and that a few students had previously expressed doubts about their
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designs but for the most part students did not verbally predict success or failure
prior to testing. Drawing on discourse analysis tools allowed me to uncover the
multiple functions in speech acts such as this, and to use these interpretations to
construct understandings of how students were coping with failure, responding to
failed tests, and revising their ideas while engaging in iteration.
More than verbal language
It is always preferable to include paraverbal and nonverbal cues, such as
gestures and interactions with materials, as aspects of data in addition to verbal
speech (Gee, 2005). Including students’ actions and manipulations of materials as
data may be particularly relevant in design contexts (Jordan & McDaniel, 2014),
where “thinking and acting are inextricably intertwined” (Roth, 1996, p. 146).
Likewise, I agree with Roth (1996) that in designing, artifacts are the goal of the
activities and also function to structure the activities. Therefore, as much as
possible, I attended to the physical artifacts the students created alongside their
discourse and actions.
As an example of how nonverbal cues and artifact history may affect the
interpretation of discourse data, we can consider another single phrase discussed
in Chapter 6, which is loudly uttered by a student named Julian as he approaches
the testing station: “Can I see if this fails?” Looking at this phrase alone, it seems
reasonable to associate this question with other students’ phrases such as, “I bet
it’s gonna fail” or “I have no idea this would work,” which, as described above,
seem to be used to mean something like “I’m just testing things out in a nonserious way.” But other relevant information is not encoded in that single phrase,
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including the design history: the artifact Julian intends to test is the only artifact
that has had a successful test thus far (and thus Julian is the only student with a
successful test), and the artifact was unintentionally altered since that successful
test when air leaked from the balloon. Additionally, the video shows that as he
asks this question, Julian is approaching the testing station with his artifact raised
while speaking at an uncharacteristically loud volume. With this additional data, a
more fitting interpretation of this piece of discourse may be that Julian is using the
question to maintain his position as the thus-far only successful tester, in the
likely event that his unintentionally deflated design now fails the test.
Trustworthiness
As language is inherently ambiguous, discourse analysis is necessarily
interpretive (Jaworski & Coupland, 1999). Therefore, while traditional tests for
objectivity through statistical generalizability are inappropriate for qualitative
case studies, other measures are used to ensure what Lincoln and Guba (1985)
term “trustworthiness,” “the assurance that research findings...did not merely arise
in the researcher’s imagination” (Case & Light, 2011, p. 188). To increase the
validity of my interpretations of the discourse in the videos, all excerpts focused
on in these papers were co-viewed by different groups of education researchers
(Gee, 2005), and analyses were interrogated until agreement was achieved, or, in
cases where agreement could not be reached, the multiple interpretations are
provided with the analysis. As described in detail within the study, in the second
study (Chapter 5), which includes coding of the discourse data, independent raters
coded a portion of the data and a formal interrater reliability was calculated.
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3.6.3

Foci of the three studies
Because each paper looks at failure through a different perspective, each

paper also uses a somewhat different approach to structure the data and analysis.
The first paper is a case study of two boys working on a single task; focusing on a
single group over a single task allowed me to conduct an in-depth investigation
into their entire design process. The second paper looks across groups and time to
investigate trends across the entire workshop during a single design task. In this
paper, I describe a coding scheme developed from the data to capture how the
causal factors students attended to while designing changed over time. This
second paper also includes a short excerpt from a different task, the water
transport task, as a contrasting case (Merriam, 1998). The final paper considers
how students and facilitators co-constructed productive testing norms, and thus
focuses on students’ and facilitators’ discourse and backgrounds the design
artifacts.
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Chapter 4. Physical testing and failure
in an elementary engineering camp
4.1 Abstract
Testing and iterating on designs is a fundamental feature of the discipline
of engineering. These tests often result in failure; within the professional world,
engineers interpret this failure as feedback about their designs and alter their
designs accordingly. At the elementary classroom level, where failure often takes
the form of design constructions failing a physical test, it is unclear what to expect
from students, as little research has looked closely at iteration in engineering with
children.
This motivates the question: How do elementary students engage in
failure-prone physical testing cycles in engineering design tasks? To answer this
question, I analyze a case study of a pair of fourth grade students, focusing on
how they evaluate failed tests and what they change in their design construction in
preparation for the next test. I found that these students do see testing as a source
of feedback and make intentional changes to their design construction in response
to the test results. These findings imply that students are able to productively
engage in iteration and see failure-as-feedback with minimal externally-imposed
structure. These results have both pedagogical implications, in terms of how to
create and facilitate design tasks, and methodological implications, namely the
particular insights afforded by a case study approach for analyzing design tasks.
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4.2 Introduction
Testing and iterating on designs is a fundamental feature of the discipline
of engineering. Failure is an integral part of the iteration cycle in the engineering
design process; designs often fail, that is, do not meet all criteria and constraints,
and a central disciplinary practice in engineering is interpreting this failure as
feedback about the current design to inform design changes. As engineering is
increasingly integrated into the elementary school classroom, it is critical to
understand how students respond to this inevitable failure. One way to begin such
an investigation is to look at what happens currently in classrooms.
Engineering design has become increasingly present at the K-12 level over
the last few decades, spurred by multiple objectives, including: to help in learning
concepts other than engineering (Kanter, 2010), to increase awareness of
engineering as a career path, and to improve mathematics and science learning
(American Society for Engineering Education, 1987; National Academy of
Engineering [NAE], 2005). With engineering design explicitly included in the
Next Generation Science Standards (NGSS Lead States, 2013), this trend is likely
to accelerate. Despite this trend, there is a notable lack of basic research on how
students engage with engineering design, especially at the elementary level
(Brophy, Klein, Portsmore, & Rogers, 2008; NAE and National Research Council
[NRC], 2009).
When engineering is included in elementary classrooms, it is often in the
form of design tasks (Brophy et al., 2008; Cunningham, Knight, Carlsen, & Kelly,
2007; Douglas, Iverson, & Kalyandurg, 2004) in which students design, construct,
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and test an object to fulfill a specific function. Like all design problems, design
tasks “set a goal, some constraints within which the goal must be achieved, and
some criteria by which a successful solution might be recognized” (Cross, 2000,
p. 13). A common feature of many elementary classroom engineering design tasks
is the use of a physical test to evaluate groups’ design constructions9 (e.g., NAE
and NRC, 2009). The design constructions often initially fail the physical test;
that is, they do not meet the design criteria. Even though this failure is quite
common, there is little literature that directly addresses what students do in this
situation.
This motivates the question: How do elementary students engage in
failure-prone physical testing cycles in engineering design tasks? To explore this,
I investigated a pair of fourth grade students who engaged in a short design task
and experienced repeated failure during the activity. While conducting the case
study analysis, I attended to how they evaluated each physical test (each one was
a failure) and to how they decided what to change in their design. This analysis
uncovered two main aspects of their engagement: the pair see testing as a source
of feedback on their design construction, and they make intentional changes to
their design construction in response to the test results. These results have
implications for how engineering design lessons are devised and structured: if

9

Following Wendell (2013), I will use the term “design constructions” to refer to the physical
objects that students create during an engineering design task. Wendell built on descriptions by
Dym (1994) and Roth (1996) to arrive at a definition of design constructions as “tangible, threedimensional artifacts that result from some kind of engineering design process and that are created
by children to perform specific functions or solve specific problems” (Wendell, 2013, p. 190).
These constructions are typically rough functional prototypes that can be subjected to a physical
test to evaluate whether they meet the requirements of the design problem (Benenson, 2001).
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students can productively engage in the testing and revision process on their own,
then they may not require additional teacher-imposed structure.

4.2.1

Engineering at the elementary level: A classroom view
In elementary school classrooms, engineering tasks are implemented with

various objectives in mind, including improved performance in mathematics or
science (e.g., Apedoe, Reynolds, Ellefson, & Schunn, 2008; Silk, Schunn, &
Strand-Cary, 2009) and increasing the number and diversity of students interested
in engineering (NAE and NRC, 2009). Even so, classroom observations,
descriptions from published research (e.g., Sadler, Coyle, & Schwartz, 2000), as
well as curricula descriptions (e.g., Engineering is Elementary [Hester &
Cunningham, 2007], Learning by Design [Kolodner et al., 2003], and others [see
NAE and NRC, 2009]), reveal that the overarching organization of classroom
design tasks are generally quite similar.
In these classrooms, a teacher presents students with a pre-determined
problem and charges them with solving it by designing and creating a functional
engineering solution. Very often, teachers also dictate the criteria and constraints
of the problem and the physical test(s) used to evaluate student solutions10.
Typically, pairs or teams of students then work together to plan and construct
their designs from available materials. The groups of students then test their
design constructions, and if time allows, iterate to improve their design. In this
way, the classrooms loosely follow an engineering design process, with the

10

Some classrooms are beginning to include students in this process, e.g., McCormick & Hynes,
2012.
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teacher often performing the initial steps of problem and test definition (e.g., Dym
& Little, 2004; French, 1985; Pahl & Beitz, 1996; Ulrich & Eppinger, 2008).
An example of a common engineering design task that follows this pattern
is the egg-drop challenge (e.g., Egg Drop Competition, 2015), where students are
tasked with creating an object out of craft materials that will allow an egg to
survive a large fall. In this task, students build a container to hold and protect the
egg; common designs use padding, suspend the egg with rubber bands, and/or
attach parachutes to the container holding the egg. For the physical test, the object
holding the egg is dropped from a large height and after it hits the ground the egg
is checked for cracks. As may be anticipated, many initial designs (and often the
next iterations, if students are given time to iterate) do not pass the physical test—
the eggs break when they hit the ground. There is a lack of literature investigating
how students handle this failure—what do students do in this situation?
Like in the egg drop task, failure is likely to occur in classrooms, given
how engineering design tasks are often enacted. As I will review below, this is not
necessarily unwelcome—failure is a fundamental part of engineering. And while
there is currently not much literature focusing on failure with young learners in
engineering education, research in other disciplines suggests that failure and
struggle may actually contribute to learning.

4.2.2

Failure in engineering and STEM education
Engineering involves failure, both in finished products and during design.

I take “failure” to mean that the design, design construction, prototype, or final
product does not meet some intended design criteria under intended constraints.
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For finished engineering products, failure could thus range from unsatisfied users
(e.g., a smartphone not meeting expectations), to an inefficient but still functional
design (e.g., poor intersection signal timing causing traffic jams), all the way to
catastrophic physical failure (e.g., a bridge collapse). It goes without saying that
engineers work diligently to limit failures at the finished product stage; while
these failures are inevitable and inform future design work, they are never
intended (Petroski, 1992). On the other hand, failure during the design process,
which can be described as failure-as-feedback (Lottero-Perdue & Parry, 2014), is
necessary—this kind of failure informs engineers that their design needs
improvement and hopefully gives insight into how to improve the design.
Importantly, failures during the design process are not mistakes; rather, they are a
feature of working on complex problems incorporating many parts with
“interrelationships…[that] can be difficult to analyze and predict” (Brophy et al.,
2008, p. 371). For practicing engineers, failure during the design stage could
range from a computer simulation showing excessive beam deflection, a focus
group finding bugs in software, a concrete sample that crushes before the weight
limit is reached, or, when a design involves a prototype, a physical failure during
a physical test.
In their “Framework for Quality K-12 Engineering Education,” Moore et
al. (2014) include “Test and Evaluate” as a key indicator and a defining process in
engineering. They describe the test and evaluate indicator as such:
Once a prototype or model is created it must be tested. This likely
involves generating testable hypotheses or questions and designing
experiments to evaluate them. Students may conduct experiments
and collect data (and/or be provided with data) to analyze
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graphically, numerically, or tabularly. The data should be used to
evaluate the prototype or solution, to identify strengths and
weakness of the solution, and to use this feedback in redesign.
Because of the iterative nature of design, students should be
encouraged to consider all aspects of a design process multiple
times in order to improve the solution or product until it meets the
design criteria. (p. 5)
As described above, “improv[ing] a solution or product until it meets the
design criteria” likely entails encountering failure of a design construction—it is
often this failure that demonstrates a design does not meet the criteria, which
prompts redesign. The Framework and the state and national standards it is
aligned with are grounded in theories of learning that suggest students should
engage in authentic disciplinary practices. Indeed, failure could prompt students
to revise and build on their ideas about why their designs are working or not
(Kolodner et al., 2003). However, failure can only be productively implemented
in classroom tasks if educators know what to look for in failure and how to
support it. Identifying how students engage with failure in elementary classrooms
can inform teaching and the design of curriculum.
At the K-12 level, and particularly in elementary classrooms, the
engineering that is practiced is typically closest to civil or mechanical
engineering, where the artifacts are products or scale models of infrastructure, as
opposed to, for example, processes or materials. Thus, when students are
experiencing failure during design it is similar to a physical failure of a prototype.
Thus, from here on I will limit the discussion to that kind of designing and testing.
For example, students may design bridges and test them by loading them with
weights—the bridge breaking apart or collapsing before the goal weight is
reached would be a physical failure.
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For this kind of designing (creating physical products or infrastructure,
rather than processes), practicing engineers create and test models of their
designs. Initial “models” may include mathematical models, then later digital
models, and finally, sometimes, physical models (possibly prototypes, at full scale
or model scale)11. Practicing engineers create and test these constructions, then
iterate using the previous test results as feedback. Inspired by this professional
model, many K-12 engineering tasks have been structured with the assumption
that students will naturally follow these same steps: create design constructions,
test them, and iterate on their designs using feedback from the test results.
However, many engineering education researchers are becoming concerned that
this assumption is not warranted with novice designers, and that students need
considerable support to iterate effectively.
Based on their meta-literature review, Crismond and Adams (2012)
concluded that, overall, the test and redesign process is difficult and unnatural for
beginning designers. They claim that novice designers tend to evaluate a
prototype’s performances “uncritically, in a coarse-grained, undifferentiated, and
unfocused way,” leading to ineffective troubleshooting and possibly resulting in
over-valuing flawed prototypes (p. 767), although specific studies that led to these
findings are not referenced. These beginner designer patterns are described in
contrast to those of informed designers, who “focus attention on problematic areas
and subsystems when troubleshooting devices” (p. 749). Similarly, Sadler, Coyle,

11

Of course, professionals must consider many other criteria and constraints that that are not
physically testable, like cost, materials, and usability. Proxies for these other kinds of criteria are
sometimes included in K-12 engineering.
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and Schwartz (2000) found that elementary students have difficulty evaluating
feedback from tests, particularly in distinguishing between experimental error and
legitimate feedback on their designs.
Undergraduate students have also been characterized as idea fixated, that
is, they do not explore the entire design space (Crismond & Adams, 2012; Cross,
2000; Douglas, Koro-Ljungberg, McNeill, Malcolm, & Therriault, 2012;
Newstetter & McCracken, 2001). The concern is that this could be problematic
for redesign after failed tests; if students are idea fixated, they may be unwilling
or unable to deviate from their initial plan to use feedback from the test to create
an improved design construction. On the other hand, others have noted that
experts do not typically consider and choose between a wide range of design
alternatives either (Atman et al., 2007; Cross, 2004).
Aligned with these conclusions that students have difficulty handling
testing and failure independently, some researchers have suggested approaches to
avoid or limit the failure students experience. Some advocate starting with a
working prototype and improving it (Crismond & Adams, 2012; Kolodner et al.,
2003; Sadler et al., 2000; Schauble, Klopfer, & Raghavan, 1990), effectively
avoiding failure, at least initially. In another approach, many published curricula
feature a substantial amount of scaffolding in the form of, for example,
standardized fill-in worksheets, pre-determined and limited building materials,
and employing a strict step-by-step process with all students on the same step at
the same time (e.g., Cunningham, 2009; Kolodner et al., 2003; Project Lead the
Way, 2014). Indeed, the National Academy of Engineering report on K-12
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Engineering Education, based on its investigation of literature and curricula,
cautions: “Although it may be tempting to allow students to direct their modeling
themselves, the successful interventions reviewed here highlight the importance
of the teacher providing explicit guidance and developing activities for
investigating and negotiating contested claims” (NAE and NRC, 2009, p. 142).
Concern with allowing students to fail is also shared by many teachers,
although they come to it from a different perspective. Lottero-Perdue and Parry
(2014) found that a majority of teachers had an overall negative connotation of
failure and that teachers were inclined to scaffold to avoid failure. However, many
of these teachers associated failure with mistakes or saw failure as a personal trait,
which is not consistent with the engineering view of failure as an “essential
feedback mechanism” (p. 3).
Findings, such as those above describing the ineffective practices of
beginning designers, often change depending on the methods used and the
interpretations applied in engineering education research. Much of the work
identifying potential engineering problem areas for students has relied on
simplistic criteria, which may obscure students’ productive beginning resources in
these activities. Recent research by Watkins, Spencer, and Hammer (2014) on
problem framing found that using an in-depth qualitative approach led to different
conclusions, namely that students “demonstrate greater abilities than suggested by
previous research” (p. 11). Thus, different research methods can lead to very
different conclusions and recommendations, as the choice of research method
impacts what data is collected and accessible.
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In addition to the differences in conclusions stemming from different
research approaches, how the data is interpreted also naturally plays a substantial
role in characterizing design abilities. For example, Schauble, Klopfer, and
Raghavan (1991) found that elementary students run confounded tests, in
agreement with others (e.g., Crismond & Adams, 2012; Kuhn, Black, Keselman,
& Kaplan, 2000; Sadler et al., 2000), but, they still concluded that an engineering
model of experimentation was more natural for children than a science model. In
their view, because engineering is goal driven, knowing the effect of every
variable is unnecessary, and thus changing multiple variables with each test was
deemed appropriate for the practical goal of the engineering approach.
Fundamentally, when the focus is on differences between students and experts,
students tend to be characterized as deficient. In contrast, in studies that look
closely at young students’ productive beginnings and describe students without
comparing their approaches to adults’, a more positive view emerges and
students’ actions are seen as reasonable and productive.
Another reason this topic warrants further research despite the findings
previously reported is the existence of a substantial body of literature in science
and mathematics education that has found it productive to allow students to
struggle on their own without much structure. In their canonical paper on
preparation for future learning, Bransford and Schwartz (1999) contend that “[a]n
important way that learners interact with their environments is by creating
situations that allow them to ‘bump up against the world’ in order to test their
thinking” (p. 82). Subjecting design constructions to a physical test that often
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results in failure is a clear way of allowing students to “bump up against the
world” and test out their ideas. The thinking that students are testing in the test
and redesign process is likely both content and process related: they are testing
their ideas about how the world works and their engineering design process ideas.
Research in physics education has found that students were more likely to learn a
physics principle when they reached an impasse than when instructors interceded
before an impasse was reached (Van Lehn, Siler, Murray, Yamauchi, & Baggett,
2003). Kapur and colleagues (Kapur, 2008; Kapur & Bielaczyc, 2012) found that
students who were allowed to struggle with complex, ill-structured mathematics
and science problems without support structures later outperformed the students
taught with a direct instruction approach. This body of work advocates for
allowing students to struggle with new problems without initial scaffolding.
However, none of these investigations considered physical failure, such as that
encountered during an engineering design task.

4.2.3

Research questions and contributions of the current study
There are few detailed descriptions in published literature considering how

young students interpret failure in engineering design tasks, leaving the questions
of how young students handle physical failure and how much scaffolding they
require unsettled. Do students use ineffective approaches to testing and redesign
that require teachers to employ didactic methods and scaffolding worksheets, as
suggested by much of the engineering education literature? Does failure lead
students to productively revise and refine their ideas about a phenomenon, as
suggested by some of the mathematics and science education literature? Do
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students think failure during a physical test reflects their failure as an individual,
rather than failure of their design, as teachers are concerned about?
If students are to be engaging in authentic engineering disciplinary
practices, then they need to be engaging in testing and iteration and getting
experience with interpreting failure as feedback about their designs. And if
students are going to be engaging in these activities, then it is crucial for
educators to know how to support them. The first step toward the goal of helping
teachers to recognize, notice, and encourage productive engineering practice is to
determine what children do “naturally” in these situations. Toward this end, in
this study I focused on a pair of fourth grade students designing, creating, testing,
and iterating design constructions with little adult intervention to investigate what
elementary students are capable of with physical testing and failure. The guiding
question in this work is: How do fourth grade students engage in failure-prone
physical testing cycles in engineering design tasks? This broader question can be
split into two related research questions:
RQ1) How do students evaluate and use the results of previous test(s)?
RQ2) What do students do in response to testing failures?

4.3 The study
4.3.1

Context of the study
The data for this analysis comes from a week-long engineering design

summer camp for upper elementary students held at a university engineering
education center. The summer camp was run as part of the Novel Engineering
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(NE) project12, a research and professional development project that seeks to
improve STEM education at the elementary level by using classroom literature as
the context for engineering problems.

4.3.2

Participants
Participants were recruited by an email sent to a listserv of parents who

had previously expressed interest in this type of out-of-school engineering design
program. A total of 16 students, entering fourth to sixth graders, attended the
camp; some students had previously attended similar camps and workshops and a
few students knew each other outside of camp. The cost of the camp was $75 to
offset the cost of materials (a comparable camp would cost about 5 times more).
The camp facilitators, researchers affiliated with the NE project, included
undergraduate engineering students, graduate education students, and university
staff familiar with engineering outreach activities.
While information on socioeconomic status and race was not collected for
the camp, the listserv of parents who receive information about these types of
opportunities typically features persons of a higher socioeconomic background
and who are predominantly white. This is representative of the area immediately
surrounding Tufts University. Many students who attend these design programs
have personal connections to Tufts, such as a parent who is a professor at the
university.

12

This project is funded by the National Science Foundation DRK-12 program, grant #DRL1020243.
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4.3.3

Task design
This paper focuses on a single design task from the first day of the camp.

The activity was conceived to investigate the effect of having students
purposefully select limited building materials in advance of a design task, as a
potential way to reduce opportunistic building approaches by students13. It was
also intended as a short ice-breaker task appropriate for the first day when
students were still getting to know each other. Just before the task, students were
given time to explore materials in preparation for a “mystery” design task. During
this exploration phase, groups were encouraged to drop materials into a tube set
over a fan (a “wind tunnel”), put materials in bins of water, and to investigate
what materials were good for joining and for strength. Working in pairs and
groups of three (for a total of six teams), students noted their observations on
sticky notes (e.g., “Tape floats in water”) and attached them to posters for public
use. Then, the students were presented with two design task options; all but one
group opted to do a boat task involving floating objects in water. The other
offered task, which is the focus of this paper, is the wind tunnel task. The
concurrent tasks lasted about 45 minutes (including 15 minutes of introduction
and final testing time).
The goal of the wind tunnel task is to create an object out of craft
materials that will hover in a plastic tube set above a vertically-oriented fan for

13

Anecdotal classroom evidence and feedback from teachers shows that students use certain
materials, such as balloons, for novelty reasons, rather than purposely choosing the best materials
from a design standpoint. Researchers were thus investigating different approaches to reduce this
behavior while still allowing students adequate agency in the design process.
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about three seconds without flying out the top or falling to the bottom (Figure
4-1).

Figure 4-1: The test setup for the wind tunnel task, consisting of a clear plastic
tube set atop an upwards-facing fan. The plastic tube is 14 inches in diameter and
40 inches tall. In the schematic on the right, the middle design is passing the test,
while the two red balloon designs are failing.
For both tasks, students were instructed to choose three craft materials to
use for their design construction before beginning to build, based on what they
learned during the earlier exploration activity. The pair attempting the wind tunnel
task chose aluminum foil, wooden popsicle sticks, and masking tape (other
options included straws, balloons, cardboard, plastic wrap, and duct tape). They
were allowed to use only these three materials, but they were permitted as much
of these materials as they desired.

4.3.4

Data selection
As mentioned above, only one pair of students opted to attempt the wind

tunnel task14. This is the main reason this data was selected for a case study:

14

One other pair briefly worked on this task, but quickly switched to the other task. One other
student, working independently from her team, tested a design in the wind tunnel at the beginning
of the task.
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because they were the only group trying this task, they had nearly exclusive
access to the testing station, which made it much easier to follow their design
trajectory. The other major reason for choosing to focus on this group is that the
two boys, Marco and Vincenzo, both entering fourth graders, are cousins and very
close to each other. As a result, even on the first day of camp, when many
members of other groups were still shy with their partners, Marco and Vincenzo
freely conversed and were comfortable enough with each other to disagree and
debate design decisions. As a result, their relationship might more closely mirror
the kind of relationship between close friends in a classroom setting, who may be
used to working together over several years in school. Also, their relatively
constant talk offered a window into their thinking about the design and testing.
It is unknown how much prior experience Marco and Vincenzo had with
engineering tasks, although their off-topic talk indicates that they are Lego
enthusiasts and had expected the camp to be more Lego-focused.

4.3.5

Data analysis
As a reminder, the guiding question in this work is: How do fourth grade

students engage in failure-prone physical testing cycles in engineering design
tasks?, and I answered this question by attending to two aspects of their design
cycle decision making: how they evaluate and make use of previous test(s) and
what they do in response to testing failures.
To investigate how young students engage in physical testing cycles
during engineering design tasks I used an in-depth case study approach. Case
studies are relevant to answering “‘how’ or ‘why’ some social phenomenon
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works” (Yin, 2013, p. 4). Employing a case study approach allows researchers to
focus on and closely examine the discussions and actions of a single group over
the course of an entire design task. Privileging depth (concentrating on a single or
few cases) over breadth (looking at a larger number of cases) provides the space
to deeply consider student thinking on a moment-by-moment basis (Flyvberg,
2006).
The entire wind tunnel design task, a 45-minute activity, was chosen as the
case, as it was deemed to be short enough to examine in detail while still
containing many design cycles. To prepare Marco and Vincenzo’s case for study,
I first transcribed the video data.
The second step involved dividing the transcript into building and testing
time sections, to facilitate answering the two research questions above. Testing
time sections were defined as periods of time when either or both students moved
with the design construction from their table, where they were building, to the
testing station and tested their design construction. Each time they went to
conduct a test and then came back to their table without making any changes to
their design construction was considered a single test; sometimes they dropped
the design construction into the fan twice during the same test period, but both
attempts always gave the same result, so they were considered a single test.
Unfortunately, there was no microphone at the testing station, and the fan was
quite loud, so there is only video and no audio during testing time sections. Any
time students were not at the testing station was considered a building time
section.
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Once the building and testing segments were identified, I examined the
video to collect pictures of the current state of each design construction
immediately prior to each test. The testing video was then analyzed to determine
the result of each testing period and the building video and pictures of each design
were analyzed to determine the changes in the design that occurred between each
test. To give an overall picture of the design task, I summarized the result of each
test and the changes made to the design construction during each building
segment. This basic overview is presented in Table 4-1 below.
In less than 30 minutes of build and testing time, Marco and Vincenzo
conducted seven tests of their design constructions, making changes or
completely rebuilding after each test (Table 4-1). Their design construction failed
the test in every attempt until the final, public test, or test eight. As the goal of the
design task is for the design construction to hover within the plastic tube, a design
construction can fail the test in two ways: by flying out of the top of the tube
(“flies up”) or by dropping to the bottom of the tube and landing on the fan cage
(“falls”) (see the ‘Result’ column in Table 4-1).
Table 4-1: Overview of test results and responses

Test

Object

1
[6:00]
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Result

Change to object following
test

Flies
up

Add 4 popsicle sticks
(taped to foil)

2
[8:45]

Falls

Add additional set of foil
wings

3
[12:00]

Falls

Start over

4
[15:30]

Falls

Continue building; add foil
wings (Note: Just popsicle
sticks taped together—did
not really expect to work,
see discussion below)

5
[21:00]

Flies
up

Add 6 popsicle sticks

6
[24:30]

Falls

Add tin foil “patch”
(mentioned starting over
again, but not enough time)

7
[26:30]

Falls

Add extra set of foil wings

8
[28:45]
(done
building)

Success

For the seven tests the pair conducted while building, all of which were
failures, twice their design construction failed by flying out of the top of the tube
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(test 1 and test 5) and during the other five tests the design construction fell to the
bottom of the tube. Both times after their object flew out of the top, the pair
altered the design construction by taping on additional popsicle sticks. In response
to four of the five tests that resulted in the object falling to the bottom (tests 2, 4,
6, and 7), the pair added foil onto their object. The remaining response (to test 3)
was to discard their current design construction and build a new object.
Because I am interested in how Marco and Vincenzo engaged in failureprone physical testing cycles, I was particularly attuned to their responses to each
test. Therefore, after constructing the summary of the task (Table 1), I closely
examined each building segment with the research questions in mind, that is, how
they evaluated the preceding test and the changes they made to their design. To
accomplish this, I drew on tools from discourse analysis (Gee, 2005) to analyze
the video data, including both verbal and non-verbal data as evidence. By looking
closely at their interactions, including their conversations, constructions, and
responses to tests, I was able to explore their design decisions and to gain insight
into how they were engaging in the physical testing cycles.
As mentioned above, while analyzing the data, I attended to: (1) how
Marco and Vincenzo evaluate and use the previous test and (2) the changes they
make to the design construction. For RQ1, I looked for references (explicit or
implicit) to previous tests. For example, if Vincenzo said, “Too light, too light” as
he left the testing station; I would interpret this as a direct reference to the fly-outthe-top failure in the previous test (which may or may not refer to the actual mass
or weight of the object). For RQ2, I looked at the physical changes they made to
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the design construction and their discussions about those changes, including the
scale of changes (a small addition vs. a complete redesign), whether they
considered alternatives, whether they “undid” old changes, and whether they
seemed confident in their decisions.

4.4 Results
For this case study approach, I present the response to each test in turn and
provide excerpts of transcript for analysis. To make it easier to follow the design
process of these boys, the data are presented chronologically, rather than
organized thematically. The data is divided into segments beginning with one test
and ending just before the next test, describing what took place during their
building time at their table. This first section describes what occurred as Marco
and Vincenzo were creating their first design, prior to the first test.

4.4.1

Before test 1: The initial design
Prior to test 1, Marco and Vincenzo create their initial design construction

without too much disagreement. They cut out two foil squares and connect them
together with popsicle sticks in between. They then tape popsicle sticks across the
squares (perpendicular to the other center popsicle sticks) to “stabilize it.” Marco
decides to add two popsicle sticks to the bottom in a V-shape and then tapes a
triangle of foil between those popsicle sticks (Figure 4-2).
After they add those V-angled popsicle sticks, Marco expresses concern
that they are adding too much tape:
Marco:

Dude, I think we're putting a little too much tape on this.
Because, like, remember—
71

Vincenzo: Tape floats! Tape floats.
Marco:
But it'll also add more weight.
Vincenzo’s declaration of “Tape floats!” is likely referring to a discovery
the pair made during the materials testing activity before the design task began.
There is no video of this activity, but one of the post-it notes Marco and Vincenzo
recorded about tape was: “Tape can fly on a fan,” which I take to mean they
tested a piece of tape over the fan and found that it either hovered or flew up.
Thus, at the beginning of this design task before they have tested their first design,
Marco and Vincenzo are referencing tests they conducted before the actual task
started.
They then question whether they should add anything else and both
answer uncertainly (“I dunno”); they make no other changes. Marco tosses the
design construction into the air at their table, and it quickly drops back to the
table, which seems to surprise Marco:
Marco:
What?
Vincenzo: Well there's gonna be a big fan pushing on it [picks up the
design construction and demonstrates air pushing up on the
bottom of it].
Marco:
Oh yeah. Let’s test this guy.
Vincenzo’s response reminds Marco that throwing the design construction
in the air is not the same as the actual test, because in the actual test there is “a big
fan pushing on it.” At this point they get up and bring their design construction
(Figure 4-2) to the testing station.
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4.4.2

Test 1: The first failure response

Test 1
Test 1 result: Flies out top
Response:

Add 4 popsicle sticks

Figure 4-2: Schematic of design construction prior to test 1.
When Marco and Vincenzo test their first design construction (Figure 4-2)
over the fan, it fails, flying out the top. In response, Marco and Vincenzo
immediately decide to add more weight. While leaving the testing station, Marco
declares “We have to put some more popsicle sticks and make it—add more
weight” and Vincenzo agrees: “More weight? OK.” They then debate where to
add the extra popsicle sticks, and end up adding four in an “X” pattern on the foil
wings of their design (Figure 4-3).
Thus far, the pair has engaged in an entire design cycle: they planned,
created, and tested a design construction, evaluated the test result, and changed
the design based on that evaluation.

4.4.3

Test 2: The first falling response

Test 2
Previous test: Flew up; added 4 popsicle sticks
Test 2 result: Fall to bottom
Response:

Add extra foil wings

Figure 4-3: Schematic of design construction prior to test 2. The purple, orange,
and two green popsicle sticks (forming an “X”) were added during the previous
build period.

73

In test 2, the altered design construction (Figure 4-3) clings to the side of
the tube, then falls to the bottom of the tube. Because the design construction does
not fly out of the top of the tube in the second test as happened in the first test,
one can conclude that adding popsicle sticks (the response to test 1) was effective
at solving that specific problem. As he collects the construction from the bottom
of the tube, Marco comments, “Too much weight [pause] this happened before,”
and when they return to their table Marco states his plan: “We have to make more
wings, like, we’re gonna make more tin foil wings. Quick quick make squares.”
Vincenzo doesn’t reply directly to these comments, and they begin looking for the
materials to make more squares. It is unclear what Marco is referring to when he
says, “this happened before,” because the first test flew out the top. It could be
that he is referencing the activity before the design task began when the students
were given free rein to test out materials in the fan, or the time Marco tested the
first design construction at the table not over the fan. It does appear that he is
referring to something in their shared history, considering that Vincenzo does not
question or debate the phrase.
The pair then adds another layer of two wings above the original wings,
with the new wings bent upwards such that from the end looking down the length
of the center popsicle sticks, the wings form an ‘X’ shape (Figure 4-4).
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4.4.4

Test 3: Starting over

Test 3
Previous test: Fell to bottom; added extra foil wings
Test 3 result: Fall to bottom
Response:

Rip up design and start over

Figure 4-4: Schematic of design construction prior to test 3; the top, darker layer
of foil wings is new. [Note: there is a gap between the two wing layers that is
difficult to see in this plan view.]
The design construction (Figure 4-4) fails in test 3 when it sticks to the
side of the tube near the bottom and then falls to the bottom again, the same way
it failed in test 2. In response, Marco and Vincenzo return to their seats and
silently contemplate their object for a few seconds. Then Marco states, “OK, then
I know exactly what to [most likely “do”; he does not finish the thought]” and
begins tearing off the foil, which surprises Vincenzo:
Vincenzo: What are you doing, dude?
Marco:
Let’s start over it’s too big. Take off the materials and [unclear:
possibly ‘rip it’ or ‘wreck it’]. The chopsticks are the only
thing that [likely means popsicle sticks; does not finish phrase].
Vincenzo: OK, we need a new idea.
Marco:
You mean more like the hang glider idea?
Vincenzo: It’s a good idea [likely the “hang glider idea”] you think we
should change it or keep it? [Likely means change/keep the
“hang glider idea.”]
Marco:
Keep it. Like this time [pause] I know what we’re gonna do [12
second pause]. Should we do foil?
Vincenzo: Huh?
Marco:
Should we do the foil one? [pause] Nah. That one’s gonna be
even harder.
Vincenzo: Yeah.
It may seem surprising that Marco and Vincenzo are willing to tear apart
their object and begin again after only three (failed) tests. Vincenzo was certainly
surprised at first (and sounded a bit annoyed, possibly because Marco began
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tearing it up without checking with him first), but he quickly calmed down when
Marco responded (or he at least accepted it quickly, since once it was ripped their
only option was to start again).
There are many possible reasons why Marco felt the need to rip up the
design construction and start again. Marco states that “it’s too big”, but it is not
clear what he means by this, as the design construction still easily fit in the plastic
tube, which was the only size restriction for the task. Marco may have used “too
big” meaning too heavy, as if once the object was too large and heavy it was no
longer possible to get it to hover. It could have been that Marco felt it was too
difficult to alter the design construction they had, a reasonable concern as it would
have been difficult to remove all of the tape without destroying the object. It is
interesting that Marco wrecked the design construction after it had failed twice in
the same way (by falling)—perhaps he could only think of one response to that
type of failure (adding foil wings), and when that response did not work, he
thought there was no way to make that type of design construction work and it
would be better to start again. It is also possible that Marco was worried about the
imposed time constraint and thought it would be faster to build something new
than to fix what they had. Because they do not discuss the reasons for starting
over (other than the cryptic “it’s too big”), it is impossible to know Marco’s full
justification. Regardless, it is noteworthy that Marco decides not to invest more
time and energy into that design construction, and that Vincenzo so readily goes
along with him.
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After they decide to start again, the pair discusses what they should do for
their next plan. If we look ahead to the object they end up with after test 4, it is
perhaps surprising that their new design construction (in tests 5–8) is so similar to
the original design construction (in tests 1–3)—both have popsicle sticks in the
center with foil “wings” on either side. However, we see in their dialogue above
that they do consider at least one other option, “the foil one” (although there is
little explanation as to what that option entails), but decide that it would be “even
harder.” This is evidence that they at least discuss other designs, even if they do
not attempt to build them. Considering that they felt they were under time
pressure, it makes sense that they might stick to ideas which they think are easier
to build, rather than attempt riskier designs.
Marco then tapes together a row of popsicle sticks (Figure 4-5) without
any more explicit talk about what the new design is going to be. As he adds more
tape and they discuss ripping versus cutting tape from the roll, Marco suddenly
questions: “Wait, does this hover?,” and gets up to go to the testing station. At the
station before he tests, Marco tells Vincenzo, who has a doubtful expression on
his face, “If this hovers I’ll just be like” in an excited fashion. Both of these
comments imply that Marco thinks it would be exciting if the popsicle sticks
could hover, but that it is not to be expected, and thus he has to justify the test to
Vincenzo. It thus seems that test 4 is different from the other tests, as it appears
that Marco and Vincenzo did not actually expect the design construction at this
point to pass the test. The comments show that it was more of a test of
opportunity.
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4.4.5

Test 4: An opportunistic test

Test 4
Previous test: Fell to bottom; ripped up
Test 4 result: Fall to bottom
Response:

Add foil wings

Figure 4-5: Schematic of design construction prior to test 4.
Test 4 was a very quick test, it took about 20 seconds to get up from the
table, test the popsicle sticks (Figure 4-5)—which dropped straight to the
bottom—and return to the table. They do not seem surprised and simply continue
building, by agreeing to add wings:
Marco:
Now we just put wings.
Vincenzo: Yeah, now we just put wings.
They do not seem upset about having to add wings and begin singing and
whistling while building. The way they continue working is further evidence that
test 4 was more of an unexpected interruption to their building than a test of
whether their design construction would work. The test station was described to
the students as a place for testing out design constructions or pieces of design
constructions in order to gain information to iterate and improve their design
constructions. It is noteworthy that Marco also saw the test station as providing an
opportunity to try out ideas that he did not necessarily expect to work.
Once the wings are added, the next design construction is ready to test
(Figure 4-6).
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4.4.6

Test 5: “Didn’t you see that thing fly?”

Test 5
Previous test: Fell to bottom; added wings
Test 5 result: Fly out the top
Response:

Add 6 popsicle sticks

Figure 4-6: Schematic of design construction prior to test 5.
After they add wings, Marco and Vincenzo test the new design
construction (Figure 4-6), and it sticks to the side of the tube and then flies out of
the top. The only other time the design flies out of the top of the tube was during
test 1. As they catch the design, Vincenzo remarks: “Too light, too light” and
Marco agrees: “Put more weight on it.” They agree to add popsicle sticks, which
was the same reaction they had to test 1. Since that response worked after test 1,
in the sense that the object no longer had the problem of flying out of the top, it is
reasonable that they employ that option again. However, they disagree on how
many popsicle sticks are needed to fix their design. As Marco attempts to tape a
pile of popsicle sticks to the middle of their design, Vincenzo tries to pull the tape
away:
Vincenzo: Now don’t put too many. No no no I don’t think you should do
that [trying to grab tape away]. (Figure 4-7, left panel.)
Marco:
We’ll just put a mountain of tape. Put more right [pointing]
stack stack. Dude we need a lot more tape. [Vincenzo tries to
cut tape, Marco moves his hand away.] Didn't you see that
thing [the design construction] fly? (Figure 4-7, right panel.)

79

Figure 4-7: After test 5, Marco [red shirt] attempts to add many more popsicle
sticks, Vincenzo [black shirt] disagrees and tries to pull them off (left panel), and
Marco appeals to the previous test result and moves Vincenzo’s hand away as
Vincenzo tries to cut less tape (right panel).
In this exchange, Marco appeals to the preceding test as evidence to
support his proposal to add more popsicle sticks: “Didn’t you see that thing fly?”
While they never explicitly discuss what occurs during each test, all of their
design changes seem to be in direct response to the test results, and this comment
reflects that shared understanding. After a bit more work, the same disagreement
arises again when Marco wants to tape on an additional “pack” of popsicle sticks:
Marco:
Vincenzo:
Marco:
Vincenzo:
Marco:
Vincenzo:

Tape that on.
Wait, dude, let’s just test it with that first.
Two packs.
No, dude, just test it.
Yeah, we’re going to test it.
Test it and THEN if it’s too light we’ll put this [the “pack” of
popsicle sticks] on.

Here, Vincenzo is still trying to stop Marco from adding more to their
design construction, but instead of trying to convince Marco with an argument or
physically prevent him from adding on (as in Figure 4-7),Vincenzo instead makes
a bid to test the design. It takes him three verbal attempts, but Vincenzo does
convince Marco to test before adding more popsicle sticks. Vincenzo wants the
test to serve as the arbiter for their dispute, and it is hard for Marco to argue with
Vincenzo’s logic of testing first, given their unlimited access to the testing station,
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how little time testing takes, and the fact that the test does not adversely affect
their design construction (as it may in other design tasks, e.g., when testing
bridges with weights, where a bridge may break if it fails). Through this
exchange, Vincenzo convinces Marco to test the new design (Figure 4-8) with
only one “pack” of six popsicle sticks.

4.4.7

Test 6: A new foil response—a tin foil patch

Test 6
Previous test: Flew up; added popsicle sticks
Test 6 result: Fall to bottom
Response:

Add tin foil patch

Figure 4-8: Schematic of design construction prior to test 6.
After the design construction falls in test 6 (it flew up in test 5), Marco
immediately makes a bid for more foil:
Marco:
Dude, put more tin foil on.
Vincenzo: No.
Marco:
We’re not wrecking this because we don’t have time to make
a—
Vincenzo: —Well let’s put a tin foil patch on the bottom.
Marco:
Yup. Patch tin foil on bottom. Interesting.
Here again Marco immediately wants to add foil, while Vincenzo is
initially resistant. However, when Marco responds “We’re not wrecking this
because we don’t have time to make a—”, and we can assume he was about to say
something like “new one,” Vincenzo then puts forth a new option: to “put a tin
foil patch on the bottom,” which Marco agrees to go along with.
One interpretation of this exchange is that Vincenzo hesitates to “put more
tin foil on” because he remembers that adding the foil wings earlier (before test 3)
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did not stop the object from falling again in that test. Thus, this hesitation on
Vincenzo’s part could be seen as evidence that they are using the results of earlier
tests to inform current design decisions. (Vincenzo also may be beginning to
doubt Marco’s ideas in general, since it was Marco who wanted to add more
wings after test 2, who wanted to test just the popsicle sticks in test 4, and who
wanted to add even more popsicle sticks after test 5, and none of these
suggestions panned out.)
However, when Marco eliminates the other response they tried before—
starting over—Vincenzo may then feel trapped by the time limit to find a
relatively quick fix. It is not clear where the idea for the tin foil patch comes from,
but it makes sense that Vincenzo would not want to add wings, because that did
not work earlier, after test 2. There is no evidence Vincenzo recalls each test they
have conducted and the result, but it is likely Vincenzo recalls adding foil as a test
response, and it is also quite likely that he remembers that every test thus far has
failed, so it is reasonable to believe that he remembers adding foil has not been
successful.
After they have taped on the foil patch they are almost ready to test the
new iteration of the design construction (Figure 4-9):
Marco:
Think it’s good?
Vincenzo: Not yet, one more thing of tape.
Marco:
If it’s too light we got the patch [holding the popsicle sticks he
made before test 6].
Marco’s comment here about the popsicle sticks he taped together before
test 6 (“If it’s too light we got the patch”), may imply that Marco feels confident
that the added tin foil patch will at least stop the object from falling to the bottom,
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and could even have too much of an effect, so that it may now be too light.
Alternatively, Marco may just be commenting that in the case of a fly-out-the-top
failure, they already have a solution constructed. However, when they test it (test
7) it falls again.

4.4.8

Test 7: Last minute extra wings

Test 7
Previous test: Fell to bottom; added foil patch
Test 7 result: Fall to bottom
Response:

Add extra pair of foil wings

Figure 4-9: Schematic of design construction prior to test 7.
As their design construction floats to the bottom, Vincenzo immediately
states:
Vincenzo: Too heavy.
Marco:
More tin foil.
Just like after test 6 (“Dude, put more tin foil on”), Marco again
immediately makes a bid for adding more tin foil. After test 2, Marco specifically
states that they should add more wings (“We have to make more wings, like,
we’re gonna make more tin foil wings”); it is therefore unclear whether Marco is
using “more tin foil” as a shorthand for saying “more tin foil wings” or whether
he thinks tin foil in any configuration would make the design construction not fall
to the bottom. Either way, even though adding foil wings did not work after test 2
and adding the foil patch after the last test (test 7) did not work, Marco still wants
to try adding more foil (in the shape of wings or something else) this time.
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A few seconds after they get back from the test the camp director gives a
one-minute warning. Marco is now taking charge of the building and mostly
ignores Vincenzo, and Vincenzo does not make any attempt to interfere with
Marco’s building. Marco flips the object over and adds another set of wings over
the original set, on either side of the patch, and bends them so they are pointing up
(Figure 4-10).
The fact that Marco and Vincenzo add wings again here, after that
response failed after test 2, could be seen as evidence that they are approaching
each test as a unique event and not chaining together the results from different
tests. On the other hand, Marco bends these wings upwards, so it is possible that
he was attempting to add a different kind of wing here than they used before.
Their next conversation can be seen as further evidence that they are recalling
previous tests.
They decide to test the newest iteration (Figure 4-10), but as Marco stands
up the camp director gives the announcement to stop building so the final tests
can begin. Marco and Vincenzo seem very concerned that they will not be able to
test their latest iteration before the final public test:
Marco:
Vincenzo:
Marco:
Vincenzo:
Marco:

[Quietly] What the hell.
I don’t know, dude, I dunno.
You think we lost?
I dunno, dude, I dunno.
Me neither.

In this exchange, Marco and Vincenzo seem very distressed and worried
(“What the hell” is a strong expression for these young boys). After test 7, they
had just failed twice in the same way (falling) and were running out of time.
When Marco then adds wings, it could be that he is doing so as a last resort and
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because there is no time to think of something else, and not because he truly
believes wings are the best option. Their nervousness about not being able to test
their final design supports this conclusion. Thus, it is still possible that they
remember that adding extra foil wings did not solve their design problem the first
time they employed that response (after test 2), but given the context in which
they are working, where they only have three materials available, are now down
to very little time, and already know how to build wings, adding more foil wings
seems reasonable, even if it did not work earlier.

4.4.9

Test 8 (Final, public test): Unexpected success

Test 8 (Final test)
Previous test: Fell to bottom; added extra wings
Test 8 result: Success
Figure 4-10: Schematic of design construction prior to the final test (test 8).
[Schematic is a front view, flying out of the page, the others were plan view.]
In the final public test, Marco and Vincenzo’s design construction
surprisingly (to them and the facilitators) passes, by hovering for three seconds.
As they return to their seats, they congratulate each other and brag to a facilitator
about how many versions they had:
Vincenzo: Dude, we’re awesome! We did both challenges! [They were
successful in both the hover challenge and a bridge challenge
that came before it.]
Facilitator: That was really cool. I love that I saw yours kinda progress and
make some changes.
Marco:
Yeah, we made like—I think we made like 5, 4, 3, um like 6
[design constructions].
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It is noteworthy that Marco seems proud about how many different
versions they had to make and test to arrive at a successful design construction.

4.4.10 Summary of tests and changes
The following schematic (Figure 4-11) gives a succinct overview of the
eight tests conducted by Marco and Vincenzo and the changes the pair made to
their design construction between tests. The information in the schematic is
similar to that provided in Table 4-1, with more detail about the design changes,
based on evidence from their dialogue provided in the results above. In particular,
the schematic distinguishes between small and large-scale changes and changes
that were enacted and those that were only considered (shapes in dashed lines
show considered changes). Starting over (which occurred once and was
considered one other time) is the only change considered to be a large-scale
change.
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Figure 4-11: Schematic of all eight tests and changes to design construction.

4.5 Discussion
When professional engineers get to the point where they have an idea for a
physical design to solve a problem, they often create physical prototypes or
computer simulations to test those designs. They test and iterate on these designs
using the results of previous tests to inform the changes they make to their
subsequent designs. When students are encouraged to test their design
constructions multiple times during building, it is with the assumption that they
will gain insight into how their designs work from those tests and apply the test
results as they continue designing—that they will use the physical failures as
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feedback about their designs. Recently, researchers have become concerned that
this assumption is not warranted with novice designers, that they need more
support to effectively test and iterate on their designs. However, these studies
have not looked in detail at how young students handle the test and redesign
cycle. This study intends to help fill that gap in the literature.
Before answering the research question posed in this study: How do fourth
grade students engage in failure-prone physical testing cycles in engineering
design tasks?, I will first address whether fourth grade students are able to engage
in these testing cycles; the short answer to that question is yes. Even the most
cursory analysis of the summary of their design cycle, given in Figure 4-11(with
pictures in Table 4-1), makes it clear that Marco and Vincenzo are indeed
iterating in the most basic sense of the word: they test their design construction
and make changes to it (or create a new object) before testing again. They do not
create a new object for every test, continue to test the same design repeatedly, or
abandon the task. With this basic question answered in the affirmative, the
remaining question is: how do they engage in these cycles?
In analyzing this case study in terms of “how” they engaged, I attended to
two aspects of their design cycle decision making: how they made use of previous
test(s) and what they did in response to testing failures. Attending to those two
aspects revealed that Marco and Vincenzo (1) see testing as a source of feedback
on their design construction, and (2) make intentional changes to their design
construction in response to the test results. Below I review the evidence for these
findings, and derive both pedagogical and research implications from the results.
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4.5.1

RQ1 finding: Testing-as-feedback
A necessary but not sufficient condition for effective iteration is to see

testing as a source of feedback about a design construction. This requires an
appreciation of the need for empirical evidence about a design’s functioning and a
view of the test as a source of that evidence (e.g., Moore et al., 2014). While in
many cases there may be other non-empirical objectives in justifiable competition
with physical test results (e.g., aesthetics when designing a phone), in this task the
physical test was the sole arbiter of a successful design. Engineering requires a
way to compare a design construction against the intended criteria and constraints,
which in many cases is accomplished by an empirical test.
The first time Marco and Vincenzo demonstrate that they see a need for
empirical evidence occurs just before test 1. When Marco is satisfied with the first
iteration of the design, he throws it up in the air to try it out. At this point, they
have a design construction that, based on their intuitions about how the world
works, they think may succeed, and they recognize the need to try it. While the
need to try it out may seem obvious, and probably was obvious to them, it may
not be so for everyone—we can imagine that very young children would be
satisfied if their construction resembles something that works and not see a need
to test it. Indeed, Crismond and Adams (2012) claim that “beginning designers
run few or no tests on their design prototypes” (p. 765). When the design
construction falls back down, Marco seems surprised, saying, “What?” Vincenzo
argues that the test in the actual wind tunnel will be different: “Well there’s gonna
be a big fan pushing on it,” and Marco quickly agrees: “Oh yeah. Let’s test this
guy.” Vincenzo recognizes that the test in the wind tunnel above the fan is not
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replicated by throwing the design in the air—he demonstrates as he speaks that
there will be an upward force on the design construction from the “big fan.” Here
we see that Marco and Vincenzo both see the need to test their design, and
recognize that the test setup is critical, or at least is not equivalent to throwing the
design in the air.
Other evidence that Marco and Vincenzo see the test as a source of
feedback is found in their dispute after test 5, when they both appeal to the test to
make their cases. In test 5 the construction fails by flying up and they agree that
they need to “Put more weight on it.” As Marco tries to convince Vincenzo to add
more popsicle sticks and tape to the design construction, he exclaims in a
frustrated tone: “Didn’t you see that thing fly?” This rhetorical question clearly
demonstrates that Marco is basing his design decisions on the test results and his
phrasing shows that he expects Vincenzo to have the same understanding. Soon
after this, Vincenzo makes a bid to test the construction before making more
changes. When Marco attempts to add even more onto the design, Vincenzo
argues three times to test it first, before making more changes, with a final appeal
of: “Test it and THEN if it’s too light we’ll put this [a ‘pack’ of popsicle sticks]
on.” Instead of trying to convince Marco using verbal arguments, Vincenzo
proposes they obtain more empirical evidence, from the test.
In this building period after test 5, both students appeal to the test in
different ways to argue for opposite ends: Marco claims that the previous test
proves they need to add even more onto their construction, and Vincenzo argues
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that they should just test again before adding any more, that they can always add
more on.
Finally, further evidence that they value the test is found after Test 7,
when they are disappointed when time runs out and they cannot test their final
design prior to the final public test. This disappointment shows that they find
value in the test, and that the information they learn from the test is helpful for the
design process.
Another thing to consider is what kind of feedback Marco and Vincenzo
get from the test. At the most basic level, the test has three clear results: the object
can hover (a success), or it can fail by either flying up or falling down. After each
of the tests, Marco and Vincenzo do not explicitly state the test result, but rather
they jump straight to commenting on either an interpreted fault in the current
design (“too much weight” after test 2 or “too light, too light” after test 5), or a
change they want to make to the design (“…add more weight” after test 1 or “put
more tin foil on” after test 6). Most of these comments point to a discrete or
Boolean evaluation of the test results: either fail-up or fail-down (or pass, but that
does not occur until the final test). This type of reading of the test would not be
surprising in such a clear-cut test, especially considering how fast each test is.
However, as mentioned above, while arguing over how much tape and popsicle
sticks to add, Marco questions, “Didn’t you see that thing fly?” This rhetorical
question implies that Marco and Vincenzo are evaluating the test result as more
than just a Boolean up/down—they interpret degrees of failure.
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Of course, it is not too surprising that Marco and Vincenzo choose to test
their design construction, because the task was explicitly set up with passing the
test as the sole goal, and they were encouraged to test often. However, even with
the understanding that the goal was to pass the test, they could have viewed the
test as an exam, with a pass/fail grade, and not as a source of feedback. If students
did not see the test as a source of feedback, they might exhibit different behaviors,
such as continuing to test the same thing over and over, possibly blaming the test
for the failures (if they were convinced their design was good), they might test a
completely different design every time (if they had less faith in their
constructions), or they may disengage after a failure and stop working on the task.

4.5.2

RQ2 finding: Intentional changes based on test results
With the above result that Marco and Vincenzo saw testing as a source of

feedback on their design, the next question is how they used that feedback.
Overall, we see that Marco and Vincenzo make changes to their design
constructions in response to their interpretation of the test results. Below are the
main findings on how Marco and Vincenzo went about deciding what to change
in their design constructions.
Immediately make changes
Marco and Vincenzo immediately begin to make changes to their objects
after returning from tests. They spend very little time (at most about 30 seconds
and often less than 10 seconds) discussing what to change before they start
collecting new materials, cutting, taping, or ripping up the previous design. Also,
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all they ever do before changing the design construction is talk—they do not
demonstrate possible changes with their bodies or materials or draw ideas. Once
they begin making changes they do occasionally ask each other questions about
the alterations by demonstrating with materials.
Small and large-scale changes
Marco and Vincenzo consider and implement both small and large-scale
changes to their design constructions. The small changes include taping on more
popsicle sticks (after tests 1 and 5) or taping on more foil (after tests 2, 4, 6, and
7). The only large-scale change, after test 3, was to start over and create a new
object from new materials. Starting over was also considered after test 6, but that
option was rejected due to limited remaining time.
The large-scale change occurs after test 3, when Marco decides to destroy
their original design construction and begin again. It may seem strange that Marco
and Vincenzo are willing to tear apart their object and begin again after only three
tests. Alternatively, it could be seen as remarkable that they started over at all, as
other researchers have found this failure response to be rare: in a design task
building bridges with fifth graders, Roth (1996) found that in over 50 projects,
only one group chose to abandon their current design and begin again. Roth’s
finding is consistent with the behavior of beginning designers described by
Crismond and Adams (2012), some of whom “will not abandon their design ideas,
even after running many tests and design iterations that clearly demonstrate a
plan’s ineffectiveness” (p. 767). They attributed this trend to ineffective
diagnostic troubleshooting: because beginning designers do not actively look for
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“worrisome” patterns, they do not recognize “flawed performances,” resulting in
final designs that are “strikingly similar” (p. 767) to the initial plans. Whether or
not Marco and Vincenzo were engaging in effective diagnostic troubleshooting,
they certainly recognized their tests as “flawed performances” and Marco at least
did not hesitate to start over, even after only three failed attempts.
On the other hand, in a design task of constructing a tower out of paper,
Welch (1999) found that many students abandoned their designs and started fresh,
often multiple times in a single task. It seems reasonable that the complexity of
the task, construction difficulty, materials, and time limit greatly influence
whether students are likely to abandon a design construction and begin again.
While the literature characterizes students as idea-fixated, based in part on
how infrequently they make large-scale changes to designs (Douglas et al., 2012;
Cross, 2000; Newstetter & McCracken, 2001; Crismond & Adams, 2012), there
are certainly occasions when both small and large-scale changes are warranted, so
there should not be an automatic value judgment on the scale of the changes. It
may be more productive to focus on whether students are making reasonable
design decisions considering all of the constraints they are under.
Responding to previous test vs. chaining of tests
I also considered which test results Marco and Vincenzo took into account
when making changes to their constructions: Do they make changes solely in
response to the immediately preceding test, or do they consider the entire history
of tests? If they only attend to the previous test result, it could imply that they see
each test as a unique event, rather than as a single instance of a series of events. In
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order to effectively and efficiently create a design to solve a problem, it is critical
to be able to chain together the results from multiple earlier tests in addition to
incorporating feedback from the previous test. Some researchers have claimed
that this is difficult for novice designers to do, that they may instead approach
each test as a separate event (Crismond & Adams, 2012).
There is considerable evidence that Marco and Vincenzo attend to the
previous test when making changes to their construction. For example, in
response to test 1, an out-the-top failure, they add popsicle sticks to add weight to
their design, which then falls in test 2. It therefore may seem counterintuitive that
Marco and Vincenzo do not respond to this fall-to-bottom failure by removing
some of the popsicle sticks they added before test 2. This could be seen as
evidence that the boys are approaching each failure as a unique event and not
thinking in terms of their past design trajectory. Because they do not mention it in
their speech, it is impossible to know whether they silently considered and
rejected the idea of removing some popsicle sticks. To be sure, with the amount of
tape attaching the popsicle sticks to the foil, it may have been impossible to
remove the popsicle sticks without destroying the object. The fact that Marco and
Vincenzo only ever add and never subtract from their design may be considered
evidence that they are only thinking in terms of their previous test, or it could be
an artifact of how physically difficult it is to undo masking tape, or both.
However, the fact that it is easy to see how each change is informed by the
previous test result is not necessarily evidence that they are not also considering
earlier tests. Looking closely at their dialogue, and not just the actual design
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changes, reveals tentative evidence that Marco and Vincenzo are chaining
together earlier test results.
For example, after test 6, Marco wants to add more foil (“Dude, put more
tin foil on”), but Vincenzo resists (“No”). When Marco claims they do not have
enough time to build a new construction, Vincenzo suggests adding a tin foil
patch. It is possible that Vincenzo recalls that adding wings after test 2 did not
work—in test 3 the design construction fell again—and instead tries to find a new
solution to their falling problem. If the boys continually added wings every time
the design construction failed by falling, that could be evidence that they are
viewing each test as a unique event and trying to same solution every time. By
trying different solutions in response to failure-by-falling, the boys seem to recall
that their past attempts were unsuccessful.
Of course, they do add wings another time—after test 7, when the patch
was unsuccessful and the design construction fell again. This is the point where
they have run out of time and do not have a chance to test again before the final
test. This time Marco bends the wings until they are almost vertical; this change
in shape could be seen as an attempt to add a different kind of extra wings, which
could be evidence that he recalls that extra wings did not work the first time (after
test 2). Additionally, after they add wings this time Marco and Vincenzo seem
very nervous, which may be a sign that they have not forgotten that wings did not
work before, and that they added them only as a last resort. Certainly, if they had
full faith in the extra wings, they would not have whispered to each other, “What
the hell” (quite strong language for these young boys) and, “You think we lost?”
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This tentative evidence that Marco and Vincenzo are chaining together the
results from earlier tests is not intended as a contradiction to other studies that
have found that students struggle with this aspect of iteration. There is certainly a
need for more studies looking closely at this point before strong conclusions can
be made.
Finally, while we certainly want students to view each test as one instance
in a series of tests, and not approach each test as a singular event, it is also
important to remember that as constructions change, old findings are unlikely to
be directly applicable. This is particularly true when building with craft materials,
as opposed to a standardized building set like Legos. For example, adding extra
wings after test 2 did not stop the construction from falling again in test 3;
however, that does not automatically mean that adding extra wings would never
work—in fact, we see that the second version of the construction succeeded after
adding extra wings (with a slightly different shape) after test 7. Evaluating what
aspects of a changed design led to certain outcomes is not a simple
straightforward task with such complex design constructions. Thus, researchers
should be cautious when drawing conclusions about whether and to what extent
students are chaining together test results.

4.5.3

Note on task design
The wind tunnel task presented here differs in a number of ways from

other common design tasks: (1) the tests are very fast, making it difficult for
students and facilitators to observe what factors led to failures; (2) the design
constructions are not hurt or broken by the test (as opposed to, e.g., a weighted
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bridge task); (3) failure is exciting, especially when the design flies out the top of
the tube; and, (4) the designs are judged by whether or not they pass but not by
the degree to which they succeed (like building the tallest tower or fastest boat).
These features correspond to both benefits and drawbacks of using this task to
encourage iteration: on the negative side, per feature (1), it is more difficult to
evaluate the test if the failure occurs so fast that it is difficult to discern what
happened. On the other hand, the fact that designs are not hurt by testing may
lower the barrier to testing and make fast iterations easier, the fun failures may
make it less stressful to see a design fail, and the lack of ranking successes may
make the task less competitive as everyone can succeed equally.
Certainly, task design is critical, both for pedagogical and research goals.
Although this study was not conducted to evaluate task design, the most salient
feature of this wind tunnel task—the quick iterations—is important to discuss.
These results support the recommendation of Sadler, Coyle, and Swartz (2000) to
have design tasks with many, fast iteration cycles. In this study, the boys were
able to test their first design after about six minutes of building time, and it seems
reasonable that this short build time is part of the reason that they were not overly
disappointed with the first failure and continued building without interruption.
The many, fast iteration cycles in this task stand in contrast both to tasks that
never have students test, such as the playground design task used by Atman and
Adams (e.g., Atman et al., 2007), and tasks that have students test only once at the
end of a longer build time, like in many egg drop challenges. If students learn by
“bump[ing] up against the world” (p. 82) as articulated by Bransford and
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Schwartz (1999), then many testing cycles allow them to bump up more often.
Finally, having many iteration cycles may allow teachers or facilitators more
access into the children’s thoughts; here, the fact that Marco and Vincenzo
continued trying to add wings, despite the early failures of wings, may suggest
something about how they implicitly understand drag.

4.6 Conclusions and Implications
From an analysis of a case study of two fourth grade boys working on a
design task in an engineering design summer camp, I have provided evidence that
elementary students are able to engage in the test and redesign process. I found
that Marco and Vincenzo saw testing as a source of feedback about their design.
For example, both students appealed to the test to justify their design decisions.
When Marco questions, “Didn’t you see that thing fly?,” he invokes a shared
understanding that extreme results justify extreme changes (in this case, adding
many additional popsicle sticks). I also found that the students made intentional
changes to their design construction in response to the test results. Most of these
changes appear to be directly attributable to the immediately preceding test, but
there is tentative evidence that they are chaining together results from different
tests over the course of the design task. For example, after repeated fall-to-thebottom failures (4 out of the 6 failures at that point), a new design alteration was
put forth: to add a tin foil patch to the bottom of the construction.
Many engineering design curricula do not allow students to fully engage
with iteration, including failure. Some programs have students start with
successful designs and thus potentially avoid failure; other tasks only include a
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single, final test, not allowing iteration. Curricula that do allow students to fail
often include a substantial amount of scaffolding, under the assumption that
students cannot productively engage in failure without these supports. If taken too
far, these approaches may interfere with students’ opportunity to engage in
authentic disciplinary practices, which in engineering include testing and
evaluating test results, of which interpreting failure-as-feedback is an integral
aspect. The findings from this study show that elementary students are able to
engage in the test and redesign process on their own, including handling repetitive
failure.
These findings have both pedagogical and research implications.
Pedagogically, there is tentative evidence that repeated failure motivated a need
for new ideas. In addition, the repeated failure may provide teachers a window
into students’ ideas. In terms of research, this case study method uncovered
benefits of failure that have been difficult to ascertain using more common
approaches, which typically aggregate the work of many students and juxtapose
student performance with that of experts. Finally, this detailed description of two
students engaging in the testing and iteration cycles gives insight into how failure
in engineering differs from failure in other disciplines.
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Chapter 5. Failure and idea evolution in an
elementary engineering workshop
5.1 Abstract
In the engineering education community, failure during the design stage
has generally been promoted in an effort to engage learners in authentic
engineering practices. Rarely has failure been discussed as productive in its own
right, although research in other domains suggests that failure may be beneficial,
by encouraging students to revise and build on their ideas about why their designs
are performing as they are.
If students are indeed learning from failure, then we can expect to see
evidence of an evolution of student thinking over the course of a design task. To
investigate this conjecture, I analyze a case study of upper elementary students
working on a failure-prone engineering design task, including coding student
groups’ discourse to reveal how the design factors they attended to evolved over
the task. I found that all groups used ideas about how the world works to respond
to testing failures, and indeed, students seemed to be designing in a more
sophisticated manner, attending to multiple factors, after experiencing repetitive
failure. In contrast, in a task with near-immediate success, there was little
evidence that groups closely considered which factors led to the success of their
designs and thus there is little evidence that they built upon their initial ideas.
These findings provide empirical support for failure as a productive aspect of
engineering design tasks, providing opportunities for students to articulate and
build on their ideas. Additionally, facilitators were found to serve an essential role
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by questioning, modeling, and challenging students during the task. These results
have direct implications for engineering curriculum design and teaching practices;
in short, it is critical that students are given reasonably difficult tasks that
incorporate physical testing, are given time for multiple iteration cycles, and are
supported as they design.

5.2 Introduction
Engineering educators seek to engage learners in authentic engineering
practices, including testing and iterating on designs (National Academy of
Engineering and National Research Council [NAE and NRC], 2009). Failure is an
integral part of the iteration cycle in the engineering design process; designs often
fail, that is, do not meet all criteria and constraints, and a central disciplinary
practice in engineering is interpreting this failure as feedback on those designs
(Lottero-Perdue & Parry, 2014; Cunningham & Carlsen, 2015).
Recently, the Next Generation Science Standards (NGSS Lead States,
2013) as well as the Framework for K-12 Science Education (NRC, 2011) have
required a focus on practices, including failure analysis for elementary students.
The Framework states:
[A] common elementary school activity is to challenge students to
use tools and materials provided in class to solve a specific
challenge, such as constructing a bridge from paper and tape and
testing it until failure occurs. Children’s capabilities to design
structures can then be enhanced by having them pay attention to
points of failure and asking them to create and test redesigns of the
bridge so that it is stronger. (NRC, 2011, p. 70)
These efforts are grounded in theories of learning that suggest students
should engage in authentic disciplinary practices. However, while the engineering
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education community generally agrees that engaging in testing and iteration,
including failure, holds a great deal of potential, there is limited literature about
what failure can and should look like at the elementary level and what supports
are necessary to make failure productive in elementary classrooms. In addition,
teachers are hesitant to allow their students to fail or to even use the word failure
in their classrooms (Lottero-Perdue & Parry, 2014).
Clarifying what engineering should look like for young students is
especially important considering that engineering has become increasingly present
at the K-12 level over the last few decades. With engineering design explicitly
included in the Next Generation Science Standards (NGSS Lead States, 2013),
this trend is likely to accelerate. Despite the increased presence and awareness of
engineering, there is a notable lack of basic research on how students engage with
engineering design, especially at the elementary level (NAE and NRC, 2009;
Brophy, Klein, Portsmore, & Rogers, 2008). A result of this lack of research is
continued uncertainty about how best to create and facilitate engineering design
tasks and curricula for the K-12 level.
In this paper, I explore the ways learners engage in testing and iteration
while working on two engineering design tasks using discourse analysis,
including coding the discourse data. The data is drawn from a single-day
engineering design workshop where 13 upper elementary students engaged in
multiple hour-long design tasks, with clear objectives, constraints, and tests to
determine success. In the wind tunnel task, students experienced repetitive failure,
and only found success after many failed tests. In the water transport task, the
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students experienced ready success—many groups’ first attempts were successful.
The vast differences seen in these tasks raises the questions: How do the design
factors students attend to evolve over the course of a failure-prone engineering
design task? And, what differences are seen between tasks with repetitive failure
and tasks with ready success? I conclude with a discussion of implications for
future research, classroom instruction, and features of design tasks and curricula.

5.3 Background
This work is informed by constructivist and constructionist theories of
learning, emphasizing building on learners’ prior understandings and experiences
of the world (Piaget, 1952; Smith, diSessa, & Roschelle, 1994) through
construction of public physical artifacts (Papert, 1980) as productive ways to
engage learners in disciplinary practices and build conceptual knowledge. I seek
to do this by providing students with challenging and engaging engineering
design tasks and supporting them during their designing.
Toward this goal, I am exploring what happens when students engage in
engineering design tasks that feature repetitive failure, and how this differs from
their engagement in tasks with ready success. I define failure as occurring when a
design, design construction, prototype, or final product fails to meet some
intended design criteria under specified constraints. This definition is aligned with
descriptions in current policy documents and others in the engineering education
community (e.g., Lottero-Perdue & Parry, 2014; Moore, Glancy, Tank, et al.,
2014). By this definition, failure can be found at all stages of design—from
drawings, to design constructions (if they fail a physical test), to finished
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products. It goes without saying that engineers work diligently to limit failures at
the finished product stage; while these failures are inevitable and inform future
design work, they are never intended (Petroski, 1992). On the other hand, failure
during the design process, which can be described as failure-as-feedback (LotteroPerdue & Parry, 2014), is necessary—this kind of failure informs engineers that
their design needs improvement and hopefully gives insight into how to improve
the design.
Although failure-as-feedback is often promoted by the engineering
education community (Cunningham, 2016; Moore et al., 2014), there is limited
knowledge about how elementary students respond to failure and as a result,
uncertainty about how it should be approached at this level. This research
provides empirical data that begins to unpack what we can expect from failure at
the elementary level and what supports are necessary to make failure productive
in elementary classrooms. To inform this analysis, I draw from literature on
problem solving from outside engineering that finds failure to be beneficial and
perhaps even essential for learning, and then describe how failure has been treated
in the engineering education community.

5.3.1

Failure in other domains
While many instructional approaches encourage leading students through

successful problem solving (Tawfik, Rong, & Choi, 2015), a body of literature
rooted in constructivist theories of learning has promoted allowing learners to
struggle on their own with difficult problems without much structure. What I refer
to as failure in this engineering context is similar to the failure that Karmiloff-
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Smith and Inhelder (1974) describe for young children in a balancing task, that
Kapur (2008) describes in mathematics and science problem solving contexts,
and what other researchers have referred to as: perturbations (Piaget, 1977),
impasses (Van Lehn, Siler, Murray, Yamauchi, & Baggett, 2003), unexpected
findings (Dunbar, 2000); script deviations (Schank, 1999), errors (Bransford &
Schwartz, 1999; Gartmeier, Bauer, Gruber, & Heid, 2010), inventions (Schwartz
& Martin, 2004), and micro-failure (Tawfik et al., 2015).
The benefits of failure have been theorized for decades, with empirical
support reported for a range of ages and content. Karmiloff-Smith and Inhelder
(1974) found that as young children struggled with a balancing task they
developed “theories-in-action” that they then tested and refined as they continued
engaging with the task. Research in physics education has found that students
were more likely to learn a physics principle when they reached an impasse than
when instructors interceded before an impasse was reached (Van Lehn et al.,
2003). Kapur and colleagues (Kapur, 2008; Kapur & Bielaczyc, 2012) found that
grade 7 and 11 students who were allowed to struggle with complex, ill-structured
problems in mathematics and science without support structures later
outperformed students taught with a direct instruction approach.
Much of this research sees failure as an essential learning experience that
affords students “an opportunity to refine their knowledge and understanding of
the phenomenon” (Tawfik et al., 2015, p. 990). The literature argues that failure
should be welcomed as it: (a) encourages students to generate ideas and
consolidate solutions (Kapur, 2008), (b) activates prior knowledge differentiation
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and allows students to critically assess their current knowledge (Bransford &
Schwartz, 1999; Kapur, 2011), (c) can set the stage for noticing critical features of
a solution (Bransford & Schwartz, 1999), (d) provides an impetus for prediction
and causal reasoning (Schank, 1982; Gartmeier et al., 2010), (e) helps students
resolve misconceptions (Gartmeier et al., 2010), and (f) makes it easier to retrieve
experiences for future problem solving (Kapur, 2010; Schank, 1999; Gartmeier,
Bauer, Gruber, & Heid, 2008; Bransford & Schwartz, 1999). Tawfik and
colleagues (2015) argue based on the prior research that failure “generates an
additional inquiry process at the point of failure that may not exist during
successful experience” (p. 977) and they posit that this inquiry process leads to
improved conceptual understanding of a phenomenon.
Based on these conceptualizations and findings, researchers have
recommended designing learning environments to intentionally induce failure
(Schank, 1999; Gartmeier et al., 2010; Van Lehn et al., 2003; Kapur, 2011;
Tawfik et al., 2015). In their canonical paper on preparation for future learning,
Bransford and Schwartz (1999) contend that “[a]n important way that learners
interact with their environments is by creating situations that allow them to ‘bump
up against the world’ in order to test their thinking” (p. 82). Strategically
employing failure within instructional design (Tawfik et al., 2015) is one way to
allow students to “bump up against the world” and test out their ideas. While
allowing students to struggle may initially appear inefficient, as it takes up class
time and students likely do not recreate canonical solutions, this inefficiency is
only in the short term, as including this initial failure period has longer term

113

advantages (Schwartz & Martin, 2004; Kapur, 2008; Bransford & Schwartz,
1999).
Most of these researchers suggest delaying support for learners until after
failure has occurred and been recognized, and after learners have grappled with
the failure (Kapur 2008; Van Lehn et al., 2003; Bransford & Schwartz, 1999). For
example, to allow students time to struggle and fail with a problem, teachers may
delay “feedback and explanations, coherence in texts, or direct instruction”
(Kapur, 2008, p. 381). In contrast to typical lessons, when designing for failure,
one would plan to engage in sustained inquiry after failure is encountered (Tawfik
et al., 2015).
While these researchers who have studied failure in different situations
share much in common theoretically, as detailed above, whether and how failure
is recognized and understood by different actors differs in these studies. While in
studies on ‘negative knowledge’ in workplaces, the participants themselves recall
errors they have made (Gartmeier, 2010), in many mathematics and science
problem solving scenarios, failure is determined by the teacher or researcher, by
grading solutions and seeing how close they are to the target solution (Van Lehn
et al., 2003; Kapur & Bielaczyc, 2012, Barron, 2003). Thus, it is not clear that
students are aware that they “failed” when teachers or researchers would identify
an occasion as such. Researchers need to take care not to imply that all actors will
interpret failure events in the same way; what a teacher or researcher might
consider a failure the student might not, and the converse also holds. As many
researchers have highlighted the necessity of learners’ noticing and identifying an
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experience as a failure as a first step in learning from that failure (Kapur, 2008;
Lottero-Perdue & Parry, 2015; Van Lehn et al., 2003; Tawfik et al., 2015), it is
important to attend to whether the learner recognizes their attempt as a failure or
not.

5.3.2

Failure in engineering education
When practicing engineers design small physical products (the kind of

designing most similar to many tasks given to elementary students), they create
and test models of their designs. These “models” may include mathematical
models, digital models, and sometimes, physical models (possibly prototypes15 or
physical scale models). Practicing engineers create and test these constructions,
then use the previous test results as feedback to iterate and improve their design
(Cross, 2000). In this way, interpreting failure (in the broad sense of not
acceptably meeting all criteria) as feedback about designs is an essential aspect of
engineering. In an effort to engage students with authentic engineering practices,
many K-12 engineering tasks have been structured with the assumption that
students will naturally follow these same steps: create design constructions, test
them, and iterate on their designs using feedback from the test results. However,
many engineering education researchers are now becoming concerned that this

15

Definitions of “prototype” vary. I use “prototype” to refer to a functional, testable, at-scale
solution or part of a solution to a design problem, which is not intended as the final product. I only
use prototype when referencing engineering in general or the work of practicing engineers, and
reserve design construction or artifact for students’ creations, because most artifacts created by
students are intended to operate within a classroom environment, and thus do not fit neatly into the
general definition of prototype.
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assumption is not warranted with novice designers, and that students need
considerable support to iterate effectively.
Based on their meta-literature review, Crismond and Adams (2012)
concluded that, overall, the test and redesign process is difficult and unintuitive
for young and inexperienced designers. They found that novice designers tended
to evaluate a prototype’s performances “uncritically, in a coarse-grained,
undifferentiated, and unfocused way,” leading to ineffective troubleshooting and
possibly resulting in over-valuing flawed prototypes (p. 767). Sadler, Coyle, and
Schwartz (2000) found that elementary students have difficulty evaluating
feedback from tests; in particular, students were likely to interpret experimental
error as legitimate feedback on their designs.
Aligned with these conclusions that students have difficulty handling
testing and failure independently, some researchers have suggested approaches to
avoid or limit the failure students experience. Some advocate starting with a
working prototype and improving it (Kolodner et al., 2003; Sadler et al., 2000;
Crismond & Adams, 2012), effectively avoiding failure, at least initially. In
another approach, many published curricula feature a substantial amount of
scaffolding, including task-specific fill-in worksheets and prescribed experiments
(e.g., Engineering is Elementary, Cunningham, 2009; Learning by Design,
Kolodner et al., 2003; Project Lead the Way, 2014). Indeed, the National
Academy of Engineering report on K-12 Engineering Education, based on its
investigation of literature and curricula, warns: “Although it may be tempting to
allow students to direct their modeling themselves, the successful interventions
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reviewed here highlight the importance of the teacher providing explicit guidance
and developing activities for investigating and negotiating contested claims”
(NAE and NRC, 2009, p. 142).
The concern with allowing students to fail is also shared by many
teachers, although they come to it from a different perspective. Lottero-Perdue
and Parry (2014) found that a majority of teachers had an overall negative
connotation of failure and that teachers were inclined to scaffold to avoid failure.
However, many of these teachers associated failure with mistakes or saw failure
as a personal trait, which is not consistent with the engineering view of failure as
an “essential feedback mechanism” (p. 3).

5.4 Research questions and contributions of the current study
The literature on failure from other domains reviewed above suggests that
failure during physical tests in engineering tasks would provide students with
feedback about their designs and the ideas that gave rise to those designs, leading
to refinement of their understanding of the phenomenon (e.g., Tawfik et al.,
2015). This supports my conjecture that engaging in failure-prone physical testing
cycles provides opportunities for students to view the engineering design task and
their design constructions more carefully, possibly prompting students to revise
and build upon their initial ideas. In contrast, when success comes immediately,
there is little need to closely consider what aspects of a design led to its success. It
also suggests that students may require supports—such as facilitation practices—
to productively engage in design iteration.
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However, still little is known about how learners might respond to
repetitive failure during design tasks, or how to support them in doing so. Very
little research has looked directly at how students engage in testing and iteration,
especially at the elementary level. Allowing students to freely test designs and
encounter failure is not without risks. Students may interpret failure during testing
as a personal failure, rather than a failure of a physical object for a physical reason
(Lottero-Perdue & Parry, 2014; Sadler et al., 2000). Even if they do attend to
more design factors after experiencing failure, they may not recognize how these
factors interact, or that multiple factors may be valid at the same time. Or,
students may identify factors that are unlikely to have any effect on their design or
a given design task, or incorrectly attribute variations due to experimental error to
changes they made to their designs (Sadler et al., 2000; Crismond & Adams,
2012). Finally, a less serious but non-trivial concern may be that allowing
students to fail may result in spending more time on a task than necessary, if
leading students through successful designing is as productive for learning.
However, if failure can be productive, by prompting students to revise and build
on their ideas about why their designs are working or not (Kolodner et al., 2003),
then it is important to investigate how failure can be included in elementary
engineering tasks.
My goal is to explore the potential of engaging learners in failure-prone
engineering design tasks and to begin to identify what supports can encourage
them to persist and make progress. Specifically, I ask:
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1. In what ways did the factors used to inform designs evolve as groups
engaged in failure-prone physical testing cycles?
2. In what ways did groups’ responses to ready success differ from those
seen after repetitive failure?

5.5 Methods
The data for this study comes from a single-day engineering workshop for
upper elementary students held at a university engineering education center in the
greater Boston area.

5.5.1

Participants
Participants were recruited by emails sent to a listserv of parents who had

previously expressed interest in this type of out-of-school engineering design
program. A total of 13 students, entering fourth to sixth graders, attended the
single-day workshop; 5 of these students self-identified as girls. Admission for the
workshop prioritized students who had never or not recently attended programs at
the center. The workshop facilitators, researchers affiliated with the center,
included an undergraduate engineering student, graduate education students, and
an elementary teacher on sabbatical with the center.
While information on student socioeconomic status and race was not
collected for the workshop, the listserv of parents who receive information about
these types of opportunities typically features persons of a higher socioeconomic
background and who are predominantly white. This is representative of the area
immediately surrounding Tufts. Many students who attend these design programs
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have personal connections to Tufts, such as a parent who is a professor at the
university.

5.5.2

Design tasks
When engineering is presented in elementary classrooms, it is often in the

form of design tasks (Cunningham, Knight, Carlsen, & Kelly, 2007; Douglas,
Iverson, & Kalyandurg, 2004), in which students design, construct, and test an
object to fulfill a specific function. Like all design problems, design tasks “set a
goal, some constraints within which the goal must be achieved, and some criteria
by which a successful solution might be recognized” (Cross, 2000, p. 13). A
common feature of many elementary classroom engineering design tasks is the
use of a physical test to evaluate groups’ design constructions (e.g., NAE and
NRC, 2009). The workshop consisted of a series of design tasks to mirror what
often occurs in classrooms.
During the workshop, students worked in groups of 2 or 3 on a series of
four well-defined engineering design tasks dictated by the facilitators, each lasting
about an hour. For each task, groups created design constructions that met a set of
design criteria, as evaluated by a physical test. Data for this paper is drawn from
the second and third tasks, the wind tunnel task and the water transport task. For
each of these tasks, students were given craft materials to build with, including:
cardboard, straws, pipe cleaners, balloons, popsicle sticks, paper lollipop sticks,
aluminum foil, coffee filters, rubber bands, egg cartons, and masking tape.
The goal of the wind tunnel task is to create an object out of craft
materials that will hover in the top half of a plastic tube set above a vertically-
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oriented fan (Figure 5-1) for about ten seconds without flying out of the top or
falling to the bottom. The task was introduced verbally and reinforced with a
poster that stated: “Your Goal is: To build an object that can hover in a wind
tunnel for at least 10 seconds. Your criteria: (1) it must stay between the top 2
bands, (2) Hover for 10 seconds before losing height or flying out. (Tip: Test!
Test! Test many times)”.

Figure 5-1: The test setup for the wind tunnel task, consisting of a clear plastic
tube set atop an upwards-facing fan. The tube is 14 inches across and 40 inches
tall.
The goal of the water transport task is to create an object that can transport
an egg “passenger” across a container of water (Figure 5-2), with a fan blowing
down the length of the container, without submerging the egg. The poster for the
water transport task stated: “Your Goal is: Build an object that will float Mr. Egg
across a container of water using wind power. Your Criteria: • Holds egg but
cannot be taped down. Cannot fall out. • Must go the entire length. • Can sink a
little—but not bottom.”
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Figure 5-2: The test setup for the water transport task, consisting of a long
container of water with a fan pointing down its length (the camera taking this
picture was positioned above the fan). The container is approximately 40 inches
long.
During each task, students were free to test their designs16 as often as they
desired and were encouraged to also test individual materials. There was a final
share out at the end of each task where each group presented and publically tested
their designs; the share out was framed as a low-stakes venue to share their most
successful design and design history with other groups.

5.5.3

Data collection
All work was recorded using multiple video cameras set to capture small

group work at tables and testing at two testing stations. Pictures were taken of all
final artifacts and of any drawings that were created. Both talk and participant
artifacts were analyzed.

16

When referring to students’ solutions in a general sense, I use “designs.” When more clarity is
needed, I use “design concept” to refer to design ideas that persist over time and are manifested in
multiple iterations, and “design construction” or “artifact” to refer to a particular manifestation of
a “design concept.”
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5.5.4

Analysis
I will report on three complementary analyses of the workshop data,

conducted to address the research questions posed above. First, I paint a broad
sketch of how the factors students attended to during the failure-prone wind task
evolved over time. Second, I present a deeper analysis of these factors, providing
transcript excerpts from students building and testing to both better describe and
justify the factors focused on in the first analysis. Third, I briefly present an
example episode from the water task as a contrasting case, as this task featured
ready success.
Because I am interested in testing and failure, I first identified tests and
failures for each group. For the wind task, each time an object was released into a
wind tube by a student was counted as a single test. Most of the time, students
made changes to their design constructions between tests, often at their group
working area. However, sometimes, there were multiple tests in a single visit to
the testing station without any changes to the artifact between tests. For most of
these repeated tests, facilitators encouraged students to test again to spend more
time observing the design’s performance. Along with each test, I also noted the
test result (success or the mode of failure). Finally, I analyzed the videos to
determine, as much as possible, the changes made to designs between tests. I
tabulated every test, test result, and change to the design, but I was not
consistently able to determine from the data who desired the test (either a student
or a facilitator)17.

17

When students, without prior conversation with the facilitators, arrived at the testing station, it
was clear they desired the test. However, once a facilitator suggested the student conduct further
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Group-level coding of design factors
To explore how learners engage in failure-prone physical testing cycles, I
first sought to document how students’ design ideas evolved over the course of
the wind design task. Because I was interested in looking at the ideas mentioned
in this specific activity, I, in consultation with other researchers, derived codes
from the data itself, rather than from published literature. I used a bottom-up
verbal analysis (Chi, 1997) to identify and mark the presence of a number of ideas
concerning the designs and the interactions between the designs and the physical
test, such as weight and air flow. I operationalized student ideas as the causal
factors they attended to as they engaged in the task, as evidenced by their
discourse, supplemented with knowledge of their building actions and test results.
These causal factors, ideas about what would affect a design’s performance or test
result, were generally expressed as reasons for design features or changes to
designs, or explanations for why a design failed or passed a test. Each transcript
for each group, including both building and testing cameras, was coded by turn.
Only student turns that referred directly to a causal factor about the design or the
test were coded, about 16% of the total number of student turns18.
An initial list of four codes19 was generated from knowledge of the data.
For example, throughout the design task, groups referred to the weight of their

tests, it became less clear who desired the test, as I could not rule out that the student also desired
it. Thus, particularly as it was not critical to the analysis, I did not attempt to determine who
desired each test.
18
The other 84% of turns included design ideas that were not unambiguously linked to a factor
(“There’s metal inside [pipe cleaners] so that might be a detriment”), procedural and buildingrelated speech (“Did you test it yet?”, “Stick that here”), commentary (“Theirs looks really good”),
and off-topic talk.
19
The four codes were: aesthetics, weight, air flow, and other factors
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designs or of materials, using phrases such as “it was too heavy” or “it’s still too
light.” After noticing this pattern, turns that referred to the weight of materials or
the design as a factor that affects design performance20 were coded as “weight.”
Upon examining all six group transcripts, the coding scheme was refined to
include four codes that described the causal factors considered by multiple
groups: (1) weight, (2) size, (3) air pushing/catching air, and (4) air flow. A fifth
code, “other factors,” was also included because aside from the first four codes,
the causal factors mentioned by groups were so diverse that it was not possible to
create reasonable codes that crossed groups, but it was considered important to
capture these ideas. Turns were double-coded if multiple causal factors were
mentioned. This approach allowed me to construct a larger-scale representation of
general patterns across groups.
The appendix features a table with explanations and examples of each
code and extended examples of three of the codes (weight, air flow, and other
factors) is given in the results. At least two other educational researchers
independently coded between 22%-33% of the transcript for each group. Raw
agreement across all codes varied between 94% and 98% for different groups. All
differences were resolved through discussion and viewing the video data. The rest
of the transcripts were coded independently by the author.
Ideas, factors, and designs. What I refer to as ideas, causal factors, and
designs are related but distinct entities. While ideas are often reflected in designs,
designs include a multitude of ideas of varying scale (from the overall shape of

20

Turns that referred to weight but were not explicitly connected to performance, such as "These
are really heavy,” were not coded. More specifics on coding are provided in the appendix.
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the design to where tape is placed), many of which are not verbally expressed. For
example, in many groups’ initial designs, they taped pieces of materials around
the outside of balloons; the fact that these pieces were somewhat evenly spaced
around the balloon could indicate an idea students had about balancing the weight
around the balloons. On the other hand, the materials may have been spaced that
way for construction ease or aesthetics. Because students did not verbally express
their reasons for the material locations, these ideas were not coded as causal
factors. As in this case, due to the inherent ambiguity, ideas that were not verbally
expressed, but which could, in theory, be derived from observed design decisions,
were not included. (In contrast, researchers did use observed design changes to
interpret verbally expressed ideas.) In addition, as causal or design factors is my
term for a specific kind of idea—those ideas about what would affect a design’s
performance or test result—only some of the ideas students verbally expressed
qualified as factors. For example, Sarah wanted to wrap her group’s design in foil
to “look like a spaceship.” Because it was not clear that this idea related to the
performance of the design, rather than solely aesthetics, it was not coded as a
factor. Here, I am focusing on the factors students verbalized, rather than the
design artifacts themselves, changes to design artifacts, ideas that could be
derived from observing design artifacts, or ideas that do not unambiguously relate
to a design artifact’s performance.

5.6 Results
To address research question 1, which concerns how students engage in
failure-prone physical testing cycles, I present results from the group-level coding
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analysis of the wind task, which revealed that students began attending to
additional design factors over the course of the task. To better understand what
this pattern represents, in part 2 I present examples of common factors and closer
analyses of excerpts from the wind task that serve as examples of a few of the
codes. To address research question 2, which focuses on the difference between
tasks with ready success, in part 3 I present a contrasting case from the second
considered task, the water task, as an example of what test responses can look like
when success is readily achieved.

5.6.1

Part 1: Group-level coding of wind task design factors
Figure 5-3 presents the results of the overall coding analysis for all six

groups. Each graph shows both tests and design factors, marked at the time
elapsed during the design task. This section will describe the patterns in the
coding results and the next section will provide more details and examples about
the codes themselves.
In each of the graphs in Figure 5-3, the bottom-most series of markers
indicates when tests were conducted and the results of those tests; successes are
marked by red squares and all other tests (black dots) were failures. The other five
horizontal rows indicate when a member of the group mentioned one of the coded
factors. The bottom group, Julian and Alex, only have six coded turns; this group
was difficult to hear on the camera because they spoke very softly, answered
many facilitator questions with “I don’t know,” and spent much of the task time
off task building devices to launch pieces of paper. Even so, they had the most
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successful designs of any group (three unique design constructions, one was
tested twice).
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Figure 5-3: Results from coding tests and references to design factors. The bottom
line marks tests (red squares indicate success; black dots indicate failure); the
other lines mark speech turns coded for reference to design factors. Note that the
cameras for different groups are not synced, so times do not line up with each
other perfectly (up to 5-minute offsets are likely).
The testing markers in Figure 5-3 show that that students tested constantly
during the design task and were rarely successful. Groups tested between 29 and
87 times, with an average of about 52 tests per group. Of these 314 total tests,
only 14, or about 4%, were successes, and represent 9 unique designs (four
successful designs were tested multiple times with no changes and were
successful every time). Some tests, mostly at the beginning of the task, were tests
of single materials rather than tests of constructed designs (e.g. a test of a single
coffee filter). These tests may have been conducted to see how a material behaved
in the wind tunnel, as opposed to tests of a design’s performance. The facilitators
explicitly encouraged testing materials as a way to make the test station less
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intimidating. Students shifted to testing constructed designs very quickly—
generally after only one or two tests of materials.
In terms of design factors, this analysis revealed that initially and
consistently throughout the task, students in five of the six groups mentioned
weight as an influential factor (Julian and Alex were the exception). Then,
generally later in the task, most groups also referred to other factors, but most
groups continued to mention weight. References to air flow and “other factors”
typically occurred after many tests, the vast majority of which were failures.
This pattern is consistent with the conjecture that failure and testing
provides opportunities to analyze a phenomenon more closely, as seen by how
students began attending to more factors influencing their designs after engaging
in numerous tests and experiencing repetitive failure.

5.6.2

Part 2: Wind task analysis
Given the pattern revealed above, here I present and more deeply analyze

representative excerpts from the wind design task as both examples and
justifications of the codes shown in part 1. In particular, I describe initial
references to weight, an example of the air-flow factor informing design changes,
and an example of attending to other factors when evaluating tests.
Initial factors
As evident in the coding in Figure 5-3, weight was the most common
factor mentioned. All groups except Julian and Alex referred to weight, from the
beginning and generally throughout the task, and they continued mentioning
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weight even after they began mentioning other factors. The following excerpts
exemplify some of the ways this weight factor was articulated, as related to design
changes, test results, and giving advice. Each of these turns were coded as
“weight” factors to create Figure 5-3.
Students mentioned weight as informing and justifying changes to a
design. Designs often were classified as too heavy or too light and materials were
added or removed in response:
Aeden:

We had to cut this in half so we’re putting tin foil on top of that
for weight.

Vincenzo: Well, I added more tin foil ‘cause it was too heavy.
Abby:

…and then the balloon and tin foil sort of makes it really really
light so I added a popsicle stick, to make it like a little heavier.

Students also often invoked weight to explain test results, as in this exchange with
a facilitator (facilitators are designated by first initial and an asterisk):
R*:
Sarah:

Okay, why do you think it sunk?
Umm, probably the weight of the tin foil.

Finally, weight was also invoked in giving advice to fellow students:
Abby:
Add a popsicle stick to yours if it was too light.
Some students articulated why weight is important, including the role of
the fan, as in this exchange between the workshop leader and two girls in the
same group:
L*:

So why do you think weight is even important in
this activity?

Cecelia:

Because if it's too light it'll just like, make it go
[motioning upwards], it'll like the wind will just
push it very easily.

L*:
Ruth:

It'll fly out.
Too light too high, too heavy too low.
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Weight,
Air pushing
Weight

Here, Cecelia explains that if the design is too light it will fly out the top,
because “the wind will just push it very easily.” This line was coded for both
weight (“if it’s too light”) and air pushing (“the wind will just push it”). Cecelia
seems to recognize that, at a basic level, to succeed in the task they need to
balance the upward pushing from the wind (a drag force, although the students do
not use that language) and a downward force from the weight of the object.
It is unsurprising that weight is the first and most common factor
mentioned by the students. Weight is an intuitive factor, in part because it is easy
to judge with proprioceptive feedback. Weight is certainly a critical aspect of this
design task, and in certain designs, like those built around balloons, weight may
be the only factor students need to consider. In fact, a few groups were successful
with their initial design concepts (after many iterations) after explicitly referring
only to weight. Finally, the facilitators were supportive of weight explanations,
which would likely reinforce weight as an important factor to consider.
It should be noted that when students use words that refer to weight, such
as “weight,” “light,” and “heavy,” they may not be referring to weight in a
canonical sense (the product of mass and acceleration due to gravity). Different
students may also be using the same words to mean different things. For example,
when a student returned to their building table after a test and reported “It’s too
light” to their partner, they may have been using the language of weight to report,
“The object flew out of the top of the tube” (a result which is, of course, related in
part to the artifact’s weight). As other students and facilitators did not push for
clarification on these terms, it is not possible to determine what each student
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meant in each case, but there is no evidence that students who used words
referencing weight were not attending to an artifact’s actual weight or something
closely tied to weight.
After some design time, many groups expressed surprise and often
frustration when adjusting the weight of their designs did not result in the
expected outcome. For example, in this excerpt Abby approaches the testing
station and describes the change she made to her design to the facilitator:
Abby:
K*:
Abby:
K*:
Abby:

I added another popsicle stick
You added another popsicle stick.
Two popsicle sticks.
Two?
[Tests design, flies out the top] And it's still too light!

Here, Abby is surprised (and from her tone of voice, frustrated) that after adding
two additional popsicle sticks her design still flies out the top.
While weight is important, and while it may be possible for some designs
to succeed while only attending to weight, weight is certainly not the only factor
at play in this design task. For example, stability is also crucially important—
many students create flat designs that hover until they become unstable and rotate
and fall to the bottom (no students referred to stability as a factor). The frustration
students experience after many failed tests while attending solely to weight may
prompt students to consider other factors.
Later patterns
As shown in the coding analysis (Figure 5-3), all groups mentioned factors
other than weight during the design task. For many groups, these factors were
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mentioned after many failures and after they had attended to weight for some
time.
Here I give two examples of these later factors. In this first example,
Regan describes making “slits” in his design, which provides an example of the
“air flow” factor in Figure 5-3. In the second example, Cecelia attends to multiple
factors during the same testing period, some of which are examples of the “other
factors” codes in Figure 5-3.
Regan21: air flow factor
This episode, which takes place a little over 40 minutes into the design
task, provides an example of what was coded as the “air flow” factor.
Like all of the groups in this task, Regan and his partner decided to split
up and work on different designs. Regan first worked on a balloon-based design
(like many others in the workshop) and was successful after 18 tests, about 30
minutes into the task. After this success, the workshop leader challenged Regan to
create a design without a balloon. In Regan’s second design concept, which he
worked on until the end of the task, he taped a coffee filter to a small section of a
cardboard egg carton and then taped “weight,” mostly popsicle sticks and lollipop
sticks, on top of the coffee filter. After five failed tests of this design, in response
to which he adds or takes away weight (depending on whether the design flew out
or fell), he decided to “add more parachute”—he taped another coffee filter on top
of the popsicle sticks and lollipop sticks. After the design fails four more tests by

21

Because the groups split up and worked on their own designs, these pieces of transcript
generally only include one student, the one who created and tested that design.
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flying up, despite Regan’s repeated response of adding weight, Regan thinks of
another possible solution: cutting “slits.” This excerpt begins with the test and
failure immediately before Regan first cuts slits.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Regan: Don't fly away. [tests, flies out top] More weight! I added enough
weight for you thing-a-ma-bob.
Regan returns to table, seems about to add more foil
Regan: That's an idea. Where are the scissors?
Nicky: There.
Regan cuts slits in coffee filters and tapes on another lollipop
stick [Figure 5-4]. Goes to testing station.
Regan: [To K*] I slit, I made slits in the thing. To let some of the air out.
Regan releases design in tube, it hovers at the top
Regan: One, two. One, two, three, oh! [starts counting to see how long it
hovers] [it flies out the top]
K*:
I think that was a good idea though, you slit, you um, cut the
coffee filters so the wind gets out?
Regan gets design and goes back to table, still very close to K*
Regan: I put little slits
K*:
[Speaking from testing station] Maybe you could talk to Liam
about your design.
Regan cuts more slits at table, then goes back to testing station
Regan: Made tiny little slits. More slits. [tests, flies out before he can
start counting; Figure 5-4] No! More slits.
Regan goes through two more cycles of cutting slits at his table and then

testing (it continues to fail by flying out the top) until it hovers for a count of two
and falls, at which point he decides to remove weight. Through this time, he only
mentions slits in phrases like: “Let’s see if the slits work” and “More slits;” he
does not again describe how he believes the slits will function.
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Figure 5-4: Pictures of Regan cutting slits in his design, left (line 5), testing his
design, center (line 14), and an artist’s rendition of the design, right.
In this episode, we first see Regan expressing frustration that adding
weight was not effective in preventing the design construction from flying out the
top of the tube (line 1). Regan then decides to cut slits in the coffee filters of his
design. He seems to be talking to either himself, his partner, or the camera when
he says, “That’s an idea” (line 3). When he has finished altering his design and
goes to test it, he tells Kerrianne, the facilitator at the testing station, “I slit, I
made slits in the thing. To let some of the air out” (line 6). After he tests,
Kerrianne clarifies, “You slit, you um, cut the coffee filters so the wind gets out?”
and in apparent agreement, from his table Regan says, “I put little slits.” Regan
does not explain his thinking behind the slits again. From his brief description and
the fact that he is apparently cutting slits as an alternative to adding more weight,
we can reasonably conclude that Regan thinks that with slits in the coffee filters,
some of the air will flow through the slits and that this air will not be pushing up
on the design, so the design will have comparatively less air pushing up on it.
In his first, ultimately successful balloon design, Regan simply added
(with tape) and removed “weight” (small objects) from his balloon until it
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hovered in the tube for ten seconds. With that balloon design, Regan did not need
to consider the air from the fan as anything other than an upwards force on his
design that needed to be balanced with a downwards force of the artifact’s weight.
This description is not intended to imply Regan explicitly thinks of the air in this
way (he never uses words like “force” or even mentions air directly before this
transcript), but rather to point out that there is no impetus for thinking more
complexly about the air before this point. To understand why slits could be
effective, one must be able to conceive of the air as something that can be
divided—some of the air goes through the slits and some does not. This is a
different way of conceptualizing the problem and the test, since it is more than
just balancing weight. The fact that Regan cuts slits implies that he is now
thinking about more dimensions of the problem. Of course, weight is an important
dimension of this design task, and Regan does not forget about weight once he
starts thinking about air flowing through slits, as he later comes back to it. It
appears that Regan has added on the factor of air flow and now has more factors
to consider, which shows a more detailed understanding of the phenomenon.
It is not clear where Regan’s slit idea originates. The pair working on the
other side of the table from Regan spoke a few times about cutting holes in their
design to allow air to flow through them, but the video data does not indicate
whether they spoke loudly enough for Regan to have heard. Even if Regan did
choose to cut slits because he heard them talking about air flow, it is still
noteworthy that Regan is incorporating these ideas into his very different design
and attending to this additional factor of air flow. It is also possible that Regan
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added slits because he was thinking about his coffee filters as parachutes (he
refers to them as parachutes at least once) and he remembered that real parachutes
have slits in them. However, when he explains his idea to Kerrianne, he does not
say, for example, that he made slits “like in a parachute”, but rather, he states, “to
let some of the air out”. Thus, even if it is the case that he added slits from a
memory of parachutes, he describes the function of the slits as allowing some of
the air to flow through them. Therefore, regardless of the origin of his slit idea, it
seems reasonable to conclude that with adding slits, Regan is attending to an
additional dimension of the design scenario.
It is also noteworthy that Regan continues to add slits three more times
even though they do not seem immediately effective. After he first cuts slits, the
design hovers for a count of three before flying up, which is longer than it
hovered previously. But, after that the design only hovers for a maximum of a
count of two. It seems reasonable that Regan is confident that cutting slits is an
effective design decision or he would not have continued trying it. Regan is also
receiving positive feedback about the slits from Kerrianne, although the vast
majority of Kerrianne’s feedback was positive over the entire design task. His
persistence with the slits does eventually pay off—after cutting slits a total of four
times the design construction falls to the bottom, thus solving his flying-out-thetop problem.
After the design falls, Regan goes back to adding and removing weight for
the remainder of the design task (seven tests; Regan was never successful with
this second design concept). Like most groups, even after he began attending to
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different factors, like air flow, in his design, weight remained an important factor,
as it arguably should be. It is easier to perceive why weight works, it is more
intuitive to judge how much adjusting to do with weight, it is easy to add and
remove weight (whereas it is hard to undo cutting slits), and adjusting weight
worked for Regan’s first, successful design concept.
Cecelia: Other factors code
This episode, which takes place about 45 minutes into the design task,
provides an example of what was coded as “other factors.” As explained above,
the “other factors” code captures the many, diverse codes that were only
mentioned by a single group.
Cecelia is part of the only three-person group. Like all of the groups, they
decided to split up and work on separate designs, but unlike most groups they
continued actively assisting each other with building and asked for and gave each
other advice. All three of them worked on balloons designs (without success) until
about 30 minutes into the task, when Lija, the workshop leader, challenged
everyone to create designs without balloons. (This challenge was issued after a
few groups had been successful with balloons.) This prompts Cecelia to put her
balloon design aside and begin working on a new design construction. She begins
with a coffee filter, pokes a pipe cleaner through each side of the filter like a
handle, and adds popsicle sticks and foil after it fails by flying out of the top (see
Figure 5-5). She has tested this design at least six times before this excerpt22; each

22

The testing camera ran out of battery and was off line while it was replaced, so some tests may
be missing.
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test was a failure. At this point, Cecelia has been working on this design for about
15 minutes. She approaches Riley, a facilitator, at the testing station:

Figure 5-5: Picture and an artist’s rendition of Cecelia’s design artifact at the time
of this excerpt.
1
2
3
4

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

R*:
So what did you do?
Cecelia: I wrapped this because I didn't want [unclear] popsicle sticks
Cecelia tests in bowl orientation (Figure 5-5)—it very slowly
sinks, then hovers low
R*:
One, two [begins counting to 10 to see if design passes] [design
drops below middle band and hovers just above the fan]. You
really got it to float though. [2.5 second pause] This is cool.
Why, do you think?
Cecelia: I don't know.
R*:
Here, can I see it one more time?
Cecelia: Because the paper is being pushed. [Gestures with palms coming
together horizontally]
R*:
The paper is being pushed down? [Lifts up tube and Cecelia
picks up design]
Cecelia: Yeah. So I'm gonna try it like this way [Flips it upside down—
parachute orientation].
Cecelia tests upside down from line 3—parachute orientation—it
flips over
Cecelia: It just goes right back upside down [to bowl orientation]
R*:
Why do you think it goes right back upside down?
Cecelia: Because, there's space there to—[interrupted]
R*:
Count it, one, [Cecelia counts along] two, three, four, five, six,
seven, eight, nine, ten. I think that's ten.
Cecelia: Yay! [High fives Lija]
R*:
Whoa. So why do you think that's work—it's it's hovering?
Cecelia: Umm, because maybe the wind is pushing up [gesturing
upwards] on the paper [likely means the coffee filter].
R*:
The what is?
Cecelia: The wind.
R*:
[Lifts up tube and Cecelia gets design] It's pushing up on the
paper, but so why is it working now when it didn't work other
times?
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21 Cecelia: I don't know. [Holding design in hands and rotating it, looking at
it]
Maybe because I started it [holding it up—parachute orientation]
right side up and then it flipped itself over [gestures flipping—to
bowl orientation].
22 R*:
Do you want to test it one more time? I know we have a line
going but I want to see if we can figure it out.
23
Cecelia tests in parachute orientation [Figure 5-6, left]—flies out
before it goes in.
24
Cecelia tests again in bowl orientation [Figure 5-6, right]—it
hovers successfully. Both watch for a few seconds.
25 R*:
It really likes to be this way huh?
26 Cecelia: That is that [unclear] how it works, yeah.
27 R*:
What do you think is special about this way that—[picks up tube
and collects design] what's special about it that way that lets it
float?
28 Cecelia: I guess the weight on the bottom. [Holds it up to show popsicle
sticks on bottom]
29 R*:
The weight being on the bottom. Okay.

Figure 5-6: Pictures of Cecelia testing her design in parachute orientation (left,
line 23) and bowl orientation (right, line 24).
In this episode, Cecelia tests her design construction four times; two of
these tests (line 14 and line 24) are successful. Importantly, she tests it in two
orientations: what I call “parachute” orientation (Figure 5-6, left) and “bowl”
orientation (Figure 5-6, right). During the first test in this episode, in bowl
orientation, the artifact hovers for a count of two, then she tests it upside down, in
parachute orientation, and it flips itself over to bowl orientation and is successful.
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Prompted by Riley, a facilitator, to get a better idea of why it is working, she tests
it again, first in parachute orientation, and it flies out (line 23) and then finally
once more in bowl orientation where it hovers successfully again. When Cecelia
first tests an earlier version of this design (about 10 minutes before this episode),
she describes her design as “my little parachute thing,” so we can assume she
pictured it working in parachute orientation and may be surprised that it is instead
successful in bowl orientation.
While Cecelia is conducting these tests, she is encouraged by Riley, a
facilitator, to think about “why” the design is working (lines 4, 12, 16, 20) and she
alludes to multiple possibly influential factors. Cecelia mentions at least four
factors: (a) that the “paper” (likely she means the coffee filter) is being pushed by
the popsicle sticks and/or the wind (lines 7 and 17), (b) that the orientation
matters, as she tries it upside down (line 9), (c) that “it flipped itself over” (line
21), and (d) the “weight being on the bottom” (line 28). The first factor, that the
wind pushes up and the sticks push down on the coffee filter, is similar to how she
talked about earlier designs and tests; a few times when she mentioned weight it
was expressed as countering the wind pushing up (this line was coded as “air
pushing”). Riley likely recognizes this as an idea she’s already expressed and an
idea that is not specific to this situation, and he asks: “But so why is it working
now when it didn't work other times?” (line 20), which prompts her to give the
other three factors above. These factors are not given by her as a list, she
mentions each one after examining the design either while testing or in her hands,
and after being questioned by Riley. It seems from the way Cecelia pauses and
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looks carefully at the design in her hands or in the testing tube before responding
that she is thinking about what is going on and trying to think of explanations in
the moment. With the exception of the paper being pushed by the wind idea, it
seems that she did not come into this testing period considering these aspects as
factors, or at least expecting these factors to be influential, but that they only
became potentially influential factors as a result of (a) what she witnessed in the
test, (b) how she interpreted it, and (c) being asked to reason about why this
artifact performed differently than others.
In most of the preceding tests, Cecelia attends solely to weight and air
pushing (which seem to be closely linked for her) as factors. In this episode, after
experiencing many failures, she attends to additional factors. Cecelia closely
considers the design artifact and compares different tests in an attempt to
determine what might be causing success in some cases and not in others. This
seems different from earlier tests, when the failed designs were considered either
“too heavy” or “too light” and responses consisted of adding or subtracting
material that functioned solely as “weight.” Thus, even though in this episode
Cecelia does not necessarily seem certain about the factors she mentions, we do
see the beginnings of Cecelia thinking about more factors related to the task, test,
and her design, and how these factors might interact to lead to a design passing or
failing the test.
I argue that the fact Cecelia is attending to more factors serves as evidence
of a deeper understanding of the hovering phenomenon, because she is more
aware of some of the many physical factors that interact and result in a certain
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design artifact succeeding or failing the test. Like Cecelia, most of the student
groups in the workshop attended to different and multiple factors later in the wind
design task, after they had personally experienced many tests and failures and
witnessed those of others. I hypothesize that the repetitive testing and failure
(which go hand-in-hand, as students only test so many times because they are
experiencing failure) provides opportunities for students to think more deeply
about a situation and their designs, which is expressed as mentioning different and
multiple factors while designing. Here, Cecelia is encountering both failure and
success, and trying to differentiate between the two situations, including what
constitutes failure or success. The successful test is likely conducive to
considering more factors because the hovering design gives her more time to
examine the artifact during testing (failures often occur so fast is it difficult to see
what caused them). While the successful test seems critical, I also argue that the
many failures Cecelia has experienced until now have prepared her to think more
deeply about the task and the test at this point. Because she has experienced so
many failures, she may not interpret this success as the design just working, but
rather she may understand that it must be working for a reason.
Finally, the role of the facilitator, Riley, is clearly critical in this episode; it
is unlikely Cecelia would have articulated these ideas if Riley had not prompted
her. The influence of Riley should not be perceived as somehow discrediting
Cecelia’s ideas or lessening how sophisticated we perceive her designing to be,
because Riley is not telling her what he thinks is important, but rather is
encouraging her to figure out what she thinks is important. The way he models
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how to look at the test prompts her to think more carefully about the test and her
design in a more sophisticated way. Additionally, the facilitators were at the
testing stations the entire task asking similar questions and only at this point did
Cecelia mention so many factors, so her responses cannot be solely attributed to
Riley’s prompting. While the facilitators are clearly essential in helping students
progress through design tasks, their utility can be limited by the task. As
evidenced in the next data section, when success is readily achieved without much
struggle, it is hard for facilitators to push students to think carefully about the test
and designs in the way Riley does here.

5.6.3

Part 3: Water task counter-example
To clarify further how failure provides opportunities to think more deeply

about a problem, here I present data from the water task, which did not have much
failure, as a contrasting example. This task immediately followed the wind task in
the same workshop with the participants working in the same groups.
As described above, for this task the students had to create an object to
float an egg passenger down a tub of water, powered by a fan pointing down the
length of the tub. After the task was presented to students and they began
working, a facilitator saw egg carton tops left over from another task at the
materials table and handed them out to the groups. This unintended extra material
made the task much easier for the students, as the egg carton tops made ideal
hulls. As a result, groups succeeded much faster in this task and with far fewer
failures than expected.
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For this task, every time a design was placed in the water or a design was
brought back to the fan end of the tub for another attempt was counted as a test.
Counting tests for the water task is more difficult than for the wind task because
the water task criteria can be broken down into three parts: floating, travelling,
and carrying an egg. Sometimes, groups only checked to see if their design
floated but did not turn on the fan to see if it traveled to the end of the tub, and
sometimes groups tested with the fan but without the egg. Tests of this type that
did not result in sinking are considered partial tests and are counted separately, as
they did not fulfill all task criteria and thus should not be grouped with the full
successes. Any test that resulted in sinking is considered a failure, because if a
design cannot float it cannot fulfill the other criteria of the task.
Groups tested between 1 and 11 times, including partial tests (tests without
the fan and/or an egg), for a total of 44 tests among all groups. There were 29
tests that fully succeeded, 9 tests that were partial successes (either did not use the
fan or did not have an egg), and 6 failures (where the design sank or did not
move). Thus, while the success rate in the wind task was less than 4%, the success
rate for tests in this task was 83% (86% including partial successes). Only two
groups failed on their first attempt, and they both succeeded in their second test.
Some students also explicitly mentioned they found the task easy. After
their respective first tests, which were successful, Marco stated, “That was really
easy,” and Alex questioned, “What kind of challenge is that?” It seems from these
comments that after struggling with the wind task for so long, the students were
surprised to succeed so quickly in the water task.
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With these numbers and comments in mind, I now present a testing
episode from the water task to demonstrate how different the conversations
around testing were when success was readily achieved.
Sarah and Abby
Like many groups, Sarah and Abby were successful with their first design
on the first test. Their design consisted of a hull created out of an egg carton top
that they covered in foil, a sail attached to a straw mast, and a spot for the egg that
would prevent it from rolling (Figure 5-7, right). Abby and Sarah also taped
straws on the bottom of the hull with the ends taped off (Figure 5-7, left); they
focus on this aspect of their design when describing it to the facilitators.

Figure 5-7: Pictures of Sarah and Abby’s design. Close-up of the straws on the
bottom during construction, left, and the entire design during the final test, right.
The following episode is of Sarah and Abby’s first test, about 30 minutes
into the design task (it is also their only test before the final share out). When they
arrive at the testing station, they show their design to Lija (L*), the workshop
leader:
1
2
3

Abby: We put straws [pause]. Show her the bottom!
L*:
Show me the bottom? What's cool about the bottom? What did
you [do]?
Abby: We put straws and then we taped the ends.
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4

L*:

5
6
7
8
9
10
11
12

Abby:
L*:
Abby:
L*:
Abby:
L*:
Abby:
L*:

13 Sarah:
14 L*:
15 Sarah:
16 L*:
17
18
19
20
21

Abby:
L*:
Sarah:
J*:
L*:

Can you take it out for a second? [asking to take the design out of
the water]
We taped the ends.
We want the camera to see [lifts up design to show camera].
We taped the ends so it would float in water.
And then water wouldn't get inside.
Yeah, because if the water like went inside it would sink.
But why is this important to your design?
Because then it will keep it floating.
You think it will help with the floating? Almost like a catamaran
sort of has like [gestures rocking side to side with her hands out
the two hulls of a catamaran]. OK.
So it’s balanced.
OK, ready here you go. So you might want to come on this side
Abby. Are you ready?
Yup.
OK. [Turns on fan, design travels to the end and succeeds] Nice
work!
That went fast!
And did you try this without the straws?
No.
This is their first test.
This is your first test? I love that.

At this point, Abby and Sarah talk to the facilitators about how they
anchored their sail and decide to challenge themselves now that they have been
successful. However, while they discuss other ideas, they run out of time before
constructing another design, and when it is time for the final public test they use
their first design, which is the only one they tested. At the final public test, when
Lija asks them to “Tell us about your design,” Abby responds:
Abby:

Well, Sarah wanted to do like a pirate boat so we have a wheel
and then at the bottom [shows bottom] we have straws and the
ends are covered so the water doesn’t si—come into them and
so it won’t sink. And then we have our majestic sail.

In this episode, Abby excitedly shows off and discusses her straw idea,
which she believes “will keep it floating” (line 11), with Lija, the workshop
leader. Lija does not directly ask them if they believe it would work without the
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straws and they do not offer that information, although Abby does state that “if
the water like went inside it would sink” (line 9). Sarah also mentions that “it’s
balanced” (line 13) in response to Lija’s gesture of a rocking catamaran, but this
factor is not taken up and discussed by the pair after the successful test.
Like many groups in this task, Abby and Sarah were successful with their
first design on their first test. Because they were successful, the test did not
provide them with much feedback, other than that the entire design construction
worked. It is difficult to determine which aspects of a design are influential when
the whole thing works. This seems to be the case with Abby and Sarah. Both
when they are testing and when they describe their final design, Abby and Sarah
focus on the straws they taped to the bottom of their hull. The straws distinguish
their design from other groups’ (many final designs looked quite similar), so it is
reasonable that they are eager to bring it up. Every time they discuss the straws,
from the beginning of the task, to the first test with Lija, to the final description,
they explain that the straws will help the boat “float in water” and that they taped
the ends to keep out water “because if the water like went inside it would sink”
(e.g., line 9). These are reasonable and interesting ideas, and having reservoirs of
air is an effective floating mechanism in many cases. However, the air-filled
straws were not likely a necessary part of this design. At the final public test,
three other groups had nearly identical hull designs without straws and they were
all successful as well (some with additional eggs). Because Abby and Sarah were
successful from the start with this design, the effectiveness of the straws was not
challenged, and they never had any reason to doubt that this was an essential
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aspect of their design. Their immediate success meant that they did not have to
dissect their design and tease apart which features led to their design’s success;
they knew that the whole thing worked, but they are precluded from having to
discover why it worked.
In contrast to the wind task, where groups mentioned different and
multiple factors later in the task, there is no evidence that Sarah and Abby later
considered different factors related to floating. Only the few groups who had
failed tests mentioned other factors related to floating, like hull size, stability, and
weight. These groups that experienced failure, who all notably tried designs
without an egg carton hull, had the opportunity to consider what went wrong and
what needed to be altered to create a successful design. However, because the egg
carton provided a ready solution, even the groups that experienced failure with
one design quickly created (or had already created) a design using the egg carton
and did not further grapple with floating ideas.
In addition to not having to struggle with what factors influenced a
design’s ability to float, the ready success in the water task allowed the students to
avoid engaging in many design practices. They did not need to closely examine a
test to find the source of the problem and use the test result as feedback to
improve their design. The students did not have the opportunity to tease apart the
different components of their designs to see why something had a certain effect.
The immediate success also made it difficult for the facilitators to push
students to think more deeply about their designs and the task. For example, Lija
probably suspected straws weren’t necessary to prevent sinking, but because
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Sarah and Abby were successful on their first attempt, it was difficult for Lija to
direct their attention to specific parts of their design or to model for them how to
compare results of different tests. In contrast to Cecelia’s case with the wind task,
it is not possible for Lija to ask questions like “But why is it working now?” that
were effective for Cecelia, who had experienced repetitive failure before her
success.

5.7 Discussion
This study explored the conjecture that repetitive failure during physical
tests of designs in engineering design tasks affords opportunities for deep thinking
about designs, the test, and factors that influence success or failure. My research
questions were: (1) As students engaged in failure-prone physical testing cycles,
in what ways did the factors they used to inform their designs evolve? and (2) In
what ways did groups’ responses to ready success differ from those seen after
repetitive failure?
To answer the first research question, I analyzed the wind task by
identifying the factors mentioned by students that might influence a design’s
performance in the physical test. The results from coding transcripts from the
wind task (Figure 5-3), which featured repetitive failure, showed that over time
most groups attended to new factors and multiple factors within the same period.
Importantly, students did not drop the initial factors, such as weight, when they
began considering other factors, such as how air might flow through holes in a
design. The later factors are not in any way more valid than initial factors, and the
later factors may not be more sophisticated, but it is likely that these factors are

151

less obvious, as students did not mention them initially. Also, while the later
factors themselves are not necessarily more complex, I do consider attending to
multiple factors within a single episode to be evidence of more detailed thinking
about the phenomenon.
As shown in the coding results in Figure 5-3, different groups showed
very different patterns in terms of the factors they attended to over the course of
the wind task. For example, while Liam and Aeden cycle between different
factors over the course of the task and stop mentioning weight half way through
the task, Marco and Vincenzo attend to weight over the entire task and have a
single 8-minute segment where they mention three other factor categories. This
variation is to be expected: every design task can only provide opportunities—not
guarantees—to develop students’ understanding of a phenomenon, and like all
instruction will be encountered differently by different students. From a
constructivist learning perspective, all learners build on their existing knowledge
and experiences, so while design tasks can be carefully designed to ensure that
most students will succeed within a reasonable amount of time, we cannot create
tasks that will impart the same knowledge to all students. Instead, a reasonable
goal for an effective design task is for students to progress to a more sophisticated
understanding of the physical phenomenon than they had at the beginning. The
coding method employed here, tracing the design factors mentioned by groups
over time, recognizes that students begin in different places and reveals whether
groups over time attend to more factors and multiple factors concurrently.
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In this case, as predicted by the literature (e.g., Kapur, 2008; Tawfik et al.,
2015), failure provided opportunities to think about more aspects of the situation,
and, as shown by the data, after many failures students mentioned other factors.
However, it may not be failure in and of itself that prompted students to describe
more factors affecting their designs and the test, but rather it could have been the
many tests they conducted or simply the many interactions they had with the fan.
Because failures, testing, and time at the testing station are inextricably
intertwined, it is impossible to tease apart which of these may have more of an
impact on student ideas. However, in this case, and with many design tasks, the
only reason students tested so many times and spent so much time at the fan is
precisely because their designs kept failing the tests. As seen in the water task,
even when students are interested and engaged in a task, if they are not
experiencing failure, they will likely conduct far fewer tests.
To answer the second research question, I analyzed an episode from the
water task, which provides a contrasting case. In the water task, designs passed
the test readily; all groups were successful within two tests. In this task, the
students did not deeply discuss why their designs worked, but instead focused on
describing the features of their designs. Like the straws in Sarah and Abby’s boat,
there are many features employed in the water task that may be unnecessary, but
if the entire design is successful, individual features of designs are not challenged.
When a design is successful, the success can be attributed to the entire object, and
why it is successful is not necessarily explored.
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Comparing Cecelia’s wind task episode and Sarah and Abby’s water task
episode, which both captured the first success for each of them, enabled me to
directly consider the influence of prior failures. Cecelia had experienced many
failures at the wind tube before this point, including at least six failures with the
current design concept, while Sarah and Abby were testing for the first time.
When Cecelia’s design finally works, she is able to consider the question posed
by Riley, “Why is it working now when it didn’t work before?” Because she has
experienced many tests, Cecelia is in a position to reflect back on the different
versions of her designs and the test results of those versions and compare them to
see what is different now. This reflection may help her to differentiate factors and
break down her design into its constituent parts. The many tests and failures may
prime Cecelia to know what to look for (or what not to look for, in terms of what
did not change between tests). As learners look for similarities and differences
between contrasting cases, they revise and refine their understanding of the
situation (Kolodner et al., 2003), leading to well-differentiated knowledge
structures (Bransford & Schwartz, 1999). The tests and failures Cecelia
experienced could function as a set of contrasting cases, helping her determine
what factors are influential in her design. Because Cecelia has faced failure, her
current design does not simply “work,” rather, it works for a reason. On the other
hand, Abby and Sarah focus on the straws on their design—the piece they find the
most interesting and the aspect that sets their design apart, which they also report
to the facilitator as being important to its success. There is no evidence that their
understanding of the task, their design, or the underlying mechanics of floating is

154

refined in any way over the course of the task. They explain their design in the
same way every time and do not mention any additional factors after they test.
The notion that it would be harder to gain insight into a phenomenon when
success is readily achieved compared to when a learner has to struggle to arrive at
a successful design is consistent with the literature looking at failure in other
situations. Van Lehn (1988) went as far as to argue that “if there is no impasse,
there is no learning” (p. 32). That is a very strong claim and this data cannot
confirm or refute it, but it does seem that additional work needs to be done around
immediately successful tasks to ensure students gain a more detailed
understanding of the phenomenon. Importantly, what Van Lehn (1988) refers to
as an impasse, or what Piaget (1977) refers to as a perturbation are quite possible
for learners to experience even if their designs do not fail a physical test.
According to Van Lehn, an impasse “occurs when a student realizes that he or she
lacks a complete understanding of a specific piece of knowledge” as evidenced by
when a “student gets stuck, detects an error, or does an action correctly but
expresses uncertainty about it” (Van Lehn et al., 2003, p. 220). While it is
possible for students to reach this point of uncertainty without their design failing
a test, physical failure provides a clear indication to learners that they do not have
a complete understanding of a phenomenon.

5.7.1

Role of facilitation
As mentioned repeatedly, failure is theorized to provide opportunities for

deeper thinking, but it certainly does not guarantee that students will look for,
articulate, and design based on these other factors. Learners need opportunities to
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reflect on their experiences and consolidate new knowledge, and they need
support in this process (Bransford & Schwartz, 1999; Kapur, 2008; Van Lehn et
al., 2003).
The main way students were supported in this workshop was through
interaction with the facilitators, particularly at testing stations. The facilitators
helped with the logistical aspects of the test, like lifting the tube to retrieve
designs and promoting respectful queuing behavior, celebrated and commiserated
with students over test results, and, most importantly, asked students many
questions about their designs and the test. Many of the ideas coded in Figure 5-3
were expressed at testing stations while talking to facilitators. This is not to say
that the facilitator questions prompted all of these ideas, but they were articulated
at these times.
Many of the questions facilitators asked aimed to help students reflect on
their design processes, since, as others have found, many students do not
spontaneously engage in reflection (Crismond & Adams, 2012; Schauble,
Klopfer, & Raghavan, 1991). The facilitators at the testing stations encouraged
students to reflect on their design processes and decisions, and specifically how
their decisions affect the designs’ performance, by asking questions about:
•

The previous test and changes
o The results from their last test
o The changes they made to their designs
o Why they think the changes they made will lead to the desired
result
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•

The current test
o What they expect will happen in the current test
o What just happened (after a test)
o Why they think a certain result occurred or a design is (not)
working

•

The next test
o What they are going to change for the next test
These questions made students think about their current design artifact and

how their current design fit into their design history. Importantly, these questions
were framed as wanting to know students’ ideas, rather than as co-creating
knowledge with the facilitators or trying to get students to guess the answers the
facilitators had already decided were correct, consistent with a responsive
teaching approach (Robertson, Scherr, & Hammer, 2016). This was made explicit
to the students in an announcement during the wind design task:
Lija:

So we’re noticing awesome awesome ideas and work and
we’re interested in knowing about what you’re thinking before
you test. So we’ve got two cameras on the testing stations and
we’re hoping if you feel comfortable if you could say, quickly,
what it is that you hope to see happen. OK? And if you make a
change if you could say why you made that change and
Kerrianne and Riley and Chelsea and I will kind of prompt
you, so don’t worry about it, we’ll help you with that piece,
‘cause we’d like to get at your thinking and we want you to be
noticing your thinking as well. So how—see how it can help
you design something.

Another major way the facilitators supported students’ designing was by
modeling how to look at the tests and what to attend to, as this can be hard for
novice designers (Crismond & Adams, 2012; Sadler et al., 2000). For example,
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when talking with Cecelia in the second episode, Riley communicated a number
of messages through the questions he asked her. First, by asking her to test
multiple times, Riley indicated that multiple tests are sometimes necessary to
really see what is happening. By asking “why” questions and specifically, “Why
is it working now when it didn’t work other times?”, he showed her that, as a
designer, these are questions she should be asking herself while testing. Riley also
models how to turn observations into questions: when Cecelia points out “It just
goes right back upside down,” Riley responds with, “Why do you think it goes
right back upside down?” By flipping her observation into a question and by
continually questioning her, he implicitly sends the messages: (1) that this is
something that we should want to figure out, (2) that it is likely possible to figure
out by closely observing the test, and (3) that he believes Cecelia is capable of
figuring it out by herself. Crucially, the facilitators positioned the students as
competent designers, not as students needing to be taught what to do.
While the facilitators played an important role in all of the design tasks,
there are more opportunities for facilitators to engage when students are
struggling with getting their designs to succeed. As we saw with Sarah and Abby,
when success comes readily, it is much more difficult for a facilitator to push
students to keep grappling with a problem they have already solved. The idea that
instructors can most productively engage with students—to elicit, understand, and
respond to their understanding of a phenomenon—when students are struggling to
make sense of it is well supported by the responsive teaching literature, which
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advocates intentionally giving students problems or scenarios to grapple with that
do not have ready solutions (e.g., Robertson et al., 2016).

5.8 Conclusions and implications
Building on literature outside of engineering education that suggests
failure and struggle can lead to a deeper understanding of a phenomenon, this
study explored whether failure in engineering design tasks can be productive in
similar ways. I found that elementary students are able to engage and persist in
failure-prone physical testing cycles. In the wind task, coding the design factors
expressed by students showed that most groups attended to additional factors
during the task, after experiencing many failures, and that they did not drop the
initial factors.
While the factors students mentioned later in the task were not necessarily
more complex, the fact that students raised and considered these additional factors
is evidence that they were using a more sophisticated approach to designing and
had a more detailed understanding of the phenomenon. In contrast, in the water
task, which featured more immediate success, students did not describe factors
related to their design’s performance, but instead described features of their
designs. In this task, students seemed to interpret successful tests as a success of
the entire design, and did not have a need to tease apart the many aspects of their
designs and the test that may have led to success.
This study also illustrated the importance of facilitation in design tasks,
particularly around interpreting and responding to test results. Students in this
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workshop benefitted from facilitators modeling how to engage in testing and
design cycles.
These findings have implications both for classroom instruction and for
the design and study of engineering design tasks for upper elementary classrooms.
In particular, this study suggests that the tasks and materials given to students are
critical in determining how students engage with testing and interpreting the
feedback from test results. For example, when the materials given to students
during the water task allowed them to succeed after one or two tests, there was
little evidence that the way students considered their designs and the task evolved
over the course of the task. The physical test used to evaluate designs is also
naturally critically important. In the wind task, the test itself is fun, failures can be
exciting, and the designs are not damaged in any way by the test. However, the
test is so fast that it is often not clear what caused a failure. Having tests that are
straightforward to interpret should be a major consideration in creating design
tasks. Future studies could investigate the how students engage with repetitive
failure and iteration in other contexts, including formal classrooms, and with a
wider range of design tasks, including those where determining the success or
failure of an artifact is more ambiguous.
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5.10 Appendix
Table 5-A1
Descriptions and examples of codes used to create Figure 5-3
Code

Description

Example(s)

Weight

Weight of materials or the entire
design as a reason for design
changes or test result.
Not just references to material
weight.

Vincenzo: Well like, like, um,
I’m just kind of like if it’s too
light, like I’m adding some
popsicle sticks
NOT: “Oh these things are
heavy”

Size

Size of design or parts of a
design, related to design
performance
Note: excludes size as related to
construction, like needing a long
piece of tape

R*: This is the first balloon
I’ve see not float. Why do you
think your balloon doesn't
float?
Sarah: Um, it’s not big enough.

Air pushing /
Catching air

Air/wind pushing on a design,
references to catching air or
trapping air in a design. “Air”
refers specifically to air coming
from the fan—thus, blowing up a
balloon would not be trapping air.
In contrast to air flow, this code
considers air as a single unit or
force.

Cecelia: No wait, because this
isn’t helium so it will just go
down and the air will be
pushing it up.

Air flow

Air flowing through designs; air
can be split up into different
streams. In contrast to ‘air
pushing/catching air’, ‘air flow’
codes conceive of air as
something that moves.

Liam: Too light, but I have an
idea. Why don’t you try using
the scissors to poke a hole so
wind goes through it?

Other factors

Design or test-related factors
mentioned by students that do not
fit into any of the above
categories. These factors were
each only mentioned by one or
two groups.

Sophia: Wow that’s so weird!
Probably because it's not on
the center of the thing. [Test
result is due to tube not
centered on the fan]
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Marco: Uh, it's a bag so it’s
gonna catch air like this and
then the weights in there are
gonna make it fall [Also coded
for weight]

Additional coding notes
Only student turns were coded; no facilitator speech was coded, even if they used
speech that would have been coded for a student. For example, a facilitator after a
test asked: “Maybe add more weight?” and the student replied, “Yeah.” Nothing
in this exchange would be coded.
In general, references to design features or modifications had to be explicitly
linked to factor (so, “I added popsicle sticks to make it heavier” would be coded,
but “I added two popsicle sticks” on its own would not be coded) and references
to a factor absent a design change had to be explicitly linked to a design’s
performance or a test result (so, “I need it to go down, so I’m adding weight” was
coded, but “Yours is way heavier than mine” was not coded).
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Chapter 6. The development of testing norms in an
elementary engineering workshop
6.1 Abstract
To make progress in engineering design tasks, elementary students need to
physically test their design constructions; inevitably some of those tests result in
failure, which provides necessary feedback on their designs. At the same time,
publically testing design constructions, particularly when the likelihood of failure
is high, is a stressful endeavor for students. Students thus face a tension between
these two goals, to protect oneself from excessive stress and to freely test designs.
It is therefore critical for researchers and instructors to find ways to make
this failure manageable for students. To begin this investigation, we analyze a
case study of a group of upper elementary students in an engineering design
workshop who faced repetitive failure of their designs and yet continued to
engage in the task. Closely attending to facilitator and student discourse, we
examine how in this space a productive microculture around testing developed
over an hour-long design task.
We describe the testing norms that were co-constructed by students and
facilitators during the design task and argue these norms helped make failure
manageable for the students. The testing norms that were particularly influential
on student behavior during the workshop were that it is acceptable to test early
and often, to doubt a design’s performance before testing, and to show
disappointment and frustration with test results. Because the co-constructed
microculture normalized failed tests, each instance of failure in this workshop was
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not as stressful for students as it might have been, and became less of an event to
be avoided. These results have clear pedagogical implications for how to support
students in failure-prone engineering design tasks.

6.2 Introduction
“There’s no ‘option’, you fail all the time [...] my life and my day
is full of failures. Failures are interesting. If you welcome them
and try to understand them, and watch them—I think that’s the
most important thing, that you’re building and watching--that’s
what gives you the idea of how to improve it or change it.” - James
Dyson (Intagliata, 2014)
Popular culture is full of engineers and designers praising the value of
failure. From Edison’s famous quote, “I have not failed. I’ve just found 10,000
ways that won’t work,” to James Dyson above, to the product design firm IDEO’s
well-publicized motto, “Fail often in order to succeed sooner” (Kelley & Littman,
2006), it appears the professional design world has embraced the idea that
successful designs are preceded by a great number of unsuccessful iterations.
Popularized in psychological concepts such as growth mindset and grit, similar
rhetoric around failure has also permeated K-12 educational settings. However,
there is still much uncertainty in engineering education over how much and what
kinds of failure are productive for elementary students to experience and how to
support them as they encounter this failure.
To make progress in engineering design tasks, elementary students
typically need to physically test their design constructions, and inevitably some of
those tests result in failure. This is particularly true for certain tasks; in the task
considered in this study, the six student groups averaged 23 failures before having
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a successful test, which all groups eventually had. At the same time, repetitive
failure is often a stressful event, particularly public failure. If students worry
about being judged by peers and adults for failed tests, they may, in an effort to
save face, avoid conducting tests of their designs, which could lead to disengaging
from the task overall. Studies of classroom activity and teacher reports have
shown that some students give up after their designs fail (Lottero-Perdue & Parry,
2015; Roth, 1996; Sadler, Coyle, & Schwartz, 2000), but in other situations,
students continue working on and testing their designs despite repetitive failure
(Jordan & McDaniel, 2014). There are likely multitudes of reasons why some
students, in some situations, persist: it may have to do with the task, the test, some
attribute of the students themselves, their relationship to their peers and the
facilitators, or the setting (including whether in or out of school). Another
important and understudied aspect is the discursive work students and instructors
do to co-construct testing norms that encourage early and frequent testing, and
where encountering failed tests is common and acceptable. In this study, we begin
an investigation into how these testing norms develop by focusing on the
interactions between students and facilitators. We explore the nature of the
interactions between students and facilitators in a workshop where students feel
comfortable continually testing their designs despite encountering repetitive
failure. We pose the research question, what testing norms made it possible for
elementary students to risk continually testing their designs constructions despite
repetitive failure?
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We address this question by developing a case study of thirteen learners in
an out-of-school workshop where student groups tested their designs frequently
over the entire hour-long design task, despite having their designs fail nearly
every test. Lessons from this specific case can inform facilitators and teachers
attempting to create these kinds of positive testing microcultures in other spaces.
To be clear, a space where students continually test despite repetitive
failure is not necessarily a space where students are always happy and excited and
never experience stress and frustration. On the contrary, in this work we attend to
the myriad emotions that are experienced, expressed, and accepted as a part of
engaging in engineering design.

6.3 Background
Physical failure during tests of design constructions—that is, physically
testing a design and discovering that it does not meet all of the intended design
criteria and constraints—is common in K-12 engineering design tasks, although
there is not consensus on what role failure should play in design tasks for these
learners. Many teachers facilitating design tasks worry about the emotional
consequences of failure, preferring tasks where students do not, as one teacher put
it, “get so frustrated where they don’t want to try again” (Lottero-Perdue & Parry,
2014, p. 26). Engineering education researchers have recommended taking steps
to intentionally avoid repetitive or early failure, by, for example, starting with a
barely functioning device (Crismond & Adams, 2012; Kolodner et al., 2003;
Sadler, Coyle, & Schwartz, 2000). On the other hand, many of these researchers
also contend that there are multiple reasons to allow and even promote failure
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during design. Practicing engineers in industry and academia engage in constant
iteration as they create and revise designs to meet design criteria under specified
constraints (Aurigemma et al., 2013; Cross, 2008; Ullmann, 2015). This is
analogous to the process that K-12 students engage in, although these younger
students generally physically test their designs, while adults may rely more on
analytical or computational feedback. Whether in the case of a practicing engineer
realizing from a drawing that their design will not satisfy the design specifications
(e.g., Cross, 2011), or a student whose bridge collapses when the target load is
applied, failure is a necessary form of feedback in engineering (Lottero-Perdue &
Parry, 2014; Moore et al., 2014). In addition to being a feature of the engineering
discipline, failure has been found to be productive for gaining a deeper
understanding of the physical situation, as it encourages idea generation and sets
the stage to notice critical features of a solution (Bransford & Schwartz, 1999;
Kapur, 2008; Kapur & Bielaczyc, 2012; Tawfik, Rong, & Choi, 2015).
To be clear, while iteration and the embedded failure is part of the process
of producing valid design solutions, we agree with Kolodner et al. (2003), that
“our focus in helping teachers and students learn about iteration is not just a focus
on iterating towards a good design solution but rather a focus on iteration toward
understanding” (p. 538). That is, we hope to create a space where ideas and
reasoning are valued, not just the success of the artifact, although we expect that
creating a successful artifact will be a main motivating factor for students’
engagement in the task.
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As argued in the previous literature, there is general agreement that testing
and interpreting failure-as-feedback about designs is beneficial for learning and
necessary for making progress in engineering tasks. At the same time, concerns
about students’ stress levels should not be dismissed, particularly as these
concerns may influence how engineering design tasks are facilitated. Teachers in
one study reported that it is common to scaffold tasks for students to avoid failure,
and to feel substantial concern about students’ emotional responses to failure
(Lottero-Perdue & Parry, 2014). Instead of simplifying tasks, we argue that the
focus should be on determining how to make the potential stress and frustration of
repetitive failure manageable for students, finding ways to support them as they
experience this necessary aspect of engineering design. In other words, instead of
focusing on creating tasks that are not so frustrating that kids will give up, we
need to think about what needs to happen in engineering education spaces to
create productive microcultures around repetitive testing. It is therefore critical to
look closely at how norms around testing may be linked to how students engage
in testing and respond to failures of their designs.
A recent review of engineering education journal publications revealed
that this research base has tended to focus on (a) “student perceptions, attitudes,
beliefs, and motivations with respect to engineering”, (b) teachers’ beliefs and
knowledge, and (c) reviews of curriculum and programs (Hynes et al., 2017, p.
457). Less attention has been paid to classroom or workshop microcultures,
including the situation-specific norms that influence how students experience
engineering and what they understand to be expected of them. As a result, while
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some literature has recommended that students test early and often (Sadler et al.,
2000), that failure be normalized in classrooms (Lottero-Perdue & Parry, 2017),
and that students be encouraged to take risks and not be afraid of failure
(Crismond & Adams, 2012), it is unclear how to create these types of productive
testing microcultures during design tasks. While curricula and published tasks
often dictate testing procedures (e.g., Engineering is Elementary [EiE], 2009),
studies have not looked closely at how testing norms develop during design tasks.
In contrast, classroom norms have been the focus of a body of research in
mathematics and science education at the elementary level. By attending closely
to the general taken-as-shared ways of interacting within a classroom as well as
acceptable practices in specific disciplines, researchers hope to better understand,
for example, how students develop disciplinary beliefs and attitudes (Yackel &
Cobb, 1996), how to foster productive disciplinary engagement (Engle & Conant,
2002), how students construct disciplinary dispositions (Gresalfi, 2009), and how
students decide what to include in their representations (Danish & Enyedy, 2006).
Evidence for what constitutes current norms in a classroom are generally derived
from observations of patterns of interactions and behaviors. For example,
evidence that a particular use of a tool has become established as a norm may be
that students no longer give backing to justify using it in that way (Cobb, Stephan,
McClain, & Gravemeijer, 2001). As norms are co-constructed by the classroom
participants, they are specific to a given setting, at a given time; what becomes
normative in a classroom “is constrained by the current goals, beliefs,
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suppositions, and assumptions of the classroom participants” (Yackel & Cobb,
1996, p. 460).
This substantial research base shows that norms contribute to disciplinary
practices in other domains, such as science education (Danish & Enyedy, 2006;
Engle & Conant, 2002) and mathematics education (Cobb et al., 2001; Gresalfi,
2009; Yackel & Cobb, 1996). Similarities among the STEM disciplines lead us to
hypothesize that a focus on norms can be expected to be meaningful in
engineering education as well. At the same time, the substantial disciplinary
differences between science, mathematics, and engineering warrant additional
investigation in engineering education. One such disciplinary difference is the
emphasis on testing in engineering, and one thing that makes this emphasis
interesting is that testing often results in an outcome interpreted as failure by
students and teachers. Norms can contribute to this failure being treated as
something productive. As a first venture in looking closely at norms in
engineering design tasks, we focus here on norms related to testing physical
design constructions, as this is an important and under-researched aspect of
engineering education that is strongly tied to the treatment of design failure. By
testing norms, we mean those implicitly understood rules surrounding appropriate
testing behavior, including what, when, and how it is appropriate to test. We use
microculture to refer to the shared understandings and norms of practice
concerning appropriate testing behavior at a given moment in time.
Literature on norms sometimes distinguishes between social norms, norms
that are directly tied to the discipline, such as sociomathematical or socioscientific
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norms, and classroom discipline-specific practices (e.g., Cobb et al., 2001; Danish
& Enyedy, 2006). Here, we focus on norms related to testing, which likely
encompasses aspects of both social and what could be called ‘socioengineering’
norms. In contrast to psychological concepts like mindset (Dweck, 2008) and grit
(Duckworth, Peterson, Matthews, & Kelly, 2007), which locate persistence within
individuals, we consider the entire sociocultural space of the workshop to
conceptualize the collective persistence of the group as related to the microculture
co-constructed by the students and facilitators.
Classroom studies on norms have made it clear that it takes substantial
time to develop stable norms in a classroom—they are not typically expected to
stabilize in an hour, or even a day (e.g., Cobb et al., 2001; Danish & Enyedy,
2006; Engle & Conant, 2002). Here, we look at data from a single-day
engineering design workshop, where we would not expect stable testing norms to
have developed. Instead, we focus on how these initial norms develop. While
norms will not be stable on the hour-long time scale, and in fact continue shifting
over time (Danish & Enyedy, 2006), evidence from this study shows that these
developing norms still influence how students interact with and respond to the
physical test. It is also important to consider shorter time scales as many students
are exposed to engineering design in short events in special settings or in short
curriculum units confined to once or twice per year.
As with all norms, we expect that some testing norms are universally
shared and will be similar in most engineering spaces. For example, when
someone reaches a goal—here, a design construction passes a test—it is
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appropriate to celebrate. Other testing norms need to be evaluated in each
particular situation. For these norms, students ask themselves, what is considered
to be appropriate testing behavior in this particular space, for this task, with these
instructors? For example, in some spaces it may be acceptable to test unfinished
pieces of designs or even unaltered materials, where in other spaces it may only
be acceptable to test once a fully sketched out plan has been approved and a
complete first iteration of the planned design is constructed.

6.3.1

Research question and contributions of current study
Theoretical and empirical work in mathematics and science education

(Bransford & Schwartz, 1999; Gartmeier, Bauer, Gruber, & Heid, 2008; Kapur,
2008; Kapur & Bielaczyc, 2012; Schank, 1999; Tawfik, Rong, & Choi, 2015; Van
Lehn, Siler, Murray, Yamauchi, & Baggett, 2003) and some initial work in
engineering education (Andrews, 2016) shows that experiencing failure is
productive for students as a way to learn about how the world works. Iterating on
designs, using failure-as-feedback to inform design changes, is also an essential
aspect of engineering design (Crismond & Adams, 2012; Cross, 2008, Dym,
Agogino, Eris, Frey, & Leifer, 2005; Lottero-Perdue & Parry, 2014; Moore et al.
2014). A main drawback to creating design tasks that intentionally involve
repetitive failure is the emotional risk this puts on students, who may feel stress
when experiencing their design constructions failing a test. Because failure
appears to be beneficial, it is prudent to investigate how to create a space where
repetitive testing and failure is manageable. Based on our own prior experience as
engineers and on many previous interactions with children doing engineering, we
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expect that there are many factors that affect whether failure is tolerable,
including the task and the test (including whether designs are damaged by the
test), the relationship and history of the students and instructors, and the
environment (particularly formal vs. informal learning spaces). However, we are
particularly interested in the ways that the discursive work of students and
teachers influences their treatment of failure. Regardless of task, existing studentteacher relationship, or environment, teachers and students can make in-themoment changes to the discourse patterns of an engineering learning community.
We seek to understand how these personal interactions, which work to create and
sustain certain testing norms, support tolerance of failure.
One way to start an inquiry into how to make the stress of public testing
and failure manageable is to closely examine and draw lessons from a case where
students successfully managed repetitive testing and failure, supported by
facilitators. In this study, we investigate a learning environment where students
did successfully cope with repetitive failure and ask: What testing norms made it
possible for elementary students in an engineering workshop to risk continually
testing their designs constructions despite repetitive failure?

6.4 Methods
As we are interested in the development of norms around testing in
engineering, understudied phenomena, in a single workshop, we use a qualitative
case study approach. Case studies are appropriate for in-depth study of bounded
cases where “why” or “how” questions are of interest (Yin, 2013). This study
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capitalizes on the heuristic power of case study research to begin to explain why a
specific approach is effective for a particular group (Merriam, 1998).

6.4.1

Participants
A total of 13 students, fourth to sixth graders, attended the single-day

workshop; five of these students self-identified as girls on registration materials.
Participants were recruited by emails sent to a listserv of parents who had
previously expressed interest in this type of out-of-school engineering design
program; admission for the workshop prioritized students who had never or not
recently attended programs at the engineering education center. Some students
were siblings or friends outside of the workshop. The workshop facilitators,
researchers affiliated with the center, included an undergraduate engineering
student, graduate education students, and an elementary teacher on sabbatical with
the center.
While information on student socioeconomic status and race was not
collected for the workshop, the listserv of parents who receive information about
these types of opportunities typically features persons of a higher socioeconomic
background and who are predominantly white. This is representative of the area
immediately surrounding Tufts. Many students who attend these design programs
have personal connections to Tufts, such as a parent who is a professor at the
university.
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6.4.2

Task
The workshop consisted of a series of four approximately hour-long

design tasks to mirror what often occurs in elementary classrooms. In each
facilitator-defined task, groups of two to three students created design
constructions to meet a set of design criteria evaluated by a physical test. Students
were given craft materials to build with, including: cardboard, straws, pipe
cleaners, balloons, popsicle sticks, paper lollipop sticks, aluminum foil, coffee
filters, rubber bands, egg cartons, and masking tape. This study focuses on the
wind tunnel task, the second of the four tasks23. The goal of the wind tunnel task
is to create an object out of craft materials that will hover in the top half of a
plastic tube set above a vertically-oriented fan (Figure 6-1) for ten seconds
without flying out of the top or falling to the bottom. This task was chosen as the
focus because students faced repetitive failure during this task, averaging 23
failed tests before experiencing a successful test, yet continued to engage in the
task.

23

The first task was an egg-drop task, where students only tested their designs
once, at the end of the task. The third task was a water transport task; in this task,
students readily succeeded within one or two tests. The fourth task was a
challenge to build a chair for a stuffed bear. This task did not have testing
stations, and results of tests were more ambiguous than in the other tasks. We thus
chose to focus on the third task, the wind tunnel task, because students persisted
in the task despite facing repetitive failure; we were interested in what made that
possible.
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Figure 6-1: The test setup for the wind tunnel task, consisting of a clear plastic
tube set atop an upwards-facing fan. The tube is 14 inches across and 40 inches
tall.
6.4.3

Analysis

Content Analysis
The first phase in our approach to case study analysis consisted of
organizing the entire corpus of data and conducting a content analysis (Miles &
Huberman, 1994). This included transcribing all video data (videos from two
testing stations and six group working tables) and constructing from those
transcripts rough trajectories of all six teams’ design histories. As part of this,
every test a student or group conducted was recorded along with the test result,
including how long the object hovered and whether it flew out or fell to the
bottom of the wind tube.
Discourse Analysis
With these transcripts, trajectories, and test ledger in hand, we then turned
to look more closely at the discursive substance of the workshop. To gain deeper
insight into students’ interactions and experiences, we drew on qualitative
discourse analysis techniques (Erickson, 1992; Wells, 2000) to analyze the video
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data, including both verbal and non-verbal aspects of the recordings as data (such
as gestures and facial expressions; Gee, 2005). Discourse analysis tools and
methods are based on a theory of “language-in-use” or “language-in-action”,
which recognizes many functions of language beyond exchanging information,
such as to make certain things significant, to enact activities, to take on identities,
to negotiate relationships, and to build connections between things (Gee, 2005).
Thus, we looked closely at student and facilitator discourse, including interactions
between team members, students and facilitators, and students in different groups.
In addition to verbal speech, our analysis attended to paraverbal and nonverbal
cues, such as gestures and interactions with materials (Gee, 2005). Including
students’ actions and manipulations of materials as data may be particularly
relevant in design contexts (Jordan & McDaniel, 2014), where “thinking and
acting are inextricably intertwined” (Roth, 1996 p. 146). As we are interested in
what testing norms allowed these students to persist in productive testing despite
repetitive failure, we looked in particular around student tests of their design
constructions, focusing on what and when students tested, what students said and
did as they approached the testing station, and how they responded to failures of
their constructions. Connected to this, we noted how facilitators responded to
students’ anticipations and reactions to test results.
As we analyzed excerpts around different tests, we noticed a range of
ways in which students approached and reacted to tests (often, failures) of their
constructions, and also noticed that facilitators accepted and encouraged this wide
range of approaches and reactions. At this point, we labelled and recorded student
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anticipations about and reactions to the test results, and facilitator responses to the
students. The purpose of this step of the analysis was to gain a better
understanding of the range and frequency of ways students tested. For example, in
one instance a student told the facilitator before the test, “I'm gonna try this. I bet
it's gonna fail,” and simply continued working after the design failed the test; we
labeled this event as not expecting success, and not upset by the failure. In another
instance, the same student, after their design failed, stated empathically, “More
weight! I added enough weight for you!”; we labeled this event as expressing
surprise and frustration by the failure.
We then dug deeper into this record of anticipations, reactions, and
responses, to investigate how students and facilitators co-constructed “taken-asshared” (Yackel & Cobb, 1996) understandings of the appropriate use of the
testing station. This includes (a) what is acceptable to test; (b) when it is
acceptable to test, in terms of how early and how often; and (c) appropriate ways
to approach and react to the test and test results. A critical aspect of these norms is
their time-varying nature: for the hour that students worked on this task (the
second hour of the workshop), we analyzed how the workshop microculture
evolved in response to the multitude intentions and moves of students and
facilitators.

6.5 Results
To illustrate some of the testing norms in this task and how they
developed, we present a series of representative episodes from the wind tunnel
task. First, we give a brief overview of the hour-long session. In the hour that
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students worked on the wind tunnel design task, each student group had at least
one successful test of a design construction; two groups had the maximum of four
successful tests (including repeated tests of the same design). These successes
were hard-won: groups tested between 25 and 87 times in the hour, with an
average of 47 tests.
At the beginning of the design task, many students began tossing different
materials in the wind tube. At first, these materials were not altered at all: whole
egg cartons, pre-cut squares of foil, empty balloons. Then, students began altering
the materials slightly before testing, for example by cutting an egg carton in half
and crumpling foil into loose balls. None of these initial tests were successful—
they all either flew out or dropped to the bottom immediately, too quickly for
students to even begin counting how many seconds they hovered. Within a few
minutes, students began combining materials into their first design constructions.
Every time a student released an object into the wind tube was counted as a test,
including these initial tests of unaltered materials.
Organization of results section
We present the excerpts and discussion of the results in two sections. The
first section considers norms around what is acceptable to test and when it is
acceptable to test. The second section considers norms around how students could
acceptably approach testing and respond to test results. These categories of norms
and potential acceptable behaviors influenced by the norm are summarized in
Table 6-1 below.
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Table 6-1: Categories of norms and potential acceptable behaviors
Norm category
What is acceptable
to test?
When (both how
soon and how often)
is it acceptable to
test?

How is it acceptable
to approach and
react to tests?

6.5.1

Potential acceptable behaviors influenced by the norm
● Is it acceptable for students to test unaltered
materials?
● Do students need to create a plan and show
evidence that their physical design matches the
plan before testing?
● Do students need to spend considerable time
constructing before testing?
● Are major changes required between tests?
● Can students test the same design multiple times
without changes?
● Should students display expectations of success?
Expectations of failure?
● What types of emotional displays are acceptable
in response to test results? Can students show
disappointment?

What is acceptable to test and when is it acceptable to test?
From the very beginning of the design task, when it was being introduced,

norms began developing around what and when it was acceptable to test. During
the hour-long task, there is evidence that facilitators and students took up the
norms that it was acceptable to: test early, test unaltered materials, test repeatedly
without making changes, and to test repeatedly with small changes to a design
between tests. However, there was a limit to how many times students could
acceptably test the same design without making changes.
Testing unaltered materials, early in the task
To introduce the wind tunnel task, which is the focus of this study, Lija
displayed the task-specific poster she created before the workshop and reviewed it
with the students. She then told students, “we want some more information on
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how children think and do with the wind tunnel,” reiterating our epistemic goals
for the workshop. Lija then reviewed the challenge poster with students,
clarifying the definition of “hover.” When she got to the bottom of the poster,
which stated “(Tip: Test! Test! Test many times...),” she verbally emphasized the
testing aspect of this task: “A tip: test test and test again. This is going to be your
friend for this particular challenge: testing. Okay? Now we've done this activity a
lot before and sometimes, as you probably realize, your first couple tests might
not work right away and it might just immediately fall in.” Thus, from the very
first introduction to the task, the facilitators attempted to make it clear that failed
tests should be expected in this task. Of course, this does not guarantee that
students took up this expectation.
After the task was announced, the students headed off to their tables to
work. A facilitator walked around to reiterate what materials they had available
and to point out the testing stations to each group, clarifying that they were free to
use either testing station, not just the one closest to them. In response to this
statement, one student, Nicky, asks:
Excerpt 1
Nicky:
I'm gonna test, can we test just like one of this?
Chelsea: Absolutely, yes. Let me just [turns on camera at testing
station]. Yeah, you can test just materials if you want. [Turns
on fan]
Here, within the first minute of the task, Nicky asks if he can test just a
single material—a balloon. The way Nicky describes the balloon, “just like one of
this?”, implies that he does not view the balloon as a design solution, but rather
something to test in a preliminary sense. The facilitators hadn’t necessarily
expected students to test that quickly, so the cameras and fans at the testing
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station were not yet turned on. The facilitator agrees that this is acceptable
(“absolutely”) and turns on the equipment to make testing possible. The fact that
Nicky explicitly asks if he can test a single material makes it clear that this is not
an accepted norm at this point—students are still working to determine what is
acceptable testing behavior in this setting. The fact that the fan is not on may have
sent the signal that students needed to ask before testing. However, the
facilitator’s clear response sends the message that testing unaltered materials is an
acceptable (if unexpected) approach.
Other students near that testing station observed Nicky testing the single
balloon and decided to test single materials as well. Liam and Aeden, a pair sitting
at the same table as Nicky and his partner, discussed their design ideas for about
two minutes then paused in their discussion as they watched Nicky and another
student test materials. At this point, their talk shifts from planning to testing:
Excerpt 2
Liam:
Wait, why don't we just put this (egg carton) in and see what
happens?
Aeden:
Yeah, let's do that first.
Liam:
Ok, I'll go.
Aeden:
We'll measure how low it is.
Where Nicky above asked a facilitator if he could test, here Liam seeks
permission from his partner in the form of “Why don’t we […]?” It seems likely
that seeing Nicky test—and likely overhearing Nicky’s conversation with the
facilitator, as they were sitting close by—made it seem like testing single
materials was acceptable. Once they watch Nicky and another student test, they
decide to shift their activity from verbally and physically planning to testing. As
Aeden wants to “measure how low it is,” it is clear he does not expect the egg
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carton to be a successful design—this is more of an exploratory test. The way
these students communicate makes it clear that they view testing materials as an
acceptable activity. They do not, as Nicky did, ask a facilitator for permission, nor
do they ask each other “Do you think we can test this?” Instead, they are
discussing whether they both agree to change activities from planning to testing,
in light of the new option.
At the other testing station, there is also discussion within groups around
testing single materials. After one group tests materials, Sophia, a member of
another group using that testing station, tests a single balloon and discusses with a
facilitator the need to put weight in it. Cecelia, one of Sophia’s partners then asks
her:
Excerpt 3
Cecelia: You want me to see what this (coffee filter) does? I want to see
what this does.
Sophia: Yes, please.
As with Liam and Aeden above, Cecelia asks her partner if she should test
a single material, but her phrasing, “You want me to see what this does?”, implies
that this is an accepted activity. She does not ask, for example, “Do you think I
can test just this?” These excerpts provide evidence that quite quickly (within five
minutes) the norm of testing single materials spread across the workshop space,
likely due to explicit and implicit acceptance from the facilitators.
In the above three excerpts, Sophia and Cecelia as well as Liam and
Aeden are also scoping out their own group norms with respect to testing. Since
they are working with students they just met about an hour ago, and this is the
first task with testing during the task, they are still figuring out whether it is
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acceptable to just test on their own or whether it is preferred to check in with their
partners first. Even though it is acceptable according to the facilitators to test just
materials, very early in the task, they are still unsure of what is acceptable for
their individual group.
While most groups began testing single materials on their own within a
few minutes of the task beginning, at least one group did not. To make the
facilitator’s stance on testing materials perfectly clear, about five minutes after
students began working and testing, Lija, the workshop leader, got the students’
attention for an announcement about testing:
Excerpt 4
Lija:
So, engineers, I just want to point out that some people are
going up and taking just one material and testing it in the tube,
that is awesome. Just to see how a material works can actually
help you a lot as you design whatever it is you're designing to
hover. So if you want to see how a piece of paper floats or a
balloon or anything, test it out. Don't hesitate to jump up there
and go.
This announcement, using terms like “awesome” and “don’t hesitate,”
makes it clear that testing just materials, and not just “whatever it is you’re
designing,” is an acceptable activity according to the facilitators. Immediately
after this general announcement, Lija specifically sought out one group, Sarah and
Abby, to encourage them to test.
Excerpt 5
Lija:
So Abby and Sarah, don't be afraid to just jump up there and
test it out, you don't have to have it totally ready to go before
you test it, OK?
[20 second pause—Sarah tying balloon, Abby looking around
room, Lija talking to other group at their table]
Sarah:
[to Lija] Can we take home the balloons?
Lija:
Take them home? Sure, at the end of the day? Yeah. So girls
don't be afraid to jump up and test anything. Test the filter, test
the balloon.
189

Abby:
Lija:

I wanna just test the filter!
Go test it! Go together and see what happens.

Immediately after the general announcement about testing materials
(Excerpt 4), Lija steps towards this group and specifically encourages them, who
have not tested yet, to test, emphasizing that “you don’t have to have it totally
ready to go” first. After they still are not moving towards testing 30 seconds later,
Lija reiterates her message and adds more specific ideas: “Test the filter, test the
balloon.” When Abby agrees to test the filter, Lija encourages them again and
they stand up and walk to the testing station. While excerpts 1 and 4 show the
facilitators making it clear that testing materials is acceptable in their view, in this
excerpt, Lija goes beyond simply accepting early testing to persistently
encouraging early testing
Conducting multiple trials, without changes
Facilitators on numerous occasions encouraged students to test their
designs multiple times before leaving the testing station. For example, in this
excerpt, Abby tests a balloon with coffee filters, which hovers for four seconds
before flying out of the top:
Excerpt 6
Abby:
Riley:
Abby:
Riley:
Abby:

[Puts design in tube, it hovers for a moment]
Count.
One, two, three, four [pause] ahh.
Want to try it again?
Yeah.

After her designs flies out after four seconds, Riley asks if she wants to
repeat the test, presumably without changing the design, and Abby agrees. The
fact that the facilitator brings up the repeated test (rather than, say, agreeing to a
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suggestion by a student), emphasizes that repeated testing is acceptable to the
facilitators. As Abby takes Riley up on this offer, she appears to accept this norm.
Similarly, in the next excerpt Lija encourages Cecelia to try her design repeatedly.
Excerpt 7
Cecelia: [puts design in tube, it flies out]
Lija:
Try again [Cecelia moves to leave]. No, try again. [Unclear]
more than one test
Cecelia: [tests again; design flies out again]
Lija:
Even though you're quite tall, Cecelia, standing on the chair
might help you position it.
Cecelia: [stands on chair and tests again; it again flies out]
Here, even though Cecelia’s design is not hovering at all but is
consistently flying out of the top, Lija encourages Cecelia to test three times in a
row, and Riley, another facilitator, has her test one additional time before she goes
back to her building table.
The explicit encouragement from facilitators to test multiple times within
a single trip to the testing station makes it clear that this is acceptable to the
facilitators.
Multiple trials with minor changes
In addition to suggesting and allowing multiple tests within a single trip to
the testing station, the facilitators allowed students to test their designs repeatedly
with only minor changes to the designs between tests. In this excerpt, Liam makes
a small change at the testing station and tests again, which Lija allows.
Excerpt 8
Lija:
So what's your thinking here, Liam?
Liam:
[unclear] [tests; it falls to bottom]
Lija:
Adding some more weight? Um, so what do you think
happened here?
Liam:
I added too much weight to it
Lija:
That was too much weight, you think?
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Liam:
Lija:

Maybe if I take out one of these [removes something from
design, tests again; it flies out the top]
You gotta find something in between that, huh?

Here, Lija does not comment on the fact that Liam altered his design
before testing again, but her comment on the overall testing results (“You gotta
find something in between that, huh?”) implies that his actions were acceptable.
It is not always acceptable in engineering tasks to make minor changes
while testing. For example, there is sometimes a requirement to return to the
building table and more explicitly consider, and possibly even document, changes
before testing again (e.g., Engineering is Elementary, 2009). In this space,
however, without asking permission, students made small changes and tested
again. The fact that many students did this on their own, without checking first,
implies that they expected that to be an acceptable activity; the response from the
facilitators, including not mentioning it at all, shows that this is aligns with their
expectations as well.
Excerpt 9
Nicky:
[Tests with parachute; it flies out top]
Lija:
Try again
Nicky:
[Tests again; it flies out top again. Goes to table and cuts off
foil parachute, returns to test]
Nicky:
I wonder if this will [unclear]
Lija:
What did you do different?
Nicky:
Cut off the parachute
Lija:
You cut off the parachute
Nicky:
[Tests; it hovers near top, then out top]
Within less than 40 seconds, Nicky tests his design three times, with no
change between the first two tests and a quick change between the second and
third. As with Liam in Excerpt 8, Nicky does not ask for permission to test again
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so soon, and Lija asks what he changed. Again, Lija’s lack of comment on the
repeated tests and small change implies her acceptance of that action.
However, this acceptance of repeated tests is not unconditional. In one
case, a facilitator, Kerrianne, pushed back on Nicky when he continued testing the
same design over time without changing it.
Excerpt 10
Nicky:
[tests again, flies out top]
Kerrianne: What did you add since last time?
Nicky:
Nothing.
Kerrianne: Nothing? You just keep testing? Maybe you need to change
your design a little bit .
At this point, Nicky has tested this design four times without making any
changes. Nicky and Kerrianne disagree about whether the design is successful in
the first test, with Kerrianne claiming it was not and Nicky asserting that it passed
the test, but in the subsequent tests Nicky is surprised that it “no longer works.” In
Excerpt 10, Kerrianne suggests that he change his design “a little bit.” With this
phrasing, she is not forbidding Nicky to test without changing his design, but she
is indicating that this is not an acceptable activity—he is close to violating a
testing norm if he continues to take time to test a design without changes that has
not succeeded.
These first 10 excerpts show the testing norms that developed fairly
quickly during this task concerning what and when it was acceptable to test. The
interactions between students and facilitators during this task make evident four
testing norms: (a) it is acceptable to test solely materials (and not just constructed
designs), (b) it is acceptable and encouraged to test early in the task, (c) it is
acceptable to test repeatedly without making changes, and (d) it is acceptable to
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test repeatedly with making small changes. However, when a student attempted to
continually test the same design over a longer time period without making
changes, he faced pushback from a facilitator, showing the bounds of these testing
norms. Students were not expected to and in general did not record the changes
they were making to their designs and the test results.
As one would expect, in these excerpts we see that some potential norms
originate with students (Excerpts 1 and 8) while others are suggested by
facilitators (Excerpts 6 and 7). As in other research on norms (e.g., Danish &
Enyedy, 2006), here there are bids by certain parties, which are taken up or
rejected by other parties. This provides evidence for how norms are coconstructed by the students and facilitators together, and not dictated by the
facilitators in a top-down fashion.

6.5.2

How is it acceptable to approach and react to tests?
In additional to norms around what and when it was acceptable to test,

norms developed in this workshop around how to approach and react to test
results. Even more so than with the what and when norms discussed above, these
norms took time to develop during the workshop, with different students and
facilitators showing different understandings of the norms.
Even though nearly all of the students were attending a workshop at this
center for the first time, they likely shared some common expectations about what
might be acceptable before the task began. For example, it is reasonable to expect
that it is acceptable to test designs you are confident will work, and to celebrate
successes. These norms are mirrored in most classroom settings, for example,
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answering a question you know the answer to is generally acceptable. By the end
of the hour-long design task, norms developed around additional acceptable ways
to approach and react to the test result. It eventually became widely accepted for
students to test even if they were not confident of the test result, to express doubt
about a design before testing it, and to express disappointment and/or frustration
about test results.
Testing with an exploratory or information-gathering approach
In this excerpt, Sarah and her partner approach the testing station (with
different designs) and Sarah decides to test her design first. At the very beginning
of the task she conducted two tests of materials, but this is the first test of this
design and her first test of any constructed design.
Excerpt 11
Riley:
Okay, so what are you expecting to happen?
Sarah:
I don't know.
Riley:
Have you tried this design yet?
Sarah:
No. (shaking head)
Riley:
First time. Okay, can you tell me about the design?
Sarah:
Um, it's a tin-foil goblet with a balloon inside and a [unclear]
on top
Riley:
Okay, a tin foil goblet, balloon on the inside, small balloon-this is smaller than [unclear]
Sarah:
Yeah.
Riley:
Okay, check it out.
Sarah:
[Tests design; object falls]
Riley:
Okay. Why do you think it sunk?
Sarah:
Umm, probably the weight of the tin foil.
Riley:
The weight of the tin foil, okay.
In this exchange, Sarah responds with “I don’t know” to Riley’s question
of what she is expecting. She does not seem overly confident or doubtful that her
design will pass, but seems instead neutral. Riley does not push her to expand on
this answer, implying that her noncommittal response is acceptable. When her
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designs fails the test and Riley asks for Sarah’s opinion on why, she gives a
tentative answer “Umm, probably the weight of the tin foil.”
This approach to testing, where students do not express strong
expectations of either success or failure, was very common in the workshop. Most
of the time, when students approached the test in this manner they also did not
seem very upset when their designs failed, similar to Sarah’s seeming lack of
disappointment here. This approach to testing can be described as exploratory or
information gathering, rather than seeking to prove a design succeeds. The fact
that the facilitators welcome the students’ approach to the test in these cases
shows that it is an accepted way to test within the microculture of the workshop.
When Riley asks immediately after the test “Why do you think it sunk?”, he
models for Sarah that failure is something to be analyzed, not necessarily
something to be upset about. In these “information gathering” approaches,
students seem to understand that the test provides information about their design,
since they were not visibly upset when their designs failed the test.
Approaching test doubting the design or expecting failure
While many tests and failures were approached as information gathering
exercises, as time passed, students began to pointedly express doubts about their
designs before testing. In one of the first of these expressions of doubt, Julian
explicitly asks a facilitator if he can test his design to “see if [it] fails.”
In this episode, Julian approaches Kerrianne (a facilitator) at the testing
station with a design construction that previously succeeded in the test, about
thirteen minutes earlier. At this point, Julian is the only student at this testing
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station who has had a successful test. He asks, loudly enough for the other
students nearby to hear:
Excerpt 12
Julian:
Can I see if this fails? (Figure 6-2)
Kerrianne: Sure.
Regan, a student from another team, is taking his latest design out of the testing
station and responds directly to Julian:
Regan:

You want to see if it works, not to see if it fails.

Another facilitator (Chelsea) overhears this exchange and saw an opening to
encourage the idea of failure as positive and expected and adds, in a laughing
tone:
Chelsea:
Julian:

You can see if it fails, too. [laughing]
It already worked once.

Figure 6-2: In Excerpt 12, Julian (right) approaches the testing station and
Kerrianne (center) asking, “Can I see if this fails?” Regan (left) also responds.
By asking directly and somewhat loudly, “Can I see if this fails?” Julian
broadcasts that he does not expect his design to pass the test. Of course, he may
not truly expect it to fail, but that is the message he is conveying through his
question. By phrasing it as a question, he also indicates that it is out of the
ordinary—if the general goal was to see if something failed, then the question
would not make sense. That is, asking “Can I see if this works?”, after already
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conducting a number of tests, would have been out of place. Regan’s rebuttal
emphasizes that testing to check for failure is not the expected activity. Regan’s
response shows that Regan believes Julian is violating an implicit testing norm.
When Julian tests his design, it fails immediately, as expected, and
Kerrianne questions him:
Kerrianne: Oh, okay [in response to “It already worked once”]. So what'd
you do to change it?
Julian:
I accidentally let all the air out [laughs].
Kerrianne: It was an accident?
Julian:
Yeah.
The way Julian smiles throughout the exchange and nonchalantly answers
Kerrianne’s questions after the failure, laughing a bit as he says he “accidentally
let all the air out,” gives a strong impression that Julian did in fact expect his
design to fail and was validated by the result.
Julian and his partner are the oldest participants in the camp and rarely
interact with the other students. They are the only students to go off-task during
the design task, although they were still designing (not-explicitly-sanctioned
“launchers”). They are also the most successful group in this task: they had three
successful design constructions, where most groups only had one. Their status as
older and successful also gives them an elevated social status in the workshop. As
a result, we expect what Julian does and says to be influential to the other
students. It is therefore significant to the microculture of the workshop that Julian
asks, “Can I see if this fails?” and that his question is explicitly supported by the
facilitators.
Within this excerpt there is explicit negotiation of the workshop norms
concerning acceptable use of the testing station. The facilitators intended for
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students to have substantial leeway in how and when they tested, but they had not
explicitly addressed testing with different intents (that is, testing to see if
something succeeds versus to see if it fails). As Regan challenges Julian with
“You want to see if it works, not to see if it fails,” it is clear that students had
conflicting notions of what was acceptable. In this excerpt, the facilitators
explicitly affirm that testing to check for failure is an appropriate use of the
testing station, and in doing so, reject Regan’s proposition. Through this
interaction, the workshop microculture shifts, as the boundaries of acceptable
testing become more clearly defined and recognized by all participants. At this
point, it is even more clear that a very wide range of uses is allowed during
testing.
This excerpt is also a good example of how norms are negotiated—the
facilitators had not previously mentioned testing for failure, and when a student
verbalized the idea, it was able to be debated in the public space. The norms
around testing approaches were not defined and imposed by the facilitators, nor
were they co-defined once at the beginning of the workshop—instead, the norms
shifted and expanded over time, and the microculture became more defined. If the
norms were at this time taken-as-shared, then they would not have become an
explicit topic of conversation (Cobb et al., 2001, p. 142).
Of course, even though the facilitators in this excerpt affirm Julian’s use
of the testing station and reject Regan’s position, that does not guarantee that
other students will accept this developing norm. They may continue to test only
constructions they believe have a reasonable chance of success. The next excerpt
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shows when Regan began similarly expressing doubts about his own designs
before testing.
Julian was one of the first students to express doubt about a design before
testing it, and the first student to explicitly use the word “fail.” After this approach
was publically supported by the facilitators, more students, particularly at Julian’s
testing station, also began expressing doubt about their designs.
Here, Regan is starting on a new design construction after spending almost
thirty minutes working on his first design, which was finally successful. He
assembles different materials, then turns toward Nicky, his partner, and
animatedly expresses doubt about his plan:
Excerpt 13
Regan:
This is gonna be really random, I doubt it's gonna work, but
this is my design. [lifting and lowering his arms, see Figure
6-3]
Nicky:
I doubt mine is gonna work.
Liam:
Oh that's probably not gonna work [laughs].
Regan:
Yeah [laughing].
Liam:
I was using a ton of those [coffee filters] and they always go up
too high and fall down.
As Regan stresses “really” and “doubt,” he waves his arms and hands in emphasis
(Figure 6-3). Nicky and Liam, a student from another team sitting across from
them, both join in on doubting their own and each other’s designs.

Figure 6-3: Regan lifts his arms and hands to emphasize “really” and “doubt” in
Excerpt 13.
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One minute later, Regan is ready to test and says to Kerrianne as he
approaches the testing station:
Excerpt 14
Regan:
I'm gonna try this. I bet it's gonna fail.
[Regan tests his design; it flies up]
Regan:
It's too high. [Turns back to table] More weight! I love more
weight. More weight's fun. But it's really frustrating.
Regan is correct in his bet—he barely lets go of the design and it flies up
out of the fan. He immediately turns back to the table saying “More weight!” to
no one in particular. He does not seem upset about this failure and continues
working.
In Excerpt 12, Regan explicitly challenges Julian’s bid to test his design to
check for failure when he counters with, “You want to see if it works, not to see if
it fails.” In excerpts 13 and 14, less than 8 minutes later, we see Regan shift
toward accepting a broader understanding of the purpose of testing. He expresses
doubt about his design to his teammate and table peers, he tells a facilitator he
expects failure, and he appears motivated to keep working after experiencing
failure. Regan seems to be using the test to try out a design and discover how it
responds, rather than, for example, to check or prove that it succeeds. In a very
short time period, Regan has gone from explicitly contesting to utilizing this
testing approach.
Importantly, this shift is not just in Regan’s understanding, but has
occurred more generally in the workshop, as evidenced in two ways. First,
Regan’s peers join in at the table. Second, they no longer declare that they are
testing something that might fail, as Julian did when there was not yet a shared
norm for testing for failure. This absence of verbalization shows that testing for
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failure has become more established as an appropriate taken-as-shared use of the
testing station.
Reacting to test results with disappointment and frustration
In all of the episodes in the sections above describing students testing, all
of the students seemed unperturbed by their design’s failure at the test; in
response to the failures, the students reported what they saw in the test and/or
described why they thought the failure occurred. They did not seem overly
surprised that their designs failed. The facilitators, in turn, asked questions about
the designs, what students expected, and why they thought the designs performed
that way. As the facilitators treated these tests and reactions as normal, they
implicitly accepted these approaches, and in doing so upheld those testing norms.
In contrast, in other situations, particularly later in the workshop, students
expressed surprise and frustration when their designs failed. For example, to
different failures, Liam and Regan responded with:
Liam:

[inserts design in tube] Fly! [design falls to bottom] I hate this.

Regan:

[tests design, flies out top] Come on! Have to get one more
thing off! One more thing, and then you [the design] work.

Liam and Regan are both publically expressing frustration with the failed
test and/or their design (which led to the failed test result). As they exclamations
are out loud, within ear shot of facilitators, we can assume they either see this
behavior as acceptable or they are doing it despite believing it to be unacceptable.
Other excerpts indicate even more clearly that students begin to see
expressing frustration as acceptable. In many of these moments where students
expressed frustration with the test result or their design construction, the
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facilitators empathized with the student. Sometimes, this took the form of audible
sighing with the student, as in this conversation between Abby and Kerrianne, the
facilitator:
Excerpt 15
Abby:
I added another popsicle stick
Kerrianne: You added another popsicle stick
Abby:
Two popsicle sticks
Kerrianne: Two?
Abby:
[Tests design; it flies out the top]
Kerrianne: Agh!
Abby:
And it's still too light! [waving her arms, Figure 6-4] Jeez.

Figure 6-4: Abby waves her arms in apparent frustration as she exclaims “it’s still
too light!” (Excerpt 15)
In this excerpt, Abby explains she added two additional popsicle sticks to
her design and then exclaims when it fails that it is “still too light!” emphasizing
the “still,” showing her surprise with that result, which apparently contradicts her
expectation that the popsicle sticks would prevent her construction from flying
out. The way Kerrianne responds to Abby with empathy, rather than contradicting
her expressed emotion (e.g., “That’s OK, lots of designs are failing”), implies that
expressing frustration is an acceptable response to failed tests.
Other times, the facilitators were more explicit and emphatic in their
support for a student’s expression of frustration. In the following two excerpts (16
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and 17), Nicky has been trying and failing with the same design for 7 and 14 tests,
respectively. In both cases, when he approaches the testing station where
Kerrianne is stationed, he tells Kerrianne what he changed in his design since the
previous test, as many students did:
Excerpt 16
Nicky:
I added rubber bands
Kerrianne: That's a good idea
[Nicky tests—falls]
Kerrianne: Ugh. Man, you just can't catch a break. Keep testing.
[Nicky tests again after removing a rubber band—falls]
Nicky:
I took off 1 rubber band.
Kerrianne: Ugh.
Nicky:
I have to take off more rubber bands.
Excerpt 17
Nicky:
This hopefully works. Put a little bit of weight in this.
[Nicky tests—never enters tube, flies out top]
Nicky:
But the paper clip!
Kerrianne: You added a paper clip?
Nicky:
Yeah, it didn't get heavy.
Kerrianne: That's weird.
Nicky:
I'm gonna add tin foil now.
In Excerpt 16, in response to the failure of Nicky’s current design,
Kerrianne comments, “Ugh. Man, you just can’t catch a break. Keep testing” and
after it fails again, she responds with a sigh, “Ugh.” These comments affirm that
Nicky’s frustration is acceptable and that repetitive failure is not unexpected.
In the second exchange, Excerpt 17, about eight minutes later, Kerrianne
similarly responds with “That’s weird” when Nicky describes that his
construction “didn’t get heavy” after he added a paper clip—again, she responds
with empathy, agreeing with his assessment of the situation. She does not, for
example, tell him that a paper clip does not have much mass, so the result is not
surprising, nor does she prompt him to change something or ask what he’s going
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to change. Her comment, and lack of further direction, shows that she trusts that
Nicky understands how to engage in design and is approaching the task in a
reasonable way. In both of these excerpts, Kerrianne makes it clear that
expressing frustration is normal and acceptable in this space.
This second set of excerpts (Excerpts 11-17) show the testing norms that
developed around how it was acceptable to approach the test and react to test
results. Through the many interactions between students and facilitators, almost
all of which occurred at the testing stations, four additional testing norms are
evident: (a) it is acceptable to approach the test with an exploratory or information
gathering perspective, without expressing confidence about the test result, (b) it is
acceptable to doubt a design or express an expectation of failure when
approaching the test, (c) it is acceptable to express curiosity about the test result,
rather than solely satisfaction or disappointment, and (d) it is acceptable to
express disappointment and frustration over failed tests. In general, facilitators
reacted with empathy when students expressed disappointment and frustration,
implicitly accepting those expressions of emotion.

6.6 Discussion
In this study, we investigated how students and facilitators contribute to
the evolution of engineering design workshop norms where testing and failure are
frequent and repetitive, yet manageable for students. The data shows that over the
course of the hour-long design task, students and facilitators co-constructed norms
for acceptable testing behaviors, including testing designs that were expected to
fail. These testing norms, summarized in the second column of
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Table 6-2, gave students a great degree of agency in terms of what and
when they could test, and how they could approach and react to test results. The
testing norms that were particularly influential on students’ behaviors during the
workshop were that it is acceptable to test early and often, to doubt a design’s
performance before testing, and to show disappointment and frustration with test
results.
While norms become shared throughout a classroom over time and are
typically treated as relatively stable (Cobb et al., 2001), they are also subject to
shift over time (Danish & Enyedy, 2006). In the hour-long task examined here,
the second hour of a single-day workshop, we would not expect any sort of
stability in norms, particularly for testing norms, as this was the first task that
permitted testing during building. One example of evidence of shifting norms in
the data presented here is the case of Regan, who, over the course of just 10
minutes, switches from arguing against testing to “see if [a design] fails” (Excerpt
12) to expressing doubt about his own design’s prospects both to peers at his table
(Excerpt 13) and to a facilitator at the testing station (Excerpt 14). Thus, while we
identify norms and list them in Table 6-2, this list should not be interpreted as a
list of stable norms that would be expected to persist throughout the rest of the
workshop. Instead, it is a description of the current taken-as-shared
understandings related to the use of the testing station by the end of the task,
which are certainly still subject to negotiation.
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Table 6-2: Summary of norms and their expected influence on failure
management
Category

Norm (state at end of hourlong task)

What is
acceptable to
test?

Acceptable:
● Testing unaltered
materials &
constructed designs
When (how often
● Testing early
& how early) is it
● Multiple trials with no
acceptable to
changes
test?
● Repeated tests with
minor changes

Influence on failure
management
● Testing seems less
summative &
evaluative
● Many interactions
with testing
station—less
formal/intimidating
● Seeing others test
& fail often—
normalized

Not acceptable
● Too many repeated
tests, over multiple
testing station visits,
without changes
How is it
acceptable to
approach the test
and react to test
results?

Acceptable:
● Not expressing
confidence about result
when approach test
● Doubting design or
expecting failure
● Expressing curiosity
about test result, rather
than solely satisfaction
or disappointment
● Expressing
disappointment and
frustration over failed
tests

● Lowers bar to
testing
● Allows students to
test risky designs
with a higher
perceived risk of
failure
● Wide range of
emotional displays
acceptable, no need
to hide frustration
or disappointment

We argue that these testing norms contributed to a learning environment
where repetitive failure was manageable for students. Because the co-constructed
microculture normalized failed tests, each instance of failure in this workshop was
not as stressful for students as it might have been, and became less of an event to
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be avoided. The influences of the testing norms on failure management are listed
in the third column of Table 6-2 and are described in detail below.

6.6.1

Testing early, often, and with minor or no changes to designs
From the beginning of the task, the facilitators emphasized testing early

and often. This is seen in the introduction to the task with the poster highlighting
testing, in Lija’s announcements to the whole group (e.g., Excerpt 4), and in
conversations with individual students and groups. Most students took this up
readily, as when Nicky immediately asked to test a balloon (Excerpt 1). Other
students, like Abby and Sarah (Excerpt 5), needed more direct intervention from
facilitators to begin testing. Facilitators pressured students to test from the
beginning, consistent with recommendations from other research (e.g., Sadler,
Coyle, & Schwartz, 2000) arguing that encouraging students to test early and
often leads to more frequent testing overall.
Additionally, encouraging students to test unaltered materials was
beneficial because such tests tend to fail, which allowed students to encounter
failure early on. In contrast to later constructions, into which students invested
time and energy personally constructing—which psychologically adds value to
the object (Norton, Mochon, & Ariely, 2012)—students were not attached to the
objects in the initial tests, like a single balloon or coffee filter. There was less at
stake for students in these cases, and thus less pressure associated with these tests,
which likely made failure less stressful and something that could be more easily
accepted later on.
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At a basic level, emphasizing testing early and often and encouraging
repeated tests leads to students having many more interactions with the test, and
as a result many more experiences of failed tests, which lessens the pressure of
each test. Testing repeatedly, either at the same trip to the testing station or after
making minor changes to a design, also helped prevent the perception that tests
are summative evaluations. These multiple tests of similar designs, and the
conversations facilitators had with students during the tests, directing their
attention to the behavior of their designs and connecting those responses to the
changes students made, also served to emphasize the test as a site of sensemaking
and information gathering, rather than merely serving to evaluate designs.

6.6.2

Approaching the test with curiosity or doubt, and expressing
disappointment with results
Similar to how students showed great agency in deciding what and when

to test, students showed a wide range of ways of approaching and reacting to the
test results. While many students approached the test confident or uncertain of
their designs, in this space some students explicitly expressed doubt about their
designs before testing, as Julian did with “Can I see if this fails?” (Excerpt 12).
While not all students initially accepted this positioning (e.g., Regan, Excerpt 12),
the facilitators accepted it immediately and it soon became a widespread testing
norm (e.g., Excerpts 13 and 14). Publically expressing doubt about a design
before testing it allows the students to save face if (when) the design does, in fact,
fail the test, as was incredibly common in this task. Employing this discursive
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move may lower the bar to testing, making it easier for students to test risky
designs.
The move of doubting a design before testing can be understood as an
instance of epistemic distancing, a strategy to manage affective risk through
discursive moves (Conlin & Scherr, under review). In previous work, epistemic
distancing has been applied to undergraduate students expressing their ideas about
physics phenomena to peers; in this situation, students epistemically distanced
themselves from their ideas through hedging, joking, and questioning, such as
beginning a contribution with the phrase, “I was just gonna say…” (Conlin &
Scherr, under review). In the engineering context of this workshop, students do
not need to distance themselves from stated claims; instead, they work to distance
themselves from their ideas which are embodied in their physical artifacts (Roth,
1996; Wendell, 2013). Publicly doubting that a design will succeed in a test
serves to epistemically distance a student from the ideas in the design
construction—if you predict that a design will fail, then when it does fail, you are
less likely to be associated with that failure. For example, in Excerpt 12, Julian
explicitly asks if he can “see if it [his design] fails.” This public expression that he
does not expect his design to pass the test serves to epistemically distance Julian
from the test result. When his design does, in fact, fail the test, Julian saves face.
Julian and the other students who used this move (e.g., Excerpts 13 and 14)
wanted to test their designs, and in some cases needed to test their designs to
make progress on the task, and publicly doubting their designs seems to have
made it less affectively risky to conduct those tests. Thus, the testing norm that
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made it acceptable to express doubt about their designs made repetitive failure
manageable for students by lowering the affective risk of testing and failing.
The final norm discussed above is that it was acceptable for students to
express frustration and disappointment with failed tests. The facilitators accepted
and supported these responses, often by explicitly empathizing with students; as a
result, it was clear that students were not expected to hide how they were feeling.
As engineering is a complex creative and technical endeavor, authentic
engineering tasks are often difficult and can be frustrating. The facilitators did not
deny that aspect of engineering—they did not expect students to display positive
affect throughout the workshop and did not criticize expressions of negative
affect. In contrast, they affirmed through explicit phrases (e.g., “Ugh, I know! So
frustrating!”) and disappointed interjections (e.g., “Ugh”), that expressing
negative affect—such as disappointment and frustration—was acceptable and
even expected.
Once the facilitators saw that students were becoming stressed with the
task, as they expressed frustration and disappointment, they could have helped
alleviate some of this stress, either by suggesting solutions to design problems or
by altering the task criteria to have objects hover for a shorter period of time.
Additionally, the facilitators could choose to, in the future, give students an easier
task to work on. However, the facilitators did not attempt to lower the stress level
for these students (nor do they plan to for future students), as they see students’
engagement with the task—including the resulting negative affect—as valuable. It
is students’ “right to experience the struggle” of authentic disciplinary pursuits
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(Jaber, 2015, p. 181), in this case designing and iterating on design constructions.
We agree with Jaber (2015) that “rather than seeking to shield students from
discomfort and frustration, they [facilitators or teachers] can see these moments as
opportunities for students to experience and appreciate the emotional complexity
of intellectual pursuits” (p. 163). The workshop norm of allowing students to
express frustration and disappointment allowed students to authentically engage
in this design task without hiding their emotions, which may have made it easier
to manage the repetitive failure they faced.

6.6.3

Other task structures conducive to failure management
A few other aspects of the design task structure—which are not directly

tied to norms—also seemed to influence how students took up testing in this task.
Unlike the testing norms, which are co-constructed by facilitators and students
together, these were top-down, facilitator-imposed decisions concerning the task.
One aspect of the task which seemed to support testing was the public
nature of the tests, with multiple testing stations within a few meters and clearly
within sight of the group building tables. These public, shared testing locations
ensured students witnessed other groups testing and failing, which both allowed
them to gain knowledge from others’ test results and normalized frequent tests
and frequent failures.
While some design tasks and engineering curricula require documentation
and others encourage it, in this task there was no expectation that students would
create records of their ideas, plans, changes to designs, or test results (blank paper
and drawing utensils were available in the materials container each group had;
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one student made detailed drawings of original and modified plans during this
task). The lack of required documentation made it even easier for students to test
their designs early and often, supporting our goal of frequent testing. However,
there are certainly other benefits to documentation that were lost by removing that
expectation. For example, without documentation, it was difficult for students to
give a detailed recounting of their design process during the final share out, and
documentation may have supported having a more substantial final reflection
period at the end of the task.

6.7 Conclusion
In this study examining an engineering workshop where upper elementary
students continually tested their design constructions despite repetitive failure, we
explored the nature of interactions among students and facilitators to understand
students’ persistence in the task. Using a case study of an hour-long design task in
an out-of-school workshop, we examined how student and facilitator discourse
through moment-to-moment interactions acted to co-construct workshop norms
that allowed and encouraged a wide range of approaches to the physical test and
responses to failures of design constructions.
We identified a number of testing norms that developed over the hourlong task, including testing early and often, testing multiple times with small or
no changes to designs, approaching the test doubting a design or expecting failure,
and expressing disappointment or frustration over failed tests. We argue that these
taken-as-shared understandings acted to normalize failure by lowering the bar to
testing, giving students many interactions with the testing station, and allowing
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students to test risky designs with a higher perceived risk of failure. As a result of
this positive testing microculture, students continued to test their designs
throughout the task, despite encountering repetitive failure.
Of course, co-creating a workshop microculture that is accepting of
repetitive failure is much easier to accomplish in some spaces than in others. In
this workshop, with students who self-selected to spend their Saturday doing
engineering tasks at a university engineering education center, facilitator bids for
certain testing norms were taken up readily by students, and student bids to
expand the appropriate uses of the testing station were accepted by facilitators and
their peers. In other learning environments, for example, in schools labeled as
“failing” in terms of standardized test results, or where there is a privileging of
compliance and performance, it may be harder to frame failure as a positive
occurrence. Studies on the development of testing norms—particularly when
students face repetitive failure—in different communities may refine the theory
we have begun to build here. This case study provides a model for future work
examining how student facilitator interactions co-construct similar supportive
testing norms in a range of formal and informal learning spaces.
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Chapter 7. Contributions, implications, and future
directions
In this chapter, I reflect on the theoretical and methodological
contributions, pedagogical implications, and limitations and future directions of
this dissertation. I argue that the collection of three studies reported here, with
three different explanatory frameworks brought to three different analyses,
contribute to a multifaceted view of failure in engineering at the elementary level.
I describe the implications of the three sets of findings for creating and
conducting elementary engineering design tasks. Finally, I address the limitations
of this work and recommend directions for future studies on failure in engineering
education.

7.1 Conclusions
In this section, I summarize the conclusions from the three studies to give
an overview of what physical failure can be expected to look like in engineering
design at the elementary level. In this dissertation, I focus on a very specific kind
of failure students may experience, that of failed tests, when a design construction
is tested physically and is found to not meet all of the specified criteria and
constraints. While the previous literature in engineering education has not until
recently focused on failure itself, researchers have looked at iteration, which is
closely linked to these failed tests, as failed tests typically prompt students to
engage in further iterations, until their design is able to pass the test (time
permitting, of course).
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The concerns shared by researchers regarding students’ challenges in
iterating effectively is a legitimate one, which is why the first study directly
addresses them. In Chapter 4 (study 1), I argue that fourth grade students show the
beginnings of productive engagement in iteration, as their responses to testing
failures proceed logically from how they evaluate that test within the constraints
of the design task. In particular, I found that the pair of Marco and Vincenzo saw
testing as a source of feedback on their design construction and made intentional
changes to the design construction in response to the test results. Importantly, this
study also showed that students’ engagement during engineering design tasks may
be more productive than it seems to facilitators or teachers in the moment. In the
detailed log of every test and response that I generated from the video data, we
could see retrospectively that Marco and Vincenzo were making informed
changes to their designs within the constraints of the task. However, in the
moment, their designing seemed much less sophisticated and even uninformed
from the perspective of the camp facilitators, who mostly only observed the
evolution of the artifact as the pair tested.
The findings of study 1 show that elementary students can iterate
effectively when encountering failure, but do not show whether failure is
necessary or how failure may be productive. If the sole reason for including
failure in design tasks is to give students experience with a feature of the
discipline of engineering, then it would be reasonable to only rarely allow failure
and to scaffold up to it, as recommended by some of the engineering education
literature (e.g., Crismond & Adams, 2012). On the other hand, if failure is found
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to be productive and possibly even essential for learning, as supported by
literature in other domains (e.g., Kapur, 2008; Tawfik et al., 2015), then we would
not want to reduce students’ failure experiences, as failure would be important in
all engineering learning experiences.
In Chapter 5 (study 2), I argue that as students test and experience
repetitive failure, they attend to more causal factors of the wind tunnel design
task, a failure-prone design task. I interpret the shift in their attention toward
different and multiple causal factors relating to the task and the physical test as an
increase in the sophistication of their approach to designing and as indicative of a
more nuanced understanding of the physical problem. This shift is not seen in the
subsequent water transport task, a success-prone task. Comparing these two tasks
shows that failure is productive, and potentially even necessary, for students to
gain a deeper understanding of the physical problem of the design task. As the
shift to attending to multiple causal factors did not persist during the successprone water transport task, the shift is likely task-specific. If it were instead true
that attending to multiple causal factors was a universal shift—one that, once
triggered by a single task, persists through other design activities—then it might
follow that students could be given a single failure-prone task at the beginning to
get them to consider more causal factors, and then instructors would not have to
consider this any longer. In fact, we found that this is not true—the students only
shifted to attending to multiple causal factors in the failure-prone task. Thus, we
can assume that it is not enough that students are occasionally given failure-prone
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tasks, but that most tasks students face should be difficult enough that students are
not able to construct successful designs in their first attempt.
This shift in students’ attention from the weight of their designs toward
other and multiple causal factors occurred along with the support of and
interaction with facilitators, particularly at testing stations. Facilitators modeled
for students how to interrogate their designs and the changes they made to designs
between tests. In particular, the facilitators encouraged students to compare the
results of different tests, including successful tests and failures, to begin to
determine what might be different about the two situations. Through all of these
interactions, the facilitators positioned the students as competent designers, who
were capable of doing this type of reasoning and using it to improve their designs.
While study 1 and study 2 respond to research literature that questions the
effectiveness of students’ iterating, study 3 responds to the other main concern in
the literature regarding testing and failure. This concern, which is particularly
shared by teachers, is that repetitive failure may have a negative impact on
students’ affect (Lottero-Perdue & Parry, 2014; Lottero-Perdue & Parry, 2015;
Lottero-Perdue & Parry, 2016). This raises the question, even if failure is
productive, is it responsible for teachers or facilitators to ask students to cope with
failure? I argue in Chapter 6 (study 3) that it is possible for students and
facilitators to co-construct a supportive space where students are able to manage
the likely stress and frustration associated with failure. Attending to the workshop
microculture over time revealed that the taken-as-shared understandings around
when and what was appropriate to test expanded over time, in response to bids by
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students that were accepted and ratified by facilitators. While the facilitators
initially worked to frame the wind task as one that would require frequent testing,
it was not until a student pointedly asked if he could “see if this fails” that testing
to see if a design construction failed was explicitly discussed as an appropriate
use of the testing station. This study looks at how the norms around testing were
co-constructed during the task as students worked. We found that, over the hourlong task, it became acceptable to test early and often, to conduct repeated tests
with little or no changes to designs, to approach the test doubting a design’s
prospects or explicitly expecting failure, and to express disappointment and
frustration over failed tests. These norms acted to make the test seem less
summative and evaluative, normalized failure through encouraging many
interactions with the test and witnessing others test and fail, and allowed students
to test risky designs with a higher perceived risk of failure. We argue that through
these influences, these norms contributed to a learning environment where
repetitive failure was manageable for students.
Across these studies, we see that, in general, elementary students can
productively engage in iteration design, even when that includes repetitive failure
of their design constructions. The elementary students in these three studies
responded in reasonable ways to the failures, and appeared to have the resources
necessary, and the ability to activate them, to make informed decisions about what
to change in their designs in response to the failed tests. Consistent with a
constructivist perspective, these results show that facilitators can meet students
where they are and help them refine their approaches to designing.
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Combined, the findings of the three studies suggests the potential benefits
of altering our approach to failure in elementary engineering education, from one
of allowing students to fail in order to make them better engineers, to intentionally
creating tasks that prioritize testing, with likely failure, to give students a deeper
understanding of the physical world.

7.2 Contributions
By looking closely at failure through three different lenses and grain sizes,
this dissertation provides a useful theoretical contribution to current
understandings of how elementary students engage in failure-prone engineering
design tasks. The first study addresses a concern researchers have reported about
engaging elementary students in failure: that young students cannot iterate and
redesign effectively without considerable adult support (Crismond & Adams,
2012). The second study addresses a conjecture based on findings from literature
in other domains: that failure may be productive and perhaps even essential for
learning. The final study addresses a concern expressed by teachers that
encountering failure during design tasks may be detrimental to students’ affect
and identity. These studies bring a theoretical framework grounded in
constructivist principles and used in science and mathematics education to
engineering education.
These studies also contribute methodologically, by providing three indepth qualitative case studies, addressing calls for more work in this vein in
engineering education (Johri & Olds, 2011; Case & Light, 2011). All three studies
demonstrate how discourse analysis can be used to study failure in elementary
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engineering design tasks. By focusing on relatively few students and looking
closely at how they engaged in a single design task, I was able to capture the
nuance and complexity in their design activities, giving a more detailed picture of
failure during elementary engineering than would be possible with more
participants and a coarser grain size. These methodological commitments made
possible the theoretical contributions of this work, including uncovering
productive student practices that appeared ineffective before examining the
discourse in detail. The in-depth case study approach revealed how the workshop
microculture evolved over the course of the design task, leading to more detailed
understandings of how these students and facilitators used epistemic distancing
and attended to students’ epistemic affect.
One specific contribution of this work, found in the second study (Chapter
5), is a theoretical mechanism for why repetitive failure may be productive and
lead to learning. After many failures, during which students were primarily
referring to weight as the single causal factor for the task, students seemed
surprised and frustrated with their constructions’ continued failure during tests. I
propose that it is this surprise and frustration that motivated them to think about
the task and the test and their design in a different way, as they recognized (not
explicitly) that their initial causal factors were insufficient to create a successful
construction and began attending to other aspects of the problem. We see that
over time, students attended to more factors and multiple factors during a single
test, which can be understood as a more sophisticated approach to designing and
evidence of a more complex view of the physical aspects of the task. Importantly,
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this shift was not seen in the subsequent task, where students experienced
successful tests much more readily, within 1 or 2 tests. The shift seen in the
failure-prone task, however, was not stable—even when students began
considering other factors, after further failures, some students went back to only
mentioning weight (which is not incorrect). Also, in the next task, students did not
immediately attend to multiple factors.
Another potential contribution of this work is a redefinition of the way
failure and success are conceptualized in elementary engineering. I use failure in
this dissertation to refer to the physical failure of a certain design construction in a
physical test, and the data from the three studies show in multiple ways that this
kind of failure was productive for students. I draw a clear distinction between the
failure or success of an artifact constructed by students in a physical test and
“failure” or “success” of students participating in the task or the activity itself.
That is, even if no (or few) students experience a successful test of a design
construction, the activity may very well still be successful; in fact, in the
workshop, the water transport task, where students readily found success, seemed
less productive than the wind tunnel task, where students struggled, as the wind
tunnel task provided more evidence of students engaging in productive decision
making and revising their ideas about what factors were influential to the test
result.
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Generally, students are not given the opportunity to iterate on work in
school24 (even homework is rarely allowed to be revised), first attempts are
graded and failure is final; students do not get to try again. This is clearly at odds
with the engineering and designing view of failure as expected and integral to the
design process. Thus, students may not be immediately used to the idea of
iterating on their work in school. But, as persisting through failed attempts seems
to be a part of the natural human condition (otherwise, as Petroski [1992] points
out, babies would never learn to walk), the role of teachers is less one of teaching
students how to engage in iteration, and more tapping into that general tendency
while creating a space where it is safe to fail and try again.
One such approach to introducing and encouraging iteration, which has
been taken up in the maker movement, is highlighting and celebrating failure
(Martin, 2015), for example by appropriating expressions from Silicon Valley like
“fail fast, fail early, fail often” (Basulto, 2012) and “fail forward” (Good, 2014).
While the goal of focusing on failure in making seems to be normalizing failure,
critiques point out that Maker Faires typically “feature[e] peoples’ best and most
successful creations” and few failures are presented (Ryoo, Bulalacao, Kekelis,
McLeod, & Henriquez, 2015, p. 1). Thus, while failure is celebrated during the
design process, success is still expected in end products. This seem to be the
direction engineering education is heading towards as well, with increased
rhetoric encouraging failure during the design process, but still narrowly defining
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Of course, there are many exceptions to this generality. One notable exception
is the emphasis on revision in the EL Education approach (formerly
Expeditionary Learning) (e.g., Berger, 2003).
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success in terms of successful final artifacts. Of course, equating success with the
final outcome (whether or not failure along the way is celebrated) is not unique to
engineering education—in mathematics and science education, success is often
defined in terms of arriving at the correct pre-determined answer or canonical
understanding of a phenomenon (Barron, 2003; Kapur, 2008; Kapur & Bielaczyc,
2012; Van Lehn et al., 2003). An alternative conception would place less
emphasis on the final result and instead highlight learning, including multiple
understandings of the word success—to refer to content, process, epistemic affect,
teamwork, and even empathy behaviors. Success can and should encompass all of
these attributes.

7.3 Pedagogical implications
The findings from these studies suggest a number of pedagogical
implications that have relevance for both informal and formal (in school) learning
environments. The productive failure literature (e.g., Kapur, 2008) emphasizes
that failure is not necessarily productive for students under all conditions. Thus, a
major focus of research on failure in engineering education should be teasing out
what conditions are necessary for failure during design tasks to be productive and
result in learning, and what facilitation strategies best support students through the
affectively risky process of repetitive failure. While these studies by their design
cannot prove what conditions are optimal, the patterns of student engagement
seen in the camp and workshop differ in marked ways from other reports,
implying that some combination of things done here and not in other settings were
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productive. The pedagogical implications can be divided into those related to task
design and those related to facilitation.

7.3.1

Task design
It is clear from these studies that task design is critical, both for

pedagogical and research goals. From the second study (Chapter 5), it can be
argued that failure provides opportunities for students to confront and revise their
ideas about why their designs are working or not, opportunities that are not
always available in tasks that feature ready success or tasks which do not allow
for multiple cycles of testing and revision, as when the test set up is only available
at the end. This contradicts recommendations from other researchers to have
students start with a functioning prototype and improve it (Crismond & Adams,
2012; Kolodner et al., 2003; Sadler et al., 2000).
The wind tunnel task differs in a number of ways from other common
design tasks: (1) the tests are very fast, making it difficult for students and
facilitators to observe what factors led to failures; (2) the design constructions are
not damaged by the test (as opposed to, e.g., a weighted bridge task); (3) failure is
exciting, especially when the design flies out the top of the tube; and, (4) the
designs are judged by whether or not they pass but not by the degree to which
they succeed (like building the tallest tower or fastest boat). These features
correspond to both benefits and drawbacks of using this task to encourage
iteration: on the negative side, per feature (1), it is more difficult to evaluate the
test result if the failure occurs so fast that it is difficult to discern what happened.
On the other hand, the fast tests mean that students can test quickly, without
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losing much building time or requiring much preparation. In addition, the fact that
designs are not damaged by testing may lower the barrier to testing and make fast
iterations easier; the fun failures may make it less stressful to see a design fail;
and the lack of ranking successes may make the task less competitive as everyone
can succeed equally.
While the tests in this task were sometimes so fast that it was difficult to
determine what occurred in the split second between when the artifact was placed
in the tunnel and when it failed, the test was also very visible, which provides
more information to the students about why something failed. In contrast to a
popular test for Lego artifacts, where the artifact is dropped from knee-height and
often breaks apart, in the wind tunnel task, students can see their artifact drop
straight to the bottom or a parachute fill will air before flying out the top, which
both give the student more useful information than simply “it broke.”
Although this study was not conducted to evaluate task design, the most
salient feature of this wind tunnel task—the quick iterations—is important to
discuss. These results support the recommendation of Sadler, Coyle, and
Schwartz (2000) to have design tasks with many, fast iteration cycles. With the
wind task, students were able to test their first design within minutes of beginning
to build, and it seems reasonable that this short build time is part of the reason that
they were not overly disappointed with the first failure and continued building
without interruption. The many, fast iteration cycles in this task stand in contrast
both to tasks that never have students test, such as the playground design task
used by Atman and Adams (e.g., Adams & Atman, 2000; Atman et al., 2007), and
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tasks that have students test only once at the end of a longer build time, like in
many egg drop challenges. If students learn by “bump[ing] up against the world”
(p. 82) as articulated by Bransford and Schwartz (1999), then many testing cycles
allow them to bump up more often. Finally, having many iteration cycles may
allow teachers or facilitators more access into the children’s thoughts.
Finally, the wind-tunnel task can be considered open-ended in that a wide
variety of designs can be successful—students are not looking for a single correct
answer. This attribute of the task, and more importantly, students’ understanding
and acceptance of this attribute, may have made it easier for them to deal with
failure, as failures did not indicate they were following an incorrect path. As
Jordan and McDaniel (2014) explain, when students recognize that there are
“multiple design paths to a solution…[t]hat knowledge seemed to give [students]
hope in the face of uncertainty” (p. 508).
Engineering design tasks described in the literature are typically designed
either predominantly for pedagogical goals, with research focusing on how to
make them even more effective for classrooms (e.g., Learning by Design,
Kolodner et al., 2003); or predominantly for research goals, as in tasks designed
for laboratory-type settings, which are not necessarily intended to be used in
education spaces (e.g., Cross’s (2003) protocol study experiments with
professional designers; Adams and Atman’s (2000) playground design task). An
alternative approach is offered by the Design Based Research (DBR) approach
(e.g., Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003) in which tasks are often
designed for naturalistic settings, such as classrooms, while remaining a key way
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of furthering development of theory. Thus, it is possible to design tasks that work
in classrooms and fulfill pedagogical goals that are also tools for research. The
wind tunnel task focused on in this dissertation can be seen in this light: it was
initially designed for pedagogical purposes and to be fun and engaging (versions
are popular in many science and children’s museums), but, as seen here, it also
provides a productive context to investigate how students engage with failureprone tasks. With a DBR approach, the design task and pedagogical structures
would be iterated on as the theory under review is refined. For example, in this
research, I argue that the facilitators’ interactions with students, particularly
immediately surrounding tests of their design constructions, appear to support
students’ improved reasoning about their designs and how those designs are
functioning in the test. In a future iteration of this design task, we could look at
whether having students record aspects of data about their tests—the changes they
made to the design, the result of the current test—achieves similar shifts in the
causal factors students attend to over time. Results from this prospective study
would further refine the theory on how students’ reasoning develops as they
engage in the task. In addition, it would make the task more manageable in a
classroom, where there are not typically four adult facilitators for every 13
students, as we had in the workshop.

7.3.2

Facilitation
These studies, particularly studies 2 and 3, from the workshop, show the

importance of facilitation in how students engage in design tasks. In study 2,
facilitators supported students by modelling how to observe and interpret tests,
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including modelling the questions experienced designers might ask themselves
while testing. In study 3, we found students coping with the stress of repetitive
failures as the facilitators noticed, accepted, supported, and defended students’
expanded use of the testing stations and accepted expressions of frustration and
stress as a natural part of engaging in engineering design.
The ways in which facilitators in the workshop interacted with the
students is consistent with recommendations from the responsive teaching
literature (e.g., Hammer, Goldberg, & Fargason, 2012; Hammer & Van Zee,
2006; Jaber & Hammer, 2016; Michaels & O’Connor, 2012). Responsive
teaching entails eliciting, attending to, and responding to students’ ideas in the
moment, and potentially altering instruction in response to students’ disciplinary
understandings of the topic of interest. In the camp and workshop, the facilitators
invoked responsive teaching approaches by attending and responding to students
as they tested their artifacts and experienced failures. Additionally, in the
workshop, facilitators were explicit while introducing the task that failure was to
be expected. While I cannot argue definitively that this intentional framing
influenced students’ failure responses, we have seen in more recent research in a
classroom environment using an Engineering is Elementary (EiE) task (Andrews
& Wendell, 2016), that after being clear that failure was expected, all student
groups continued working after their initial designs failed the test, whereas less
than half of the teachers in an EiE study reported an overall positive response to
how their students handled failure (Lottero-Perdue & Parry, 2015). Some teachers
in that EiE study reported that in the second year of teaching these units, in
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response to their experiences of the first year, they intentionally worked to
prepare students for failure before engaging in the design task (Lottero-Perdue &
Parry, 2016).
Other research challenges the approach taken in the workshop and camp,
where facilitators deliberately refrained from scaffolding students as they worked
on the design tasks. This approach was motivated by a desire to have data where
students engaged in failure-prone tasks in as “natural” an environment as
possible; however, this approach may not have been the most productive from a
pedagogical lens. One interpretation of the research on “epistemic games” (e.g,
Bielczyc & Ow, 2014; Collins & Ferguson, 1993) implies that teachers should be
explicit about failure and how to deal with it. While in the workshop, facilitators
stuck to interacting with students by asking questions and modeling how to
observe tests, Bielczyc and Ow (2014) argue that more explicit scaffolding is not
inherently limiting to students: “Becoming a critical thinker goes beyond just
being immersed in a rich learning environment where powerful learning strategies
are modeled and engaged in. In addition, there needs to be explicit naming of and
discussion of the strategies and their use in order for them to become powerful
tools for learners” (p. 60, emphasis added). This explicit naming and discussing of
strategies could occur during many activities surrounding design tasks. For
example, instead of facilitators merely telling students before the task that failure
was expected, they could have facilitated a whole-group conversation about the
ways students might respond to failure when it happens and have students
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brainstorm strategies they could use if they get stuck while designing (such as
walking around to get ideas from other groups).
As mentioned above, one contribution of this work may be to expand what
is considered a successful experience for students, beyond whether the final
designs are successful. As described in the first study (Chapter 4), it can be
difficult for facilitators or teachers to determine in the moment whether students
are progressing in their understanding of the science in the task and exhibiting
reflective decision making (Wendell, Wright, & Paugh, in press) as they engage
in the design process. It is important to find ways for teachers to be able to see
markers of a “successful” task, to better be able to determine whether students are
learning as they are designing. Although we regrettably did not make time for it
during the workshop or camp, a reflection discussion at the end of the task is
likely a productive way for students to consolidate what they’ve learned as they
share and discuss their strategies and set backs and reasoning with other students
(Michaels & O’Connor, 2012). Another potential tool is notebooks, where
students record their ideas and design process as they work, like the digital
notebooking app under development at the CEEO (Andrews & Wendell, 2016).
Along with supporting students in engaging in collaborative reflective decision
making as they design, these notebooks provide an additional access point for
teachers to gain insight into what their students are doing during design tasks and
what sense they are making of the design process and their test results.
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7.4 Limitations to generalizability & recommendations for
future work
This dissertation considered a single, informal learning context and
focused on a single, unique design task. As such, the particular observations and
findings discussed here are limited to this specific case, but it is a misconception
that “one cannot generalize on the basis of an individual case” (Flyvbjerg, 2006,
p. 221). It is inappropriate to attempt to derive probabilistic generalizations based
on this case, but the rich description provided here allows for theoretical
generalization; that is, the theory provided by these cases “can be true although
the results in specific cases are different” (Eisenhart, 2009, p. 60). Eisenhart
(2009) draws on Becker (1990) to describe theoretical generalization: “the
point…is not to show that every site with the characteristics of a [given process]
produces the same results, but rather to show how each new site potentially
represents different values of a generic process” (p. 60). The theories that emerge
from these in-depth studies are then refined over time as they are applied to more,
disparate cases. Thus, while the single context and unique design task used for all
three of these studies are not inherent limitations of the work, they provide do
clear directions for refining these results in future work.

7.4.1

Context
Although the three studies in this dissertation use data from two different

events, both the camp and workshop were out-of-school activities that took place
at the Center for Engineering Education and Outreach (CEEO). All students opted
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in to participate, and many students had participated in similar activities in the
past.
Informal learning environments often provide valuable learning
experiences that compliment classroom learning, but as they are generally
designed with different goals (often increasing interest and motivation) and
structures than formal classroom environments (NRC, 2009), the particular
findings from these spaces may not be directly applicable to classroom contexts.
As an example specific to this work, the doubting discursive move discussed in
the third study (Chapter 6), may be an artifact of the workshop environment,
where students are working with peers they just met. In a classroom environment,
where students are more familiar with their classmates, it may not be as necessary
to explicitly position yourself before you test a design.
In addition to conclusions being tied to the informal learning context,
conclusions may also be limited by the student population that attended the camp
and workshop. There appeared to be little racial, ethnic, and socioeconomic
diversity among the students; given my background and knowledge of the typical
students reached by the listserv announcing the design workshops, most students
appeared to be white and of higher socioeconomic status. Additionally, in both
events most students identified as male.
The approaches these students took to designing and the interactions
between students is not simply a function of the workshop design, task, and
facilitation practices, but are also linked to the history of students’ experiences,
shaped by their racial and gendered and economic existence. We should expect
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differences in how different populations of students with different histories in
different spaces will take up similarly framed engineering tasks. Evidence from
Wright, Wendell, and Paugh’s (2016) report on an implementation of an
Engineering is Elementary unit in a diverse, urban classroom sheds light of some
of these differences. Although the teacher and researcher attempted to position
students as agentive engineers and establish a community of practice centered
around collaborative reflective decision making (Wendell, Wright, & Paugh, in
press), students understood being a successful engineering student to encompass
following directions and not getting in trouble. To the question of where they
would place themself on a scale of 1-10 in engineering, one fifth grader replied,
“Ten. Well, because I’ve never really done anything bad in engineering to get
kicked out of it or anything else or a teacher had to actually say something to me;
tell me to get out the room.” Despite intentional attempts to frame the engineering
activity similarly to how we did in the workshop, where the students readily took
up a position of co-constructing workshop norms along with the facilitators,
Wright and colleagues (Wright, Wendell, & Paugh, 2016) found different patterns
of engagement in the urban classroom. They draw on Emdin (2016), Ferguson
(2001), and Ladson-Billings (2009) to interpret how students’ understandings of
what was expected of them was filtered through “a ‘Discourse of the good student
in urban classrooms,’ where compliance, cooperation, following directions and
good behavior are valued” (2016, Slide 9).
There was a lack of diversity in the responses students had to repetitive
failure in these dissertation studies, which may be a consequence of the context.
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In all design tasks in the workshop, all student groups continued working on the
task—admittedly with periods of more social than building activity—and no
groups gave up or became “stuck,” responses that have been reported in the
literature (Roth, 1996; Sadler et al., 2000; Lottero-Perdue & Parry, 2015). For
example, during a design task before beginning a formal engineering design unit,
Roth (1996) found that many of the fourth and fifth grade students became stuck,
they “walked around the classroom, seemingly not knowing what to do next” (p.
152). Roth attributed this behavior to a lack of self-confidence stemming from the
complexity of the ill-defined task. The students’ behavior was much more
productive after two months in the unit, which seemed to imply to Roth that either
the lessons or simply the experience of working through other design tasks
increased their self-confidence, allowing them to “deal with the challenges of the
ill-defined design tasks” (1996, p. 152). In a design challenge to build the lightest
effective paper truss, which essentially consists of systematically cutting out
nonessential regions from a piece of paper, Sadler, Coyle, and Schwartz (2000)
noted that one team stopped trying after two failed attempts—the authors explain
that the team members “were discouraged by their lack of success” (p. 306).
There is an implication that the fault was in the team’s strategy; specifically, in
contrast to another other team that failed in the first trial after beginning with a
similarly “highly risky” approach but then backed off, the unsuccessful team “did
not retreat from this failure and had another one” (p. 306). Future studies,
potentially in classrooms, may be able to look closely at a case where students
gave up or became stuck in an effort to characterize this response, determine
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whether it is in fact as unproductive as it may seem, and investigate how to
support students in these situations.
These three studies only looked at how students engage in design tasks
during a single day. Starting from Roth’s (1996) finding that students no longer
became stuck after a few months of engaging in design, future studies should
consider the effects of different timescales, how students’ failure management
approaches change after engaging in many different types of design activities.

7.4.2

Design task
All three studies focused on the wind tunnel design task, which is a well-

defined task with a relatively clear test with a binary pass/fail evaluation. As
described above, there are many features of this task which are uncommon to
design tasks, including: the test is often rapid, particularly failures, the design
constructions are not damaged by testing, and all designs were considered
successes if they passed the test and were not ranked. When tests take longer to
conduct or artifacts need to be repaired after failed tests, the duration between
tests would naturally be longer than seen in these studies, and students’ patterns of
engagement would be expected to change.
The ways students engaged with failure in this task is expected to differ
considerably from how they would engage with failure in a more open-ended task
(as in many community based engineering tasks, e.g., Dalvi & Wendell, 2015), or
even one in which each student group determines their own task and test (as in the
Novel Engineering project, e.g., McCormick, 2015). When students are able to
define the test, either as a class or in groups, iterations may involve changes to the
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test in addition to the design construction. Likewise, if students define the criteria
for successful designs on their own, then a legitimate response to a failure could
be to drop design criteria or constraints (for example, if students choose to design
a bike rack for their school that accommodates all sizes of bikes, they may after
initial testing decide to reduce the scope of the problem and change the criteria to
only secure one size of bike). When it is allowable to change the test, criteria,
and/or constraints of the design task along with the design construction, we would
expect different patterns of engagement from students.
For example, at the other end of the spectrum from this well-defined task
are tasks such as those in the Novel Engineering project, where students design
solutions to problems faced by characters in works of literature25. In these tasks,
students choose a problem to solve and how they will test to see if they’ve solved
in. In one implementation of the approach, using the novel “From the Mixed-Up
Files of Mrs. Basil E. Frankweiler,” one group of students took on the challenge
of the children in the novel needing a place to hide from guards in the
Metropolitan Museum of Art (McCormick, 2015). Their first attempts at solving
this problem involved identifying appropriate hiding places. However, when they
realized they needed a functional engineering solution, and choosing a location
from a map did not satisfy that classroom requirement, they refined their problem
to how to run between hiding places when the night guard is around. Using this
revised problem conception, the students built a “guard distractor” and tested it by
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See http://www.novelengineering.org/ for an overview of the approach. The
research behind the approach was supported by the National Science Foundation
under Grant Number DRL-1020243.
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acting out the parts of the children and guard and demonstrating that the children
did indeed have enough time to run around the bumbling guard without being
noticed (McCormick, 2015). Because the test was determined and enacted by the
group themselves, they were able to, for example, have the guard fumble for an
extra second to give the children more time, rather than revise the physical
mechanism of the guard distractor apparatus. Thus, as these students had
complete control over their framing of the problem, solution, and test, their
engagement in the task followed a much different pattern than we see in the wind
tunnel task, as all three components evolve in tandem over time.
Finally, in the situation where each group is working on a different task
(as is the case in many Novel Engineering activities), then we would certainly
expect very different results than seen here. With different tasks, groups would
not have public tests and shared testing stations that provide evidence and
feedback that is useful for all groups. Also, in the case of the wind tunnel task,
observing other groups testing and failing at the shared testing station assured
students that every group was facing repetitive failure. When groups are
conducting different tests, students will not be able to learn as easily from other
groups’ ideas, results, and conversations with facilitators, nor will they be able to
use other groups’ test results as a benchmark for their own progress, all of which
may be beneficial or detrimental, depending on the situation.
It is also likely important that the tests took place in a public location, very
close to the building tables. Personal anecdotal observations in classrooms where
testing stations have been put in the hallway (generally due to lack of space) show
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that when students do not observe each other’s failed tests, they are more likely to
assume they are the only students failing, despite teacher claims that failure is
common.
Future studies could conduct similar in-depth investigations of students’
engagement with diverse design tasks and testing procedures, to get a clearer
picture of how different design task types affect how students engage in failure
and iteration.

7.4.3

Methodological limitations and future work
A methodological choice made in these studies was to focus the analysis

primarily on student discourse; thus, when students did not talk much, it was
difficult to interpret how they were engaging in the task from solely their actions
and behaviors. Future studies could combine the methodology here, recording
video data of groups working, with individual or small group interviews of
students, as another source of information on what students were thinking and
feeling. These interviews might benefit from stimulated recall, where students or
groups could be shown video of themselves engaging in the task and asked to
reflect on what they were thinking and expecting during those moments. This
approach has been used successfully in other studies (e.g., Jaber & Hammer,
2016); however, it would be difficult technologically to implement this approach
during a single-day workshop. Employing a process of triangulation among
additional sources of data to confirm findings would function as an additional
validity procedure (Merriam, 1998).
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7.4.4

Analytical limitations and future work
While the discourse analysis in these studies took into account students

interactions, socially-situated aspects of the design tasks and environment were
not a focus, although they are expected to influence students’ engagement (Jordan
& McDaniel, 2014). Also, while results were sometimes broken down by groups,
the role of groups was backgrounded in this analysis, not because it is expected to
be unimportant, but because (a) in the wind tunnel task in the workshop, most
students created individual design constructions and few groups worked together
on building, and (b) in many cases, students talked equally to every student at
their table, including their group members and those in other groups sharing their
building space. As the role of group members has been found to be critical in
determining how students engage and how successful they are at problem solving
tasks (Barron, 2003; Jordan & McDaniel, 2014), future studies could investigate
whether interactions with group members have a different effect on students than
interactions with peers in other groups. As was found in studies of uncertainty in
engineering, I expect that collaborative aspects are critically important for
effective learning experiences (Jordan & McDaniel, 2014). Future work could
focus more directly on interactions, especially between peers.
A critical analytical limitation in this dissertation is how “failure” is
defined and taken up throughout these three studies. I defined failure here to refer
to failed physical tests of design constructions; that is, when an artifact was tested
and did not meet the constraints and criteria set out by the facilitators in
describing the design task I defined that event as a failure of the design
construction. Thus, failure was determined entirely by the test itself, and every
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time a design did not pass the test, it was considered a failed test. This was
ultimately an analytical limitation; it seems obvious that every object that did not
pass the test was equivalent in terms of performance, but it did not seem
productive to attempt to construct a system to rank objects beyond the physical
test result. But more important than how researchers might rank design
constructions in a more detailed or nuanced way is how the students themselves
felt about the test results. It seems unlikely that students considered every failed
test to be equivalent. As detailed in study 3 (Chapter 6), students expressed more
frustration after failed tests when the same designs with small changes continued
to fail the test. Of course, recognizing that students almost certainly did not view
every failed test equivalently only scratches the surface. Understanding how
students interpret test results goes beyond simply detailing which failures they
considered to be worse than others.
A major theoretical contribution by Cross (2000, 2004, 2011) to design
thinking is the understanding that designers iteratively frame both the solution and
the problem itself as they work, and that these framings evolve in tandem over
time. It is tempting in these smaller, more directed tasks, to assume that learners
are all understanding the problem in a similar way, and in a similar way to the
facilitators. Instead, they are framing the problem and solution as they are
working, and each learner frames it in a unique way, even within a single team.
How students interpret failed tests is tied directly to how they understand the test,
which in turn is likely embedded in how they are understanding the design
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problem. The problem lies in how to uncover how learners understand the design
problem, the physical tests, and particular test results.
As with the other analytical limitations, uncovering how students interpret
the test is tied to methodological limitations. In these studies, because students
spoke relatively little during the tasks, and most of that speech was procedural
(asking for materials or assistance, stating changes or planned changes to designs,
relaying results to teammates), it was quickly deemed untenable to attempt to
derive students’ expectations and interpretations of the test results in any sort of
systematic manner, beyond noting the changes they made and expressions of
affect. A study that closely considered how students were understanding the
design problem would likely require more direct reflections by students, either in
the moment or later, or preferably, both. While studies of practicing adult
engineers have successfully used both retrospective interviews, where designers
recall past design work, and think aloud experimental protocols, where designers
are recorded working on short given design tasks, to gain a deeper understanding
of how they design (Cross, 2011), these approaches have not been widely taken
up with elementary students.
While the current study, as a first attempt at looking closely at failure in
elementary engineering, did not attempt to closely examine how students
themselves were interpreting every test of their designs, this kind of analysis is
consequential for interpretations about how students engage in these failure-prone
tasks. An example of this kind of analysis can be performed on a conversation
between Cecelia and Riley (R*, a facilitator) from study 2 (Chapter 5). Here,
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Cecelia is testing a design construction she has been working on for about 15
minutes, including about 6 failed tests. In this excerpt, she tests the design twice:
the first test in lines 3-4 is a failure, but the second test, lines 10-14, is a success.
1
2
3
4

5
6
7
8
9
10
11
12
13
14
15

R*:
So what did you do?
Cecelia: I wrapped this because I didn't want [unclear] popsicle sticks
Cecelia tests in bowl orientation (Figure 5)—it very slowly sinks,
then hovers low
R*:
One, two [begins counting to 10 to see if design passes] [design
drops below middle band and hovers just above the fan]. You
really got it to float though. [2.5 second pause] This is cool. Why,
do you think?
Cecelia: I don't know.
R*:
Here, can I see it one more time?
Cecelia: Because the paper is being pushed. [Gestures with palms coming
together horizontally]
R*:
The paper is being pushed down? [Lifts up tube and Cecelia picks
up design]
Cecelia: Yeah. So I'm gonna try it like this way [Flips it upside down—
parachute orientation].
Cecelia tests upside down from before—parachute orientation—it
flips over
Cecelia: It just goes right back upside down [to bowl orientation]
R*:
Why do you think it goes right back upside down?
Cecelia: Because, there's space there to—[interrupted]
R*:
Count it, one, [Cecelia counts along] two, three, four, five, six,
seven, eight, nine, ten. I think that's ten.
Cecelia: Yay! [High fives Lija]
In lines 5-9, Cecelia is discussing the first failed test with Riley, and she

does not seem to be upset about the failure, but instead seems to be understanding
the test as an information gathering activity, as described in study 3 (Chapter 6).
In this inquiry approach, students appeared to be exploring more about how
materials interact in the fan testing station, rather than being preoccupied with the
result of the tests as failures or successes. With this perspective, it might be
tempting to conclude that Cecelia is not interpreting the first test as a “failure,”
per se. Certainly she does not interpret the test as an end-state failure. She then
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tries again, changing the orientation of the design, trying it upside down. In this
second test, the design construction hovers for 10 seconds, passing the test, and
she celebrates the success with the facilitators. Thus, even though she did not
seem overly upset by the failure, she does express excitement over the subsequent
success. One interpretation of the entire episode is that she registers that the object
did not succeed in the first test, but that she does not consider this to be a negative
thing, and she certainly does not interpret that failure to mean that the artifact
could never work, as she immediately tries it again. As the same object passes the
test in ultimately the same orientation as her first attempt (after it flips itself over),
it is interesting to consider how Cecelia is now conceptualizing success and
failure in the test itself: does she believe her construction is successful, but she
tested it incorrectly at first? Does she conceptualize a successful test as consisting
of a specific combination of artifact and testing procedure, rather than solely a
function of the artifact? Furthermore, the question arises of how she reads Riley’s
encouragement. When he states (line 2), “You really got it to float though. [pause]
This is cool,” does that register for Cecelia as less of a failure? Perhaps Cecelia
does not interpret failure and success using a purely binary pass/fail system, in
which case the first test that hovers for 2 seconds, longer than many tests, may
count in her conceptualization as a partial-success.
As this example indicates, attempting to determine how students are
conceptualizing success and failure, even in individual tests, often brings up more
questions than it answers. However, how Cecelia interprets the test and test results
is consequential for whether she believes she is making progress at this point in
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the task, and more broadly what she understands progress to be. Future studies
can and should build on the findings here by focusing more closely on how
students themselves are interpreting the task, test, and test results, which may
require multiple methodological and analytical approaches.

7.4.5

Supporting students
As these studies represent an initial step to looking at student engagement

with failure-prone tasks, the camp and workshop intentionally omitted formal
scaffolding from facilitators. Facilitators did:
•

Give explicit and implicit messages before and during tasks that failure
was expected and necessary for good designing

•

Support students as they designed by asking questions and acknowledging
persistence

•

Support students as they tested by asking students about the changes they
made or planned to make to their designs, past test results, and how they
were evaluating the current test, in addition to modeling for students how
to closely observe the tests

•

Empathized with students’ emotions over test results (e.g., “I know! It’s so
frustrating!” and celebrating successes with high fives and cheers)
However, as emphasized in the productive failure literature, a key

component of learning from failure is expected to be the consolidation phase
(Bransford & Schwartz, 1999), which was not included for any of these design
tasks, in an effort to give students more time to spend iterating. For a design task
like the wind tunnel task, this consolidation phase could take place as a whole
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group discussion at the end of the design task, after all groups have had a
successful test. In this discussion time, students could describe why they think
their designs or pieces of designs were successful (for example, parachutes are
common in the wind tunnel task, but it is not clear that students have deeply
considered how a parachute functions). Other students who had similar (or
contradictory) ideas could describe their experiences and findings from their
design history. In this way, the features of different students’ designs could
become objects on which the entire group could focus and develop reasoning
around. This type of facilitated discussion could lead the way towards developing
understandings of why designs or design features were successful in terms of
physical mechanistic reasoning, instead of simply claiming a design change or
feature worked based on comparisons between results of different tests. There is
currently little literature that explores how to have these conversations in
engineering, but many studies from science education can serve as initial guides
(Engle & Conant, 2002; Hammer et al., 2012; Jaber & Hammer, 2016; Hammer
& Van Zee, 2006; Michaels & O’Connor, 2012).
These studies were not designed to develop or test interventions aimed at
helping students engage more productively with failure and iteration. However,
future studies can and should take up this focus. I can imagine many possible
interventions and supports, such as the digital engineering notebook under
development at the CEEO (Andrews & Wendell, 2016).
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7.4.6

Use of the word “failure”
A specific aspect of facilitating design tasks, particularly failure-prone

tasks, and supporting students as they work concerns intentional use of the word
“failure” by teachers. In a study with teachers using the Engineering is
Elementary curriculum (EiE), while many teachers agreed that failure provides a
learning opportunity, they reported that they were unlikely to use fail words (fail,
failed, failure) in their classrooms. After the first year of teaching the EiE units,
teachers generally reported that they avoided "fail" words and preferred to use
euphemisms: more teachers used responses like “Why do you think your design
didn't work?” (82%) than “Why do you think your design failed?” (45%)
(Lottero-Perdue & Parry, 2015, p. 20). Some teachers intentionally avoid using
“failure”; one teacher reported they would tell students, “just because it didn't
work, it doesn't mean that you failed” (2015, p. 22). After the second year, most
teachers reported a high degree of comfort using fail words, but some still
struggled. Lottero-Perdue and Parry, the researchers who conducted these studies,
initially advocated use of the word “failure” to normalize the term and because
they believe it is the accurate term for what is occurring in this engineering design
context when designs do not meet the specified criteria. However, in the final
paper in the series, they take a more nuanced view, stating that they:
[…] hope that teachers develop such a comfort [with using fail
words during engineering instruction], as we have seen among
most of the teachers in the study. […] However, with continued
concern that some student groups may become upset or identify as
failures when fail words are used, we will stop short here in
making a recommendation about fail word use until we have more
data to address to this topic. (Lottero-Perdue & Parry, 2016, p. 35)
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Researchers and others within the maker movement have similarly
debated whether it is important to use the word “fail” with students, with some
preferring terms like “drafts” or iterations (Ryoo et al., 2015; Vossoughi, Hooper,
& Escudé, 2016). One of the promises of the maker movement is its potential to
reframe failure as a positive; celebrating failure is considered an essential aspect
of the maker mindset (Martin, 2015). At the same time, in the popular maker
“textbook” Invent to Learn, Martinez and Stager (2013) differentiate between
iteration and failure, stating “any iterative design cycle is about continuous
improvement, keeping what works, and improving what doesn’t. This is learning,
not failure” (p. 70)26. After that book’s publication, Martinez (2013) espoused a
more “radical” position on the use of the word “failure” during iteration in
schools in a blog post:
Here’s the problem. It’s the word “failure.” Failure means a
VERY specific thing in schools. The big red F is serious. In
school, failure is NOT a cheery message to “try, try, again!”, it’s a
dead-end with serious consequences.
Using this loaded word to represent overcoming mistakes,
hurdles, challenges, detours, etc. is confusing and unnecessary.
Teachers cannot talk about failure as a challenge, when failure also
means judgment – the worst possible judgment.
And yes, I do just mean teachers. Specifically, teachers
who are grading the work where the “failure” may take place.
(para. 5-7)

26

While in this dissertation I have used “failure” to refer to tests of design
constructions that do not meet specified criteria under specified constraints, in
making, goals, criteria, and constraints are often set by makers themselves, rather
than being externally prescribed (Martin, 2015), so this definition may not be
tenable in this space. Thus, while differentiating between iteration and failure in
engineering tasks using my definition is difficult, the constructs may be more
separable in making.
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Martinez makes a very clear distinction between the word failure being
used by teachers and by those who are not grading students. She also states later
in her post “If a child wants to call something an ‘epic fail’ then that’s their choice
and represents their ownership of the process and the word.” Although the
facilitators of the workshop in this dissertation did not explicitly discuss whether
we would use the word “failure” before the workshop, we seem to have taken a
position very similar to that of Martinez, despite the fact that we are not teachers
grading the students: facilitators used the word “fail” once during the wind task,
in direct response to the word being used by students. Thus, we followed the
students lead, and did not use the word after this conversation:
Julian:
Can I see if this fails?
Kerrianne*: Sure
Regan:
You want to see if it works, not to see if it fails
Chelsea*: You can see if it fails, too.
A few other students use the word “fail” to refer to their tests during the
task. (Interestingly, none of the students at the other testing station use the word.)
Thus, even though I was interested in failure in conducting the workshop and
consistently refer to tests that did not hover in the wind tube for 10 seconds
‘failures’ in this research, I did not push to use that word during the workshop
with the students.
In addition to the distinction between the word “failure” being used and
advocated for by teachers versus non-teachers and in formal versus informal
settings, Vossoughi, Hooper, and Escudé (2016) argue that the term has different
implications in non-dominant communities, as the discourse of failure (along with
that of persistence and grit) may unintentionally perpetuate deficit views of
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students (p. 216). This is particularly important to consider with schools and
students who have been systematically labeled as “failures;” in these spaces use of
the term “failure” carries even more weight and attempting to reframe it as a
positive may do more harm than good (Ryoo et al., 2015).
These critiques of the unexamined promotion of failure come at a critical
time, as new government reports—such as the STEM 2026 Vision recently
released by the U. S. Department of Education (DOE)—emphasize the
importance of STEM for encouraging risk taking and learning from failure, as
within these activities “Setbacks, or failures, are viewed as part of the learning
progression and are associated with encouragement to try again using a different
approach” (DOE, 2016, p. 10). While this is a worthwhile goal, the assertion that
“Reversing the notions of failure and the implications associated with it will open
transformative opportunities in STEM for all students” (DOE, 2016, p. 33) seem
unexamined, as it is unlikely that connotations of failure can be so easy reversed
for “all” students; the ability to so easily reframe failure is likely a function of
privilege.
All of these promotions of failure and critiques of the terminology share
the premise of the value and necessity of iteration, and that the emphasis on
iteration within making (and presumably, engineering) is likely to productively
“emphasize the importance of ideas over final products” (Vossoughi et al., 2016).
As this dissertation shows, iteration, and closely examining unsuccessful design
constructions, is a productive way for students to learn about the physical problem
encountered in the design task. However, as we seek to incorporate these values
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and approaches into informal and formal learning environments, we need to be
conscious of the students’ histories and the systems of which they are a part, and
not do more harm than good in advocating strict terminology. As there is no
proven benefit to using the word “failure” in place of euphemisms like “didn’t
work” or “not successful,” there does not seem to be a compelling reason to
require it, particularly in spaces where students are already used to the label being
places on their schools or themselves.

7.5 Final thoughts
In this dissertation, I explored how elementary students engage in failureprone engineering design tasks. In doing so, I documented how students approach
and respond to physical tests of their design constructions, the vast majority of
which failed to pass the test. I found that this repetitive failure appears productive
for students’ understanding of the task, their physical artifacts, and the test. I also
explored how students and facilitators can co-construct a space where students are
comfortable publically testing their designs, despite experiencing repetitive
failure.
With engineering design becoming ever more common in elementary
classrooms, it is critical for researchers and instructors to attend to how to
structure and support engineering design activities. This requires first uncovering
how students take up these tasks, approach the test, and interpret failures of their
design constructions. This dissertation provides a starting point toward developing
a deep understanding of failure from the students’ perspective. I look forward to
building on the foundation developed in these studies and advancing the field’s
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knowledge base around what to expect and how to support students in failureprone engineering design tasks.
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