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Abstract
This research illustrates how varying enactments of an engineeringdesign-based science curriculum shaped the development of students’ domainspecific scientific ideas and practices. In this comparative case study rooted in the
analytical perspectives of activity theory and learning environments, student and
teacher participants in three elementary-school classrooms enacted the
engineering-design-based science curriculum Design a Musical Instrument: The
Science of Sound. From each classroom’s curriculum enactment, multiple sources
of evidence were collected, including written work, design constructions, teacher
artifacts, lesson video recordings, and interviews with selected students. Coding
and constant comparative analysis of these data were used to characterize the
learning outcomes and learning environment in each classroom. Cross-case
analyses were then conducted to compare the distinct types of changes in
students’ ideas and practices related to the science of sound and the distinct ways
in which teachers and students enacted the curriculum.
Analysis of pre/post student interviews revealed that overall, the students’
ideas about sound shifted significantly toward reasoning about the causal
mechanisms underlying sound production, sound transmission, and pitch.
Additionally, the students improved at the scientific inquiry practices of
controlling variables, making observations explicit, and reporting empirical
regularities. They also exhibited the engineering practices of design functionality,
design parsimony, and design explanation. Despite these achievements of the
overall group, across the three classrooms there were significant differences in
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student achievement in reasoning, inquiry, and design. Via cross-case analyses of
the three science learning environments, 11 patterns of interaction were identified
as being related to more positive student outcomes. These patterns of interaction
were observed more often in the two classrooms with greater student achievement
than they were observed in the third classroom. These interaction patterns served
four purposes that supported student reasoning: (a) extended discourse by
individual students about scientific ideas, (b) scaffolded inscription of those ideas,
(c) assistance meeting design requirements, and (d) specification of intellectual
and social roles for students. Overall, the findings of this study suggest that thirdand fourth-grade students can successfully engage in engineering design while at
the same time making gains in reasoning about scientific mechanisms and
conducting scientific inquiry. However, these student outcomes may be related to
particular patterns of curriculum enactment.
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Chapter 1. Research Questions, Perspective, and Overview

Imagine a third-grade student holding a plastic rectangular frame that he
and a partner have designed and constructed, studded with pegs, and spanned with
rubber bands. He plucks the rubber bands and listens for the pitch of their sounds:
Sean:
Teacher:
Sean:
Teacher:
Sean:

Teacher:
Sean:

How is this, this is, this [plucks thin band stretched partially
across frame] is higher than this [plucks thin band stretched
across entire frame] somehow!!
Which one?
[Plucks thin, partially stretched band] Than this [plucks thin
fully stretched band].
This [partially stretched] one is higher? Which, what's
different? You're having a hard time figuring out why?
[Suddenly turns around and looks at the big poster with class
notes about pitch, and moves toward it to read.] Oh, now I
know. This [thin, partially stretched] one’s higher because that is weird! Kind of weird.
Sean, what do you mean, Sean, what did you figure out?
The smaller it is, the higher it is. So this is our medium
[thick partially stretched band], this is our high [thin partially
stretched band], and this is our low [thick fully stretched
band].

In the excerpt above, Sean1 is in the midst of completing an engineering
design challenge. He has been working with his partner to create a musical
instrument that can play at least three different pitches – “low,” “medium,” and
“high.” And yet, though Sean’s activity can be framed as engineering design, it
also shows signs of being a scientific endeavor. Sean is making observations,
noticing surprising phenomena, consulting texts, and generating ideas about how
things work. This is an example of an elementary school science investigation
contextualized within an engineering design problem. In other words, at this
1

All school, teacher, and student names are pseudonyms.

moment, Sean is a student in an engineering-design-based science classroom.
The goal of this dissertation is to shed light on the learning that takes place within
such engineering-design-based science classrooms, and to identify aspects of
classroom practice that are supportive of that learning.
As its driving question, this dissertation asks, how does the way that an
engineering-design-based science curriculum is enacted in an elementary
classroom affect what students learn? In other words, what does an effective
engineering-design-based science classroom look like in elementary school, and
what classroom interactions are most important to student learning?

Research Problem
This investigation into the learning of science was born out of my own
experiences as a learner. As I studied and worked as a mechanical engineer, I
came to realize that each time I solved a major design problem, I achieved a much
deeper understanding of the relevant physical science concepts than I had
achieved through formal science coursework. For example, when I was
challenged to improve a water purification device, I was finally able to make
sense of the equations of fluid mechanics. After each “new” encounter with “old”
science, I found myself wishing that my science instructors had posed design
problems as part of our course assignments.
As a result of my personal experience with learning science through the
practice of engineering as an adult, I wondered whether engineering design could
also improve younger students’ science learning. Data from both national and
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state science assessments indicate that the science learning needs of at least onethird of elementary school students are not being met by current science
instruction (Massachusetts Department of Education, 2008; National Center for
Education Statistics, 2006). My curiosity about children’s learning of science
through design was piqued by my first experiences teaching engineering to
children, who surprised me with their high level of interest in the simple
mechanical design challenges posed to them via LEGO™ construction sets. They
found the design tasks very engaging, and their regular classroom teacher was
pleased that they were being exposed to engineering, a topic required by the state
education frameworks but which she lacked the resources to teach. The
children’s surprising engagement with the engineering tasks led me to the
question: can engineering design serve as one framework for science instruction
that allows educators to meet both science and engineering education needs at the
same time?
There has in fact been a sustained trend in primary and middle school
education in the United States (U.S.) to incorporate the activities and vocabulary
of the analytical design professions, including engineering, into science
instruction (e.g., Kolodner, 2006; Mehalik, Doppelt, & Schunn, 2008; Penner,
Giles, Lehrer, & Schauble, 1998; Roth, 1996a; Sadler, Coyle, & Schwartz, 2000).
For many primary and middle level educators, the use of design in classroom
instruction makes intuitive sense, since children can so frequently be found to be
constructing solutions to their own problems, such as when they build objects and
structures for play (Baynes, 1994). Some educators even suggest that it may be
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more natural for children to design and build than it is for them to investigate and
experiment (Schauble, Glaser, Duschl, Schutze, & John, 1995).
Furthermore, the incorporation of engineering design into the science
curriculum is supported by the National Academy of Engineering, which reports
that notwithstanding the sustained trend of research mentioned above, the number
of students who have had formal engineering education since 1990 is less than 6
million, whereas the number of students enrolled in U.S. K-12 classrooms was
about 56 million in 2008 (National Academy of Engineering and National
Research Council [NRC], 2009). This means that far less than 10 percent of
students between 1990 and 2008 have had some type of formal engineering
education. The National Academy of Engineering documents the potential
benefits of including engineering education in K–12 schools, but they also
acknowledge the lack of reliable data to support those potential benefits. They
recommend long-term research exploring the impact of engineering education on
students’ learning of science and math, as well as on student engagement,
retention, and career aspirations.
As suggested by the Academy’s report, despite our intuition about
children’s natural proclivity for design, the existing research literature lacks
explanations of how the design-based science instructional approach impacts
young students’ learning of concepts and practices specific to a single domain in
science. More problematically, the majority of published studies on design-based
science instruction focuses on 11- to 15-year-olds.
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Sound (acoustics) is a domain of science in which young students have
extensive everyday experience but limited access to abstract and scientific
conceptualizations (Eshach & Schwartz, 2006; Lautrey & Mazens, 2004). A
thorough conception of sound requires understanding at many levels, such as
macroscopic and microscopic, continuous and particulate, and conceptual and
mathematical. Therefore there are many degrees of expertise about sound, and it
is a fruitful domain in which to explore learners’ understandings. In addition,
because of the substantial conceptual challenges involved in fully understanding
sound, the affordances of engineering-design-based instruction may have greater
impact on elementary students’ learning than in conceptual fields where
phenomena are more directly observable, such as force and motion, light, or
animal behavior.

Overall Research Questions and Goals
Three analytical research questions guide this dissertation study. These
questions reflect a socio-constructivist perspective that all science classrooms are
unique learning environments with characteristics that have implications for
individual student learning of both scientific ideas and scientific social practices.
1.

How do elementary students’ ideas about sound change over the
course of an engineering-design-based science curriculum on sound,
and how do these changes in ideas compare across three different
classrooms?

2.

When elementary students participate in an engineering-design-based
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science curriculum on sound, what practices of scientific inquiry and
engineering design do they exhibit, and how do these practices
compare across three different classrooms?
3.

What are the main affordances of the science learning environments
in three different classrooms using the same engineering-designbased science curriculum on sound?

To explore these research questions, I collaborated with three elementary
teachers and their students as they enacted the engineering-design-based science
curriculum unit, Design a Musical Instrument: The Science of Sound (Wendell,
Connolly, Wright, Jarvin, Rogers, et al., 2008). For the first research question, I
analyzed the ideas elicited via clinical interviews with 31 students, roughly ten
from each of the three classrooms, conducted just before and just after their
class’s curriculum enactment. In these interviews, the students interacted with
three different sound-producing devices as they responded to questions about
sound production, sound transmission, and pitch. For the second question, I
focused my analysis on two data sources. I categorized the practices of scientific
inquiry that students exhibited during one particular interview task, and I
observed the practices of engineering design manifested by their presentations of
musical instrument constructions at the end of the curriculum unit. For the third
research question, I examined video recordings of six science lessons from each
classroom to determine the defining characteristics and interaction patterns of
each science learning environment. Finally, to synthesize these three research
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questions, I considered the relationships between the results of the learning
environments analysis and the results of the learning outcomes analyses.
The overall aim of this research is to improve our understanding of (a)
what happens to elementary students’ science learning when they participate in
solving the engineering problem of musical instrument design, and (b) how
particular aspects of curriculum enactment shape that learning. As I show how
various enactments of an engineering-design-based curriculum relate to the
development of children’s domain-specific scientific ideas and practices, my
intent is to portray a set of strategies for effectively structuring physical science
learning through engineering. These strategies should provide guidance on how
to engage young students in investigating and explaining scientifically while also
involving them in the practices of technology creation.

Theoretical Perspective on Science Learning
In this work, I interpret children’s design activities as situated contexts for
science learning. In doing so, I have adopted a theoretical framework that draws
heavily from the sociocultural perspective but can also be seen as representing
somewhat of a middle ground between it and the individual constructivist
perspective. I take the social constructivist view of science learning (Driver,
Asoko, Leach, Scott, & Mortimer, 1994), where learning science involves both
individual and social processes – both individual construction of knowledge about
the world and social interactions supported by the tools and practices of the
scientific community (Vygotsky, 1962). I add to this the situative perspective on
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learning, which conceives of all learning as situated in activity (Greeno, 1998,
2006). The combined situative, social constructivist perspective views both the
expression of conceptual ideas and the exercise of skills as important aspects of
students’ participation in activity, and thus as important aspects of learning.
Coming from this situative, social constructivist framework, I see science
learning as comprised of both social enculturation into practices and individual
construction of ideas. Social interaction exposes learners to the cultural tools of
science, and individual reflection enables learners to apply those tools to personal
meaning-making about natural phenomena. I share the view that during the
meaning-making process, learners’ ideas, or their statements about phenomena,
function as conceptual resources for pursuing coherent explanations of the
physical world (Gupta, Hammer, & Redish, 2010; Hammer, 2004a). This stands
in contrast to the view that learners’ ideas function as full, scientific theories (e.g.,
Gopnick & Meltzoff, 1997) or as fragmented, isolated pieces of knowledge (e.g.,
Minstrell, 1992).
I also share the view that to learn science is to become a more effective
participant in the scientific community (Lave & Wenger, 1991), and this involves
both constructing conceptual understanding and conducting scientific practices.
Both the curriculum and the data collection tools for this study relate the
individual aspects of scientific understanding to its social aspects.
In this dissertation, the learning environment construct is one of the
primary tools I use to characterize what happens in a science classroom. I define
a learning environment as an activity system with affordances and constraints
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stemming from its social, informational, and physical elements (Barab, Barnett,
Yamagata-Lynch, Squire, & Keating, 2002; Greeno, 1998). The term activity
system (Engestrom, 1999) refers to a subject (e.g., the learners), an object (e.g.,
the content to be mastered), and mediating artifacts, which all interact to produce
an outcome (e.g., learning). Within such a system, affordances are the qualities
that support interactions among individuals and between individuals and artifacts,
and constraints are the qualities that regulate and set limits on those interactions
(Greeno, 1998).
More broadly as an education researcher, I locate myself within the
constructivist-interpretive paradigm (Denzin & Lincoln, 2005). Constructivistinterpretive researchers value methodological procedures that cause minimal
disruption to the natural setting under study. They usually present findings in
terms of patterns that are grounded in that natural setting, and they see
understandings as cocreated by the knower and the known. Therefore, as a
constructivist-interpretive researcher, I value naturalistic description and strive to
uncover patterns and themes from the research participants’ own words and
actions. In other words, for this study, the students, teachers, and I have coconstructed knowledge about instructional and learning patterns.

Overview of Study Design
To accomplish the goals of this research, I have adopted the qualitative
research strategy of comparative case study (Merriam, 1998). As mentioned
above, the students and teachers who participated in this study all used a recently
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developed design-based science curriculum, Design a Musical Instrument: The
Science of Sound. Three different elementary classes served as three comparative
cases. From each class, or case, I collected rich data on the enactment (Remillard
& Geist, 2002) of this curriculum unit. These data consist of student interviews,
classroom observations, instructional artifacts used by teachers, and written and
constructed artifacts from students, which include engineering journals and
musical instrument creations. Coding and analysis of these data were used to
characterize both the science learning environment (Jonassen & Land, 2000;
Sawyer, 2006) and the science learning outcomes in each classroom. Cross-case
analyses (Patton, 1990) of the three classes were conducted to compare the three
different learning environments based on the distinct ways in which students
engaged with the curriculum, and the distinct types of changes in their ideas and
practices related to the science of sound.
Case study approach.
A comparative case study is an empirical inquiry that investigates and
compares at least two instances of a contemporary phenomenon within its real-life
context (Yin, 1984). Case study designs are distinguished from other research
approaches in that they feature in-depth descriptions of a bounded system or unit
of study (Miles & Huberman, 1994; Stake, 1978). Additionally, case study
designs rely on multiple sources of evidence (Yin, 1984). Because I seek to
understand the science learning environments and outcomes in three separate
classrooms, my comparative case study design entailed developing three single
case studies (one of each class) and then conducting a cross-case analysis
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(Merriam, 1998; Miles & Huberman, 1994).
Case study designs can be descriptive, interpretive, or evaluative in nature
(Merriam, 1998). The goal of my research is to develop an interpretive
comparative case study. I seek to go beyond basic description, toward
conceptualizing a typology of science learning environments and outcomes that
explains the differences among the three classrooms. Furthermore, interpretive
case study is used to support, illustrate, or challenge existing theory (Merriam,
1998), and my investigation is framed by other researchers’ assertions about the
kind of learning that can occur when children engage in design-based science
activities and the ways in which learning is shaped by learning environments
(e.g., Kolodner, 2006; Penner et al., 1998; Roth, 1996a).
Rationale for chosen approach.
One reason I have chosen case study as the strategy for addressing my
research questions is that the phenomenon I am studying, the elementary science
classroom, is naturally bounded and thus appropriately called a case. Two
indications of the “boundedness” (Merriam, 1998) of the phenomenon are the
finite number of students that can be sampled (the roughly 20 students in each
classroom) and the fixed number of class sessions that can be observed (the nine
lessons in the sound curriculum). In my study, three elementary science
classrooms constitute three bounded systems.
In addition to being appropriate for exploring bounded systems, case study
is also especially useful when one is asking a how or why question, and when one
does not have control over behavioral events (Yin, 1984). A key feature of case
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study methodology is its heuristic quality – that is, its utility for explaining why
human situations play out as they do (Merriam, 1998). This dissertation study
capitalizes on the heuristic power of case study research to identify central issues
and problems of educational practice and to explain why a specific innovation is
effective or ineffective for a particular group (Merriam, 1998).
Use of the case study approach in similar studies.
The common indicator of case study research is “an investigation [that]
retain[s] the holistic and meaningful characteristics of real-life events” (Yin,
1984, p. 14). In the discipline of education research, several other case studies
establish precedents for the features of this study. Hapgood, Magnusson, and
Palincsar (2004) demonstrate how a case study design can be used by science
educators to explore children’s engagement in processes of scientific inquiry.
They use an interpretive case study approach to investigate a ten-day science
instructional program on motion and inclined planes in a second-grade classroom.
Their case is a class of second-graders, and their data sources include videorecorded class sessions, class-constructed artifacts, student notebooks, and preand post-assessments. They label their case study “interpretive” because they go
beyond simple rich description to analyze the classroom activities and uncover
what they reveal about children’s scientific reasoning (Hapgood et al., 2004).
Similar to Hapgood and colleagues, Lampert (2001) uses case study to
focus on children’s processes for learning mathematical concepts in an elementary
classroom. Bowers, Cobb, and McKlain (1999) also use case study to carry out
research on elementary mathematics. In their case study of a third-grade teaching
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experiment on place value conceptions, they conduct pre- and post-interviews
with students to find changes in their mathematical conceptions, and they try to
account for those changes by documenting, via video recordings, field notes, and
students’ written work, the development of mathematical practices in the
classroom over the course of the nine-week teaching experiment. Bray’s (2007)
cross-case analysis of four third-grade teachers’ enactment of a new mathematics
curriculum sets an example for combining multiple cases into one case study
research endeavor.

Guide to this Dissertation
The central thrust of my work is the characterization of learning
environments, and learning environments are constructed by the interaction of
curriculum and people. Thus, I begin the main body of the dissertation in Chapter
2 with a description of the study participants and an overview of the science
curriculum they enacted. After this research context chapter, I do not proceed
with the traditional stand-alone “literature review” and “methods” chapters, but
instead I discuss relevant literature and methodological approaches in each of
three main results chapters. Chapter 3 reports the answer to the first research
question, regarding the changes in students’ ideas about the science of sound. It is
the first of two chapters on learning outcomes. Chapter 4 presents the answer to
the second research question, concerning students’ scientific inquiry and
engineering design practices. Next, the focus shifts from learning outcomes to
learning environments. Chapter 5 addresses the final research question, on the
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affordances of three different classrooms enacting the same engineering-designbased curriculum. In Chapter 6, the reader will find a synthesis of the three
previous results chapters; the key findings of the overall study are articulated and
discussed here. The goal of Chapter 6 is to show how learning environment
characteristics have a relationship with learning outcomes, while at the same time
acknowledging the limitations of attempting to relate environments and outcomes.
Finally, in the concluding chapter of the dissertation I suggest the implications of
its findings for the curriculum development, teaching, and research communities,
and I recommend future directions for this work.
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Chapter 2. The Research Context

Participants and Setting
Community and school context.
This dissertation study took place in three elementary classrooms in one
urban school district near a major northeastern city in the U.S. The community
served by the school district has a large percentage of families with limited
economic means (approximately 70% of the students are eligible for free or
reduced-price lunch) and a substantial number of families who have recently
immigrated to the U.S. Two of the participating classrooms are located in the
same school, which I refer to as South School, and the third classroom is located
in North School, a half-mile away. Both schools are comprehensive grade
schools serving students in grades K through 8. South School has an ethnically
diverse student population of about 450 (see Table 1). Of the student body,
approximately 60% learned English as a second language, and about 25% are
designated as having limited English proficiency. At North School, with a student
population of about 550, the student body is also ethnically diverse (Table 1),
with about 40% percent having learned English as a second language and 10%
designated as having limited English proficiency.
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Table 1
Characteristics of Case Study Schools
Ethnicity (%)

Free/
Reduced
Lunch
(%)
80

Group
South School

School
Enroll.
450

African
American
20

Asian
10

Latino
40

White
30

Other
0

Learned
ESL
(%)
60

North School

550

15

5

35

40

5

40

60

8

5

15

70

2

15

35

State (Average)

Note: Percentages are approximate to protect the anonymity of the study
participants.
In the spring of 2010, about 25% of fifth graders at South School and 35%
of the fifth graders in North School earned a “proficient” or higher rating on the
state’s science and engineering assessment. In comparison, when counting all
fifth graders in the state, the percentage of proficient or higher ratings was about
50%.
In recent years the school district in which North and South Schools are
located has been placing increased emphasis on the teaching of both science and
engineering in the elementary grades. Four years prior to this study, it adopted
new science education benchmarks that call for primary students to learn about
engineering design as well as more traditional science topics in the physical, life,
and earth and space sciences. These new benchmarks were inspired by the state
curriculum frameworks, which require engineering design to be part of science
instruction at all grade levels from K through 12. In addition to engineering
design, five to six science topics per grade level are also specified by the new
district benchmarks. The topics designated for third grade are sound, rocks and
minerals, soil, plants, the solar system, and materials and tools. To provide
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instruction on these topics, teachers typically use curriculum kits from Science
and Technology for Children and the Museum of Science Boston as well as
science readers from Delta Education. These materials are selected and provided
by school district personnel.
In addition to revising its own science program, the district has been a
major partner in a university-run project for integrating engineering design into
science instruction. For this project, called Science through LEGO Engineering,
participating teachers implement new science curriculum units that address
physical and life science topics in the context of LEGO engineering design
activities. These curricular units are intended to expose students to engineering
design while at the same time addressing required science content. The Design a
Musical Instrument unit is one of four created for this project. Participating
teachers use it as a replacement for their typical sound curriculum (Sound, from
Science and Technology for ChildrenTM).
Teacher participants and classroom characteristics.
In the summer two years before the start of this study, five third-grade
teachers voluntarily participated in a 30-hour training workshop on two
engineering-design-based science curriculum units, including the Design a
Musical Instrument unit. In the workshop, a team of university researchers led by
me modeled the role of design-based science teacher, and the participating
teachers worked through each lesson as if they were students. The teachers
completed every writing prompt, drawing task, and design-and-build challenge
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that students are asked to complete in the units, and they also discussed reflection
questions at the end of each lesson.
Each teacher received a stipend, professional development points, and a
LEGO MINDSTORMS NXT kit for every pair of students. The teachers agreed
to implement the units in their classrooms and allow researchers to observe
instruction and review students’ work. Three of these original five teachers were
recruited to participate in this dissertation study.
The three teacher participants are Ms. Boyle, who teaches a combined
third-/fourth-grade class at North School, and Ms. Newton and Ms. Hooke, who
teach third-grade students in adjacent classrooms at South School. When data
were collected for this dissertation, all three teachers were enacting the LEGOengineering design-based science units for the third consecutive year. Before
attending the initial summer workshop, none of the teachers had any prior
experience teaching engineering or using LEGO in her classroom. However, both
Ms. Newton and Ms. Hooke had previously taught about sound using the
commercially available curriculum Sound by Science and Technology for
Children™. Ms. Boyle had not previously taught a science unit on sound. At the
time of the study, Ms. Boyle had been teaching professionally for approximately
five years, Ms. Newton had been teaching for approximately fifteen years, and
Ms. Hooke had been teaching for more than twenty years.
Table 2 describes selected demographic characteristics of Ms. Newton’s,
Ms. Hooke’s, and Ms. Boyle’s classes during the academic year when this study
was conducted. In addition to the data shown in the table, another noteworthy
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characteristic of the classrooms is that in each, between 30% and 50% of the
students spoke a language other than English at home. (Exact numbers for home
languages other than English were not available.)

Table 2
Demographic Characteristics of Case Study Classrooms
Ethnicity

Sex

School

African
American

Asian

Latino

White

Female

Male

Ms. Newton

South

20%

10%

60%

10%

50%

50%

Ms. Hooke

South

31%

25%

19%

25%

44%

56%

Ms. Boyle

North

16%

5%

26%

53%

32%

68%

Classroom

Selection of cases.
There are several reasons why these particular three classrooms were
selected as cases for this study. First, to eliminate teacher experience with the
units as a variable that might contribute to differences between cases, I selected
classrooms where the teachers had already taught with the design-based science
units for two years. After two years of experience, they were making
experientially informed decisions about how to enact the curriculum with their
students, and they were no longer novices at using the technology (LEGO tools)
for the units. They were also accustomed to, and welcoming of, visitors from the
university in their classrooms, so I could assume their instruction was not
negatively impacted by the presence of researchers. I had developed strong,
positive relationships with these three teachers, and their reflections on teaching
with the design-based science units had contributed to curriculum revisions.
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The most important rationale for including these three classrooms in this
dissertation study was that they had already produced evidence of science
learning gains as a result of implementing the design-based units. In the 20082009 year, the first year that the students in the Science through LEGO
Engineering program took pre/post written assessments, the students in these
classrooms made significant gains on the science concept items. I could have
chosen to study classrooms where students were not making significant gains in
science knowledge, but one of my goals for this study was to characterize
exemplar classrooms that show the full potential of design-based science
instruction for children.
Informed consent.
The Institutional Review Board (IRB) approved the data collection
protocol for the large-scale Science through LEGO Engineering program (Study #
0702006, Tufts University IRB). All three teachers granted informed consent to
be observed, video recorded, and surveyed during their implementation of the
design-based science units. At the beginning of the academic year, the students
were given informed consent letters to take home to their parents or guardians.
These letters described the goals of the study and allowed parents to grant or
refuse permission separately for three distinct activities: researchers’ review of
students’ work, students’ participation in interviews about science, and students’
inclusion in classroom video-recording. Students were included only in the
aspects of the research for which their parents or guardians had granted consent.
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Sampling of student participants.
Across all three classrooms, only one student (in Ms. Newton’s classroom)
refused consent for researchers’ review of student work. Thus, all students but
one were included in the analysis of written and constructed artifacts. One
student in Ms. Hooke’s classroom and two in Ms. Newton’s classroom refused
consent to be video recorded, and thus the videographer took care to exclude them
from the video camera frame. All other students were included in the video
recording of lessons and thus in the subsequent analysis of learning environments.
In terms of clinical interview participation, consent was granted by 14 of
20 students in Ms. Newton’s class, 13 of 16 students in Ms. Hooke’s class, and 16
of 19 students in Ms. Boyle’s class. Students were selected for interviews from
these pools of students. Table 3 summarizes the number of interviewed students,
and Table 4 lists their names (pseudonyms) and grade levels.

Table 3
Participating Students in Case Study Classrooms

Classroom

Total
Students

Total
Interviewed

Girls
Interviewed

Boys
Interviewed

Ms. Newton

20

11

5

6

Ms. Hooke

16

11

6

5

Ms. Boyle

19

9

2

7
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Table 4
Names (Pseudonyms) and Grades of Interviewed Students
Grade

Classroom

3rd Grade

th

4 Grade*

Ms. Newton
Adam
Donald
Ethan
Eduardo
Julio
Kayla
Kristy
Layla
Sean
Talia
Tessa

Ms. Boyle
Alex
David
Harrison
Jacob
Karisa
Stephen

Ms. Hooke
Abdul
Alec
Alissa
Brett
Dylan
Lisa
Luc
Melissa
Rosie
Rena
Sara

Joshua
Tina
Tyson

* These 4th graders were interviewed because they were science partners of
interviewed 3rd graders. (Tina was Karisa’s partner; Joshua and Tyson were
Harrison’s partner.)
At the onset of the preinstruction interview sessions, my intended
sampling strategy was to create a maximum-variation sample by purposely
selecting six students from each class: one high-, middle-, and low-achieving (as
measured by math and reading diagnostic tests given by teachers at the beginning
of the school year) male and female student. However, once I began interviewing
students from Ms. Newton’s and Ms. Hooke’s classrooms, many of their
classmates made frequent pleas for their “turn” to be interviewed. At the
encouragement of the teachers, who viewed the interview as a positive learning
opportunity for the students, I therefore interviewed all students who had
consented to be interviewed and who were available during the period of the day
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that the teachers designated for interviews. This resulted in 11 students being
interviewed in each of Ms. Newton’s and Ms. Hooke’s classrooms.
In Ms. Boyle’s classroom of both third- and fourth-graders, I planned to
interview only third-grade students, as this was the grade level of all the
participants from the other two classrooms. Of Ms. Boyle’s ten third-grade
students, eight granted interview consent, and of these, six were available for
interviews during the designated period. I then also interviewed the three fourthgrade students who were science partners of interviewed third-graders2. The
result was nine students being interviewed in Ms. Boyle’s classroom – six thirdgraders and three fourth-graders.

Curriculum Context
This study’s curriculum unit, Design a Musical Instrument: The Science of
Sound, is one of four elementary science curriculum units developed for a larger
research program on the relationship between science learning and engineering
design activity in the upper elementary grades. Our program’s approach to
incorporating engineering design problems into elementary-school science
instruction reflects the theoretical perspectives of situated and distributed
cognition, and it also draws heavily upon the Learning by Design™ approach to
middle-school science (Kolodner, 2006). Other previous teaching experiments,
including those of Roth (1996a, 2001a), Penner et al. (1997, 1998), Grigorenko,
Jarvin, and Sternberg (2002), Sadler et al. (2000), and Krajcik et al. (1998), also
2

In each classroom, students were assigned a partner with whom to conduct all their science
work; I often refer to these partnerships as student dyads. Because of the odd number of students
in Ms. Boyle’s classroom, one “dyad” was actually a group of three students.
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influenced our curriculum development work, and we synthesized what we
learned from theory and research into two sets of curriculum development
principles. We created the first set of development principles, detailed in Table 5,
before beginning any curriculum creation. Our second set of principles for
curriculum development, shown in Table 6, emerged as we conducted the first
cycle of curriculum design, piloting, and revising. Both sets of principles
provided guidance for our creative efforts.

Table 5
Original Curriculum Development Principles
Principle

Description

Engineering
Context &
Science Content

The context for instruction will always consist of engineering design
challenges with (a) clear ties to lives of students and (b) solutions that
require understanding of specific science content standards.

Authentic
Definition of
Engineering

“Engineering” will be defined as the process of designing and prototyping a
tangible solution, or the model of a solution, to an authentic human
problem. Engineering is not simply the use of technology, but the creation
or use of it for the purpose of addressing a human need or want.

AAAS Project
2061 Criteria

The units will meet the seven criteria for curriculum set forth by Project
2061 of the American Association for the Advancement of Science
(Roseman, Kesidou, & Stern, 1997).

Teachers’
Feasibility and
Usability
Concerns

The units will be tailored to concerns about feasibility and usability voiced
by teachers during focus group and interviews. These concerns include the
need for specific classroom management procedures and the requirement
that lessons be woven into the district-mandated science schedule.

Triarchic
Instruction

In accordance with Sternberg’s (1997) theory of triarchic intelligence, the
units will tap into students’ creative and practical cognitive abilities in
addition to their memory and analytical abilities.
Units will be focused on standards-based learning objectives, aligned with
both the National Science Education Standards (NRC, 1996) and the
Massachusetts Science and Technology/Engineering Curriculum
Framework (Massachusetts Department of Education, 2006).

Standards Based
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Table 6
Emergent Curriculum Development Principles
Principle

Description

Materials First

Provide opportunities to learn how to use construction materials before
the science unit begins.
Present the grand engineering design challenge at the very beginning of
the science unit.

Challenge Second
Science Inquiry as
Design Research

Student-Generated
Representations

Use scientific investigations of student-constructed artifacts as the
“research” for the planning, building, and testing of products to solve
the grand design challenge.
Arrange students in pairs for all engineering challenges and scientific
investigations. (With triads, one student is often unengaged. Working
alone, students have few opportunities to articulate their reasoning.)
Prompt students to generate written, pictorial, and oral representations
of their thinking at all stages of design and investigation.

Language as Tool

Encourage use of scientific discourse.

Critical Student
Perspective

Encourage critical analyses of strengths and weaknesses of LEGO
constructions as models.

Student Dyads

We followed a two-phase process to develop the curriculum units. The
first phase involved teacher focus groups, coordination with school district
personnel, and identification of target science domains (i.e., unit topics). Once
the four unit science domains had been chosen, the second phase entailed creating
standards-based learning objectives for each unit; devising unit storylines;
crafting lesson plans, physical artifact samples, and student journal pages; and
finally, pilot-teaching and revising.
Science through LEGO Engineering units.
Before beginning a unit proper, teachers enact two introductory lessons
that are the same for all four units. The goal of these preparatory lessons is to
introduce students to engineering and to learning with LEGO materials. After
sharing their initial ideas about what engineering is, students are presented with a
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definition of engineering and a five-step model of the engineering design process.
Next, they are invited to classify items as “probably engineered” (e.g., a light
bulb) or “probably not engineered” (e.g., a tree), and finally, they are given time
to explore basic LEGO construction techniques. After these experiences, teachers
launch into one of the science curriculum units.
Each science unit follows approximately the same instructional pattern,
which entails a series of nine to 11 lessons that are designed to require one hour of
instructional time. The unit pattern roughly approximates one cycle through an
engineering design process. The “find a problem” step occurs first: the first
lesson in each unit focuses on specifying the grand engineering design challenge
and the big science question for the unit. Students write about and discuss what
they already know that will help them complete the challenge and answer the
question, and they identify what they still need to learn. The “research possible
solutions” step of the engineering design process comes next: in the next six to
eight lessons of each unit, students carry out “mini design challenges” and “mini
science investigations” to learn the knowledge and skills that will enable success
on the grand design challenge. Most of the mini challenges and investigations
involve the construction and testing of physical artifacts. Along the way, teachers
guide students in reflecting on how their findings will inform the step of
“choosing the best solution.” Finally, the “build a prototype” and “test the
prototype” steps take place: in the last two to three lessons of each unit, students
build, test, and improve their solution to the grand design challenge, and then
present to their classmates an explanation of how it works.
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Just as each overall unit follows the same pattern, each individual lesson is
designed to follow a similar flow of events. The teacher’s guide for each unit
recommends that the teacher begin each lesson by presenting the scientific
question to be investigated that day. Next, students work independently for five
minutes to respond to a brief brainstorming prompt – called an exploration
question – related to that goal. Then, for the majority of the lesson, students work
in dyads to complete the challenge and investigation of the day. Students find
instructions for building and prompts for observing in their Engineer’s Journal, a
workbook text that is provided with the unit materials. The teacher’s guide
suggests that the teacher conclude each lesson by facilitating a discussion of the
summary questions in the students’ journals.
Design a Musical Instrument instructional sequence.
Here I describe in particular the engineering-design-based science
curriculum on sound. In the opening lesson of the unit Design a Musical
Instrument: The Science of Sound, students learn that their engineering design
challenge is to create a new musical instrument that can play at least three
different notes and contribute to a classroom band. Over the next six lessons,
students conduct a series of guided design-based investigations to explore how
sounds are produced, transmitted, and varied across different sound producers.
Using LEGO construction kit elements and additional craft materials, they build a
miniature drum, pan pipe, rubber-band guitar, and maraca (see Figure 1). They
explore the structural design of these instruments, observe how they look and
sound when played, and identify the characteristics of the sounds they make. As
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students build and investigate these instruments, they are asked to explain
scientifically how physical characteristics are connected to sound characteristics.
For example, how does the size of an object influence the pitch of the sound it
makes? Throughout the unit, students are encouraged to consider how these
relationships between physical and aural characteristics can inform their design of
a new musical instrument. In the unit’s two concluding lessons, students employ
their new understanding of sound to design, construct, and demonstrate musical
instruments of their own invention (see Figure 2). They also demonstrate what
they have learned about the unit’s big science question: How are sounds made?
The unit is intended for third-grade (8- to 9-year-old) students and requires
approximately 12 hours of instructional time for its nine lessons (see Table 7).

Figure 1. Miniature versions of a drum, guitar, maraca, and pan pipe (clockwise
from top left) that students build and investigate in the Design a Musical
Instrument curriculum.
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Table 7
Overview of the Design a Musical Instrument Curriculum Unit
Lesson

Title, Overview, and Objectives

1

Title: How Can We Make Different Sounds?
Overview: Introduction to the design challenge of creating LEGO instruments; “minidesign challenge” to produce many different sounds with only two objects, a plastic cup
and spoon.
Objective: Combine different materials, shapes, and structures to design and build soundmakers.

2

Title: How Can We Make Sturdy Instrument Frames?
Overview: Practice using LEGO materials to build sturdy frames (triangular-shaped and
box-shaped) for musical instruments.
Objective: Combine different shapes and structures to design and build frames for soundmakers.

3

Title: What Makes A Drum Make A Sound?
Overview: Construct miniature drums by adding balloon membranes to LEGO triangles;
observe what happens to powdery substance sprinkled on drum membranes.
Objectives: Recognize that vibrations are responsible for the production of sound.
Indicate that volume is determined by the size of sound vibrations.

4

Title: What Do Sound Vibrations Travel Through?
Overview: Use drums to explore the transmission of vibrations through gases (air), solids
(desks), and liquids (tub of water); build pan pipes to prepare for Lesson 5.
Objective: Explain how sound vibrations are transmitted through solid, liquid, and gas
mediums.

5

Title: How Does Size Affect Pitch?
Overview: Build a two-string guitar with two rubber bands of differing thickness and a
LEGO frame; use LEGO pegs to vary the length of the bands without changing their
tension.
Objectives: Indicate that pitch is determined by the speed of vibrations.
Discuss the effect on pitch of changing the length or thickness of a vibrating object.

6

Title: How Does Tension Affect Pitch?
Overview: Build a one-string guitar with a rubber band, LEGO frame, and LEGO motor,
which allows for changing the tension of the guitar string without changing its length or
width.
Objectives: Indicate that pitch is determined by the speed of vibrations.
Discuss the effect on pitch of changing the tension of a vibrating object.

7

Title: What Happens To Sound Before It Reaches Our Ears?
Overview: Build a LEGO maraca and measure its noise output with a LEGO NXT sound
sensor; investigate what happens when a muffle is placed around maraca.
Objectives: Predict if a sound will be reflected, absorbed, or transmitted through a given
medium.
Explain that sound is a form of energy.
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8

Title: How Can We Make One Instrument With Three Pitches?
Overview: Design and build new musical instruments that play at least three different
pitches.
Objectives: Combine different materials, shapes, and structures to design and build
sound-makers with many different volumes and pitches.

9

Title: What Can We Do To Make High, Medium, And Low Pitches?
Overview: Create posters that explain how instruments make at least three different
pitches; conduct engineering design expo in which students demonstrate their instruments.
Objectives: Define engineering design, and list and explain the steps of the engineering
design process.

Figure 2. A third-grader’s design plans and corresponding three-pitch musical
instrument from the curriculum’s final engineering design challenge.

Materials provided with the curriculum.
The tools for enacting the Design a Musical Instrument unit include a
teacher’s guide, a student workbook called an Engineer’s Journal, an assortment
of common craft materials, and a kit of LEGO construction elements and
electronic sensors for each student pair.
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The teacher’s guide, exemplified in Figure 3, is intended both to specify
aspects of lesson enactment and to support growth in the teacher’s science and
pedagogical content knowledge. For each lesson, the guide includes eight
sections: learning objectives, background information about the science content,
typical ideas held by students, key vocabulary terms, materials to be gathered,
preparation steps to be taken before the lesson, procedure for instruction, and tips
for assisting students with building and testing.

Figure 3. Sample from the curriculum teacher’s guide. Pages from Lesson 7 of
the Design a Musical Instrument unit.

The student Engineer’s Journal is a paper-and-pencil tool that guides the
students through the unit’s engineering design process. Sample pages are shown
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in Figure 4. For each lesson within the unit, the journals provide introductory
open-response questions, building and observation instructions, data recording
prompts, and reflection questions. The prompts and questions ask for writing,
drawing, and numerical inscriptions, and each is an opportunity for students to
record their emerging understandings and skills related to the unit’s science
domain, the physics of sound.

Figure 4. Sample from a student Engineer’s Journal. Cover page and an
introductory open-response question (“exploration question”) from Lesson 3.

In the Design a Musical Instrument unit, the physical tools that students
use to construct and explore musical instruments include construction and
electronic elements from the LEGO MINDSTORMS NXT set (Figure 5). The
construction pieces are plastic interlocking elements that can be combined to
make both stationary and dynamic structures. Each student pair is provided with
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a LEGO set that includes over 400 building pieces. They primarily use these
pieces for the structural frames of their musical instruments. For the vibrating
portions of the instruments, they add rubber bands, balloons, and plastic straws
(not from the LEGO kit). These are the only craft materials which the teachers in
this study make available to their students, but in some cases students bring in
additional materials from home for their final musical instruments. In addition to
construction materials, students also use two LEGO electronic devices: a servo
motor to control the tension of a rubber-band guitar, and a digital sound sensor to
make quantitative observations of volume.

Figure 5. Common craft materials and LEGO construction pieces. The
curriculum uses balloons, rubber bands, drinking straws, and LEGO construction
elements, as well as motors and sensors shown in the container on the lower left.

One rationale for using a combination of LEGO tools and craft materials,
instead of craft materials only, is that the interlocking building elements in the
LEGO toolset have a low “cost” of prototyping and re-design (Bers, 2008).
Because they do not require any assembly tools, such as glue, tape, staples, or
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scissors, students can quickly create a first prototype. And unlike glue, tape, or
staples, the fastening mechanisms for LEGO pieces are sturdy but always
temporary. Students can quickly reverse an action and move pieces around to
change a design. Another advantage of the LEGO toolset is that its building
elements are compatible with LEGO computers and electronic sensor probes,
which allows for the interweaving of design challenges and quantitative data
collection. Finally, the LEGO toolset is a one-time investment that lasts for many
years without the need for re-supply, and it is perceived by students to be a novel
and motivating tool for science learning (Cejka, Rogers, & Portsmore, 2006).
Theoretical framework for the curriculum.
As mentioned, the Design a Musical Instrument curriculum unit is rooted
in a situative, social constructivist perspective on learning and was influenced by
the theories of situated cognition (Brown, Collins, & Duguid, 1989) and
distributed cognition (Hutchins, 1995). Consequently, the unit’s primary
instructional goal is to enable students to interact with other students, teachers,
and physical artifacts as they engage in authentic science and engineering related
to the physics of sound. Particular resources within the curriculum unit are
intended to expose students to the concepts and practices of studying sound
scientifically. These resources include:
a) physical processes of using materials to build and re-build musical
instruments, as demonstrated by the teacher and conducted by the
students;
b) physical tests of the characteristics of musical instruments, as
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demonstrated by the teacher and conducted by the students (drop test
for stability and strength, vibration test with sugar grains, sound
absorption test with decibel sensor);
c) graphical representations in the students’ engineering journals (charts
for recording test results, designated areas for sketching plans to use
materials); and
d) scientific language spoken by the teacher and written in the journal
(e.g., pitch, volume, vibration, tension, length, thickness, absorb,
reflect, transmit).
These resources were designed to enable children to appropriate the
discourse, practices, and representations – the cultural tools – of the scientific
study of sound. One of the purposes of this dissertation work is to determine if
these intended affordances (intended by the curriculum developers) emerge to be
real affordances of the enacted curriculum (enacted by the teachers and students).
The theoretical perspectives of situated cognition and distributed cognition
are important to the study of this curriculum because they lend support to the
notion that engineering design problems can foster science learning. From a
situated cognition perspective (e.g., Brown et al., 1989; Lave & Wenger, 1991),
we can describe engineering design as a sociocultural activity that situates the use
of science concepts and thus lend everyday meaning to them. The situated
cognition view, consistent with Vygotsky’s (1962) insistence on the sociocultural
nature of learning, asserts that an individual’s cognition is embedded in and
inseparable from the individual’s situation and activity in a community of
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practice. In other words, concepts are always enmeshed with culture and activity,
and the meaningfulness of learning is constrained by all three – concepts, culture,
and activity. I posit that engineering design is one kind of cultural activity that
requires the use of both science practices and concepts.
The theoretical basis provided by situated cognition theory is strengthened
by the theory of distributed cognition (Hutchins, 1995; Salomon, Perkins, &
Globerson, 1991). During an engineering design activity, an individual’s
knowledge about related science concepts can be unloaded to the tangible design
products as well as to the other people participating in the design process. This
sharing of knowledge may be one example of distributed cognition, which Bell
and Winn (2000) define as a person’s individual cognitive acts plus the
augmentation of other people, external devices, and cultural tools. In other words,
cognition involves both the social and physical environments. From a distributed
cognition point-of-view, I propose that engineering design may spread the
cognitive load of achieving scientific understanding among design products
(constructions), design teammates (classmates), and design coaches (teachers),
thereby augmenting the individual student's capacity for science learning.

Previous Approaches to Design-Based Science for Children
Currently, there is limited research literature that attempts to explain how
the design-based science approach impacts young students’ learning of concepts
and practices specific to a single domain in science. While many studies have
examined how secondary students engage in science through design problems
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(Crismond, 2001; Fortus, Dershimer, Krajcik, Marx, & Mamlok-Naaman, 2004;
Kolodner, 2006; Sadler et al., 2000), only Roth (1996a) and Penner and
colleagues (1997, 1998) have published studies addressing in detail the sciencethrough-design learning of children age 10 and younger. Other scholars have
looked at young children’s designing and building abilities and their knowledge
of technological design (Baynes, 1994; Benenson, 2001; Bers, 2008;
Cunningham, Lachapelle, & Lindgren-Streicher, 2005; Papert, 1980; Resnick,
Berg, & Eisenberg, 2000), but in their published studies they have not addressed
children’s learning of science through such design activities.
Despite these limitations, there remains a great deal of interest in
incorporating engineering design into elementary school science (Brophy, Klein,
Portsmore, & Rogers, 2008; Cejka et al., 2006; Lewis, 2006). Here I review in
depth three approaches to design-based science instruction at the elementary and
middle school level in North America: design-based modeling by Penner and
colleagues (1998), engineering for children by Roth (1996a), and Learning by
Design™ by Kolodner and colleagues (2003). I focus on these approaches
because they are representative of the field, and because their proponents provide
detailed information about their theoretical background, their principles of
curriculum design, and their findings on learning. Summarized in Table 8, my
review focused on the question, do empirical studies give educators reason to
conclude that engineering design tasks can truly foster science learning?
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Table 8
Three Approaches to Design-Based Science in Elementary or Middle School

Approach and
Authors
Design-Based
Modeling
(Penner et al.,
1997, 1998)

Engineering
for Children
(Roth, 1996a,
2001a)

Learning by
Design TM
(Kolodner et
al., 2003,
2006)

Sample Design
Task and
Associated
Science
Concepts
For 6- to 9-yearolds
Task: Design a
model of the
human elbow.
Learn:
Importance of
constraints on
motion, arm as
3rd-class lever,
math
relationships
within levers,
modeling in
general.
For 9- to 12year-olds
Task: Design a
strong tower
from common
materials.
Learn: Stability,
shapes, forces.
Task: Build a
machine that
uses simple
machines.
Learn: Physics of
simple machines.
For 11- to 14year-olds
Task: Design an
optimal balloonpowered coaster
car
Learn: Basic
mechanics,
Newton’s laws
of motion

Main
Contribution
of Approach
Design skills
can be
improved
simultaneously
with science
process skills
and
understanding.

Challenges of
Implementing
the Approach
Difficult to
move children
from
summarizing
patterns of
artifact
performance to
explicit
understanding
of the
underlying
science
principles.

Six kinds of learning,
all process-oriented: (1)
dealing with complex,
open-ended tasks, (2)
new meanings for
materials and artifacts,
(3) being conscious of
participation in design,
(4) negotiating with
classmates, (5) using a
variety of tools in
interesting ways, (6)
communicating about
design.

Main emphasis
is on
classroom
discourse
(talking and
writing). In
order for
science
learning to
occur,
discourse must
hold as much
weight as
designing.

Open-ended, no
clear
instructional
sequence or
definition of
what constitutes
a good design
task;
effectiveness of
design context
depends on
individual
teacher.

Both process-oriented
and conceptual learning
were measured. LBD
students showed higher
gains than matched
peers on multiple
choice pre-post tests,
and better performance
in designing
experiments, planning
data collection, and
collaborating.

Recognize that
classroom
culture
conducive to
design is not
created
automatically,
and specify
“ritualizing
practices” to
help construct
culture.

Conceptual
learning is
highly
dependent on
teacher
competency and
attitudes. Some
teachers not
able to adjust to
a new kind of
classroom
control.

Findings on Learning
Mainly science processoriented learning.
Improved recognition
of the importance of a
model’s functional
qualities.
Minimal gains in
understanding the arm
as lever.
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A variety of science domains have been addressed through these three
approaches to design-based science instruction. The design tasks chosen to
situate the science concepts also span a wide range. However, all three of these
approaches understand design as an activity whose goal is the construction of a
physical product. In all of the approaches, students are initially tasked with
creating a functioning device or system that serves a purpose established by the
instructor. The resulting construction is then considered an essential mediator of
students’ learning. For Penner and colleagues (1997, 1998) the designed
constructions enable model-based reasoning, deeper investigation of science
concepts, and exploration of mathematical relationships. Roth (1996a, 2001a)
sees each design construction as a tool to think with, a representation of cognitive
processes, and a backdrop for class discussion and sense-making. Finally, in
Kolodner’s work (2003, 2006), the challenge of creating a functioning product
provides motivation and opportunities for scientific reasoning and learning.
Across these three approaches, there are several commonalities regarding
how classroom instructional practice is structured. All students work in groups,
and interaction among students and improvement of communication skills are key
goals of the teacher. As they work on solving the design problem, students are
always expected to engage in written or pictorial record-keeping. At some point,
students are given the option to revise their designs. In addition to their
individual record-keeping and reflection, students reflect on their designing
through participation in whole-class discussions. Importantly, throughout designbased science units, teachers provide guidance on how students should
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incorporate science ideas and careful reasoning into their design solutions.
Researchers believe that this scaffolding is essential for preventing students from
merely tinkering. All of these principles were incorporated into the design of the
Science through LEGO Engineering curriculum units, including the unit at the
focus of this dissertation, Design a Musical Instrument: The Science of Sound.
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Chapter 3. Student Ideas about Sound Before and After EngineeringDesign-Based Science Instruction

Research Questions
This chapter investigates elementary students’ domain-specific science
learning in three classrooms enacting a four-week-long engineering-design-based
curriculum unit. Students’ scientific ideas about sound are analyzed before and
after their participation in the unit Design a Musical Instrument: The Science of
Sound. In particular, student learning outcomes in terms of ideas about sound are
compared across three different classrooms. This goal can be subdivided into
three research questions for the chapter:
•

What ideas about sound do students express during interviews involving
musical instrument devices?

•

How do the students’ ideas about sound change from before to after the
Design a Musical Instrument unit?

•

How do the changes in students’ ideas about sound compare across the
three classrooms participating in the study?

Literature Review
Rationale for studying learning about sound.
The rationale for selecting sound as the domain emphasized in this study is
threefold. First, sound plays a key role in human life. The production and
perception of sound is one of the primary ways in which humans interact with
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each other and their environment, and as such, it has been a topic of human
inquiry at least since philosophers began recording their ideas on paper (Lindsay,
1966). Second, the study of sound has been recognized by educators as part of
the scientific canon. Both national benchmarks and state frameworks for science
learning state that an understanding of sound is part of scientific literacy
(American Association for the Advancement of Science [AAAS], 1993;
Massachusetts Department of Education, 2006). Sound is included in these
documents because an understanding of sound is fundamental to one’s learning of
other key concepts in science: sound is a common mechanism of energy transfer,
and it is a major aspect of fluid dynamics. Thus an understanding of sound can
deepen one’s conceptions of the nature of energy and matter in general. Since
sound can be understood at many different levels – as energy transfer, as a
macroscopic or microscopic phenomenon, with or without a particulate model of
matter, through mathematical or graphical representations – sound is a fruitful
domain in which to explore learners’ diverse and nuanced understandings.
Scientific understandings of sound.
According to scientific texts, to demonstrate a scientific perspective on
sound, one should be capable of providing thorough and satisfying answers to
three fundamental questions (Lindsay, 1966; Raichel, 2000; Rossing, Moore, &
Wheeler, 2002):
1. How is sound produced?
2. How are sounds transmitted from source to receiver?
3. Why do different sounds have different characteristics?
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These questions can be addressed through three “big ideas” (Smith, Wiser,
Anderson, & Krajcik, 2006) that, when taken together, paint a picture of what
scientists would consider a basic understanding of sound. The first big idea deals
with producing sounds. Sound is produced by vibrating bodies, which set off an
oscillatory process of repeated compression and expansion of the particle spacing
in a medium (Rossing et al., 2002). The second big idea deals with transmitting
sounds. Sound vibrations are transmitted simultaneously in all directions outward
from their source, through the adjacent medium (Rossing et al., 2002). Sound is
sensed when these vibrations reach a receiver that is sensitive to variations in the
pressure of the medium (Rossing et al., 2002). The third big idea deals with the
characteristics of sound. The characteristics of any sound, such as its pitch,
volume, and energy level, depend on the characteristics of the source vibrations
(Benade, 1976). Humans have the capability to design and construct objects and
devices so that they produce specific sounds with particular pitch, volume, and
other characteristics (Benade, 1976). One who holds a scientific perspective on
sound can analyze the mechanisms behind these characteristics, describe the
nature of sound transmission, and explain the process of sound production.
Historical development of the science of sound.
Formally, the branch of science that deals with the phenomena of sound is
called acoustics. The field of acoustics has prehistoric origins; archaeological
evidence reveals that humans have been making musical instruments for tens of
thousands of years (Adler, 2009). Written records of the study of sound began at
least four thousand years ago, when the Chinese reported the establishment of 12
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standard pitches using 12 special lengths of bamboo pipe (Raichel, 2000). In the
Western tradition, phenomena related to sound were first explored in writing by
Pythagoras, who in the sixth century B.C. wrote about his experiments with the
origin of musical sounds (Lindsay, 1966). However, despite this early evidence
of sound as a topic of human thought, sound was not included as a major part of
the scientific canon until 1636, when French priest Marin Mersenne wrote the
first book about experiments with sound (Lindsay, 1966). Then, in 1701, the
name “acoustics” was given to this new field of study (Saveur, 1701/1973). In
1877, J.W.S. Rayleigh published the greatest single volume on experimental
acoustics, marking its start as a modern science. Figure 6 presents a historical
overview of important developments in the science of sound. The “big ideas”
noted in Figure 6 refer to the three ideas described above on (1) sound production,
(2) sound transmission, and (3) the characteristics – in particular, pitch – of
sounds.
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Figure 6. Timeline for the development of the science of acoustics, with triangles
denoting the emergence of three “big ideas” about sound related to (1) sound
production, (2) sound transmission, and (3) pitch.

Research on children’s ideas about sound.
We would not expect most children in elementary school to achieve
complete expertise in the field of acoustics, largely because most children do not
develop a full particulate theory of matter during their elementary education
(Smith et al., 2006), nor do they develop the mathematical skills from algebra and
calculus that are necessary to represent multiple acoustical variables at once.
As a result, a reasonable set of goals for young students’ learning about
the science of sound, an “introductory acoustics,” is called for. National learning
standards suggest that such goals emphasize the following ideas: (a) sound is
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produced by vibrating objects, (b) sound travels in wavelike disturbances that
require a material medium to spread outward, and (c) variations in pitch are
caused by changes to the rate of vibration (AAAS, 1993; NRC, 1996). These
ideas can be seen as limited versions of the expert scientific understandings
discussed previously. To propose a more complete introductory acoustics, I have
merged the national standards with the list of acousticians’ key understandings, as
shown in Table 9. This proposed introductory acoustics is comprised of three
essential ideas: (a) sounds are produced by vibrations, (b) sounds are transmitted
as pressure variations through gases, liquids, and solids, and (c) pitch is
determined by the size and tension of the sound producer, while volume is
determined by the magnitude of applied force.

Table 9
Key Scientific Ideas in Expert and Introductory Acoustics
“Big Ideas” in Expert Acoustics
1) Sounds are produced by an
oscillatory process of repeated
compression and expansion of
particle spacing.
2) Sounds are transmitted outward
in three dimensions through
adjacent medium and
perceived by pressure variation
sensors.
3) Sound characteristics like pitch,
volume, and energy are
dependent on the dimensions,
density, and dynamics of the
vibrating source.

National Standards of
Learning (Grades 3-5)
1) Sound is produced by
vibrating objects.

Proposed “Big Ideas” in
Introductory Acoustics
1) Sounds are produced by
vibrations.

2) Sound travels in
wavelike disturbances
that require a material
medium to spread
outward.
3) Variations in pitch are
caused by changes to
the rate of vibration.

2) Sounds are transmitted as
pressure variations
through gases, liquids,
and solids.
3) Pitch is determined by
the size and tension of
sound producers; volume
is determined by the
amount of applied force.

Although this new set of goals for introductory acoustics (Table 9) looks
very similar to the national learning standards related to sound for third through
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fifth grade, it is subtly different in three important ways. First, the new
introductory acoustics big ideas suggest that sounds can be produced not just by
objects that vibrate, but by vibrations in general. Second, it clarifies that sound is
transmitted by variations in pressure (as opposed to the misleading term waves,
which causes students to envision sound incorrectly as a transverse wave or a
sinusoidal wave form), and it specifies that those variations can propagate through
all three states of matter. Third, it provides practical detail about how two
important characteristics of sound – pitch and volume – can be adjusted.
When considering how students might develop this set of scientific ideas
in introductory acoustics, it is important to recognize the intuitive ideas that
comprise the starting points for students’ reasoning about sound. The following
paragraphs summarize what the research literature reveals about novice
understandings of the three big ideas about sound production, transmission, and
characteristics.
Intuitive ideas about sound production. From infancy, children are
exposed to a multitude of sound producers, and children as young as five are able
to use the physical attributes of an object to predict whether and what kind of
sound it will produce (Driver, Squires, Rushworth, & Wood-Robinson, 1994).
However, when asked to explain how the sound is produced, young children
typically discuss only the human actions required to make the sound; they do not
mention the vibrating source (Mazens & Lautrey, 2003). Around age nine and
above, children readily use the terms “vibrations,” “waves,” and “echoes,” to
explain how sounds are produced, but under further questioning, they are not able
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to define those terms meaningfully (Eshach & Schwartz, 2006; Mazens &
Lautrey, 2003; Treagust, Jacobowitz, Gallagher, & Parker, 2001). They struggle
to explain exactly what it is that is doing the “waving” and the “vibrating.”
To achieve a complete understanding of sound as a vibratory process,
students need a particulate theory of matter; they need to know that all matter on
earth is made of tiny particles commonly bonded together in molecules and
networks. With ideal instruction, middle-school students are able to understand
this aspect of atomic molecular theory (Smith et al., 2006). Then, they can learn
that the vibrations of a sound-producing object cause repeated compression and
expansion of the molecular spacing in the adjacent medium (Wittmann, Steinberg,
& Redish, 2003). Research shows that this is difficult; even at the college level,
most students persist in attributing object-like properties rather than process-like
properties to sound (Wittmann et al., 2003).
Intuitive ideas about sound transmission. Many preschoolers believe
that sound travels only to people’s ears, and that it does not touch anything in
between its source and the receiving ears (Mazens & Lautrey, 2003).
Furthermore, many children below the age of nine do not see a need for a
mechanism to explain how sound is transmitted from source to receiver. Rather,
they are content to explain sounds solely by the properties of the sound-producing
objects or by the actions taken by humans (Asoko, Leach, & Scott, 1991; Lautrey
& Mazens, 2004; Mazens & Lautrey, 2003; Watt & Russell, 1990). During these
early years, they also tend to talk about sound as if it is a material substance rather
than a mechanical process (Mazens & Lautrey, 2003). They speak of this sound
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substance as easily passing through empty space and slipping through tiny holes
in solid materials (Mazens & Lautrey, 2003).
Intuitive ideas about sound characteristics. When young children first
start to describe sounds, it is difficult for them to hear and articulate the
differences between sounds that are easy to hear because they are loud in volume,
and sounds that are easy to hear because they are high in pitch. It is even more
challenging for children to hear and articulate the differences between sounds that
differ on both characteristics; they struggle to keep in mind that sounds can vary
from loud to quiet in volume and from high to low in pitch (Campbell, 2005).
The ideas that students express about the production, transmission, and
characteristics of sound change as they move from the preschool years through
elementary school, but some conceptual challenges remain even for adults. Table
10 summarizes the research base on the intuitive ideas about sound that are
typically found at all ages, in the early primary grades, and in the upper
elementary grades. It also reiterates what scientific experts can explain about
sound production, transmission, and characteristics.
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Table 10
Developing Understandings of the Big Ideas About Sound
Sound production
Give explanations of sound
production that are
unique to specific sound
producers (Asoko et al.,
1991).

Sound transmission
Describe sound as if it were a
substance rather than a
process (Eshach &
Schwartz, 2006; Mazens &
Lautrey, 2003).
Do not readily comment on
sound transmission (Watt
& Russell, 1990).

At 4-7
years,
students:

Comment only on action
of humans (Mazens &
Lautrey, 2003).
Comment only on physical
attributes of the sound
producer: e.g.,
rubber/plastic, thick/thin
(Watt & Russell, 1990).
Suggest sound does not
need to be explained; it
is material; it just exists
(Watt & Russell, 1990).

Suggest sound is a
continuous substance
which travels through solid
materials because materials
have tiny holes (Mazens &
Lautrey, 2003).
Suggest sound-producing
objects simply activate our
ears (Piaget, 1971).
Do not mention air or other
medium of sound travel
(Asoko et al., 1991).

At 8-11
years,
students:

Use the words “echo”,
“sound wave,” or
“vibrations” but without
ability to define these
words (Driver et al.,
1994).
Discuss “vibrations” of
source but not of air
(Lautrey & Mazens,
2004).

See no need for mechanism
of sound travel (Watt &
Russell, 1990).
Suggest sounds move in all
directions (Mazens &
Lautrey, 2003).
Think sound transmission
through solids has to do
with “strength” of sound or
tiny holes in solid materials
(Mazens & Lautrey, 2003).

Assert that bigger objects
always create lowerpitched sounds, even if
they lack other
characteristics necessary
for sound production.
Discuss only applied force,
and not object
characteristics, when
explaining volume (Watt
& Russell, 1990).

Experts
can:

Explain that sound is
produced by an
oscillatory process of
repeated compression
and expansion of particle
spacing (Rossing et al.,
2002).

Explain that sound vibrations
are transmitted as pressure
variations through the
adjacent media, in all
directions outward from
their source, and this
medium can be solid,
liquid, or gas (Rossing et
al., 2002).

Explain that
characteristics like pitch,
volume, and energy are
dependent on the
dimensions, density, and
dynamics of the vibrating
source (Rossing et al.,
2002).

At all
ages,
students:

Sound characteristics
Are unable to hear
difference between low
and high pitches
(Campbell, 2005).
Confound speed and size
of vibrations; claim that
bigger vibrations are
slower, and smaller
vibrations are faster
(Driver at al., 1994).
Discuss only material type,
and not object size, when
explaining pitch (Watt &
Russell, 1990).
Discuss only applied force,
and not object
characteristics, when
explaining volume (Watt
& Russell, 1990).

The presentation of student understandings in Table 10 suggests that
researchers have focused on what is missing from young students’ ideas about
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sound. While this may be true, we can alternatively consider students’ intuitive
ideas as resources. Indeed, I consider students’ naïve ideas about sound, many of
which are summarized in Table 10, to be productive starting points from which
they can work toward more sophisticated ideas. Thus, for the purposes of the
present study, previous findings on what students think about sound suggest what
to look for among the students participating in the Design a Musical Instrument
curriculum. Along with the set of expert scientific ideas about sound, the
previous findings summarized in Table 10 form the basis for the coding scheme
used in this study. The full procedure for developing this coding scheme is
described below in the Data Analysis section.

Methods
Participants.
As described in detail in Chapter 2, the participants were 18 boys and 13
girls from three different classrooms enacting the Design a Musical Instrument:
The Science of Sound curriculum unit. Of these 31 children, 11 were students in
Ms. Newton’s third-grade class, 11 were students in Ms. Hooke’s third-grade
class, and nine were students in Ms. Boyle’s mixed third/fourth-grade class.
Since the focus of the study was on third-grade learning, six of Ms. Boyle’s
interviewed students were third-graders; only three were fourth-graders. These
fourth-graders were interviewed because they were the group mates of two of the
interviewed third-graders.
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The study took place during the third year that Ms. Newton, Ms. Hooke,
and Ms. Boyle enacted engineering-design-based science units in their
classrooms. Prior to their first year of enactment, they all voluntarily participated
in a 30-hour training workshop on two design-based science units, including the
Design a Musical Instrument unit.
Data collection.
Clinical interviews. I interviewed each student participant about the
science of sound both before and after the curriculum enactment. For each class, I
conducted the preinstruction interviews during the week before the students began
working on the Design a Musical Instrument curriculum in class. I conducted the
postinstruction interviews during the week after the students took written posttests. Each interview lasted approximately 20 minutes.
Within each interview, three separate scenarios were presented. These
scenarios provided three distinct opportunities for students to express their ideas
about sound. Each opportunity was considered an “interview performance.”
Thus, there were 93 total performances for the postinstruction data (31 students
with 3 performances each). There were slightly fewer performances at
preinstruction because four students had to stop the interview before completing
all three scenarios. The full interview protocol is included in Appendix C. Here I
provide a summary.
Before introducing the first scenario, I asked the student whether he or she
knew what the word “pitch” meant when used to describe sound. If the student
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did not know, I presented a brief tutorial on pitch. This tutorial used computergenerated sounds to demonstrate “high” and “low” pitches.
Xylophone scenario. The first scenario presented in the interview
involved analyzing a toy xylophone. I pointed to the longest and shortest
xylophone bars and asked the student to play each one. Then I asked the student
about pitch: “Which bar sounded higher-pitched to you?” and “What do you think
makes that bar sound higher-pitched?” Next, I asked the student about sound
production: “How does this xylophone work? What do you think makes it make
its sounds?” Finally, I asked the student about sound transmission: “How do you
think the xylophone’s sound gets to your ears?” Using the clinical interview
approach, I asked follow-up questions after each major prompt to probe for what
the student meant by his or her response. Intentionally, no prompt began with the
word “why,” since children often interpret this word as asking for discussion of
teleology (the purpose of existence) rather than of physical causes and effects
(Hammer, 2004a; Harlen, 2001).
String-and-hook scenario. The second scenario presented in the interview
involved creating sounds with hooks and string attached to wooden rectangular
boards (Figure 7). First, I gave the student two identical string-and-hook boards,
labeled #1 and #2. Each had three hooks, with one located at the upper right, one
located at the center left, and one located at the lower right. A 1/8-inch-thick
nylon string was secured to the upper right hook on each board. Each string was
18 inches long. I demonstrated how the strings could be pulled against the hooks
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and plucked to make musical sounds, but I did not explicitly show that the string
could be varied both in length and in tension using the string-and-hook boards.

Figure 7. Xylophone, string-and-hook, and rubber-band instruments used in
interviews

After introducing the boards, I gave the student the task of creating a
“higher-pitched” and a “lower-pitched” sound using boards #1 and #2. I gave the
student time to explore and then asked the student to identify his or her higherpitched and lower-pitched sounds. After the student had identified a higherpitched sound, I asked, “What do you think makes that one sound higherpitched?” This task was intended to give the student an opportunity to show how
changes in length and tension affect the pitch of a sound. Next, I removed board
#1 and replaced it with board #3, which had hooks in the same locations as boards
#1 and #2, but whose string was much thinner (1/16 inch in diameter rather than
1/8 inch). I asked the student to “invent” another set of “high” and “low” sounds
using only boards #2 and #3, and to explain “What do you think makes that one
sound higher-pitched?” This task was intended to allow the student to
demonstrate the effect of thickness on pitch.
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The last part of the second scenario involved questions about sound
production and transmission. I asked the student, “How do these string
instruments work? What do you think makes them make their sounds?” and “How
do you think the string’s sound gets to your ears?”
Rubber-band scenario. The third scenario in the interview involved
making predictions about three pairs of suspended rubber bands. In one pair of
rubber bands, the two bands varied only in length. In the second pair, the rubber
bands varied only in their position on the screws; one was suspended an inch from
the baseboard, and the other was suspended 2 inches up from baseboard. In the
third pair, the bands varied only in tension; they were the same length and in the
same positions on the screws, but one was stretched more tightly and had a longer
“slack” end hanging from its knot on the screw. For each pair of rubber bands, I
asked the student to predict which rubber band would sound higher-pitched.
After the student plucked both bands, I asked him or her to identify which
actually sounded higher. Finally, I asked the student, ““What do you think makes
that one sound higher-pitched?”
After exploring all three rubber band pairs, I again asked the student about
sound production and transmission with the questions, “How do these rubber band
instruments work? What do you think makes them make their sounds?” and “How
do you think the rubber band’s sound gets to your ears?”
Although the three scenarios featured different sound producing devices,
they were all intended to elicit ideas about the same aspects of sound. The
prompts in the interviews centered on three main conceptual categories: sound
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production (how sounds are made), sound transmission (how sound travels), and
pitch (why particular objects make particular notes).
The pre- and postinstruction interview protocols were identical except for
the color and position of the strings and rubber bands. These were changed
slightly at postinstruction to prevent students from mostly relying on their
possible recall of the instruments’ preinstruction appearance.
Data analysis.
I used research literature and scientific textbooks on sound to construct
initial a priori categories of understandings about sound production, transmission,
and pitch. After conducting and transcribing all pre- and post-interviews, I
reviewed these initial categories. Using the open coding approach of qualitative
researchers such as Glaser and Strauss (1967) and Merriam (1998), I randomly
selected five interview transcripts and labeled each response with descriptive tags.
These open codes were based on my review of the a priori categories, but I added
new labels when nothing from the a priori set was adequately descriptive. I then
consolidated the open codes from each conceptual area (sound production,
transmission, and pitch) into major post hoc categories. At this point, I had a set
of major categories for sound production, a set of major categories for sound
transmission, and a set of major categories for pitch. Within each major category
were more detailed response codes. This was my beginning coding scheme. I
tested this scheme on two interviews from each of the three classrooms. Within
each major category, I ensured that all response codes within the same category
were consistent with each other and with the emerging definition of the category.
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I removed redundant response codes and added new ones when necessary. These
revisions resulted in the final qualitative coding scheme described in the Results
section. In this coding scheme, six categories of ideas emerged for each of the
three main sub-domains of sound production, transmission, and pitch. Thus I
identified 18 categories overall; these categories comprise the answer to this
chapter’s first research question: what ideas about sound do students express
during interviews involving musical instrument devices?
To answer the second research question — how the students’ ideas about
sound change from before to after the Design a Musical Instrument unit — I
generated frequency tables displaying the number of interview performances
classified in each category at pre- and postinstruction. With the interview
performances from all three classrooms combined, I conducted chi-square
analyses for the frequency tables to test whether the distribution of ideas changed
significantly from pre- to postinstruction for the overall group of participants. I
also computed the standardized residual for each cell of the frequency table to
determine which categories of ideas contributed most to the change in distribution
from pre- to postinstruction.
To address the third research question, which asks how the changes in
students’ ideas differ across the three classrooms participating in the study, I
compared the distribution of interview performances within each single classroom
to the distributions within the other classrooms. Considering the interviewed
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students from only one classroom at a time, I used McNemar’s test3 for paired
proportions to determine whether there was a significant pre/post change in the
proportion of those students’ performances that included reasoning about
mechanisms (Russ, Scherr, & Hammer, 2008), which was a theme that emerged
from the coded data.
Finally, throughout data analysis, I used transcripts of student interviews
to illustrate each coding category and to provide evidence for patterns of change.

Results
In this section, I present the student ideas that emerged from the clinical
interviews, and I illustrate changes in overall ideas along with individual student
trajectories.
Student ideas about sound production.
Range of student ideas about sound production. Six kinds of responses
emerged when students explained their thinking about how sound is produced
(see Table 11). I describe them in order of increasing sophistication.
(1) No explanation of sound production or invented sound producer: In
some of their responses, students did not approach the production of sound as a
phenomenon that needs explanation. Instead, they simply described the purpose
of the musical instrument they were being asked about, or they invented a nonexistent feature like a battery or a bell to explain the sound. For example, when
asked how the xylophone made its sound, Layla responded, “Mmm, it makes, it
3

McNemar’s test is a form of chi-square analysis used to compare two population proportions that
are related to each other, as in the case of comparing a proportion of the same classroom at two
points in time.
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makes music,” and Eduardo said, “It makes pitches.” Julio answered the same
question by inventing a non-existent feature: “Probably because of the battery.”
(2) Focus on human action: In another kind of response, students
discussed only the actions taken by human users of sound producers. These
responses did not describe the conditions or mechanisms of the sound producer
itself. For example, Kristy said of the string-and-hook instrument, “You put it
through, and you tighten it, and you play it like that.” Kayla explained how the
rubber-band instruments work by demonstrating, “Mm, by pulling them and, um,
plucking them.” Lisa’s explanation of the xylophone was simply, “You play it.
You use it [holding the mallet].”
(3) Focus on static characteristics of sound producer: Students sometimes
focused on identifying the necessary conditions of sound production. They
described static characteristics that they thought enabled the instrument to be a
noise maker. For instance, tension was the necessary condition pointed out by
Sean: “The string. It’s tight and it can’t move. It makes a sound.” Tina focused
on the screws holding the rubber bands: “These two things [screws] that hold
them together.” Dylan explained that the xylophone worked because “It’s made
out of metal, so it can make sound.”
(4) Movement as cause: Students explained some instruments by explicitly
identifying the movement of the sound producer as the cause, and the audible
sound as its effect. They did not explain the physical process by which movement
caused sound, but they did identify a cause and effect. For example, Adam
identified the collision of solids as the cause of the xylophone’s sound: “Because
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there's kind of like a metal thing on the bottom of [the bars]. And when you bang
on it, it'll go down and it hit the metal thing.” Donald said that the string-andhook instrument made sound because of “Movement. The string [wiggling string
back and forth].” Ethan said of the rubber band, “Because you pull this [band],
um, it couldn't stay still like this, it would have to shake before it stopped.”
(5) Vibration as process: In some of their explanations of sound
production, students pointed out not just movement, but a particular kind of
movement, vibration. Moreover, they framed vibration as a physical process that
leads to audible sound. Karisa was talking about the rubber bands when she said:
“’Cause vibrate, that’s like it shakes a little, and then it just makes sound.” Jacob
explained the xylophone’s sound in this way: “Mm, by vibration. Like, when it
shakes [holding both hands out and moving them back and forth]. This part
[touches xylophone bar].”
(6) Additional physical evidence of process: Some students went beyond
identifying vibration as the process behind sound; they described additional
evidence that confirmed that a vibratory process was important for sound
production. For example, Talia noticed without prompting that the tight rubber
band moved “smaller” and “faster” than the loose rubber band. She observed,
“'Every time you um, string [pluck] it like this, um, it kind of, it kinda like, goes
that that, see [plucking the rubber band and pointing to it]?... ‘Cause this one
[loose band] goes bigger and this one [tight band] goes smaller, see? And faster.”
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Table 11
Categories for Interview Responses about Sound Production
Category
(1) No explanation
or invented
sound producer
(2) Human action
(3) Static
characteristics
(4) Movement as
cause
(5) Vibration as
process
(6) Additional
physical
evidence of
process

Definition
Approaches sound as nonproblematic or invents a
non-existent sound producer
Focuses on the actions
humans take to activate the
sound producer
Focuses on necessary, static
conditions of sound
producing objects
Proposes a cause-effect
sequence in which a
movement leads to an
audible sound
Proposes a cause-effect
sequence in which a
vibration process leads to an
audible sound
Proposes a cause-effect
sequence that includes other
physical evidence of
vibratory process

Sample Response
“Mmm, it makes, it makes music.”
“Bells, inside it.”
“You put it through, and you tighten it, and
you play it like that.”
“It’s tight and it can’t move.”
“Like when you hit, on like a metal, with
like something like this, [xylophone
mallet] it makes, like, a loud ping, like a
loud pingy noise.”
“ ‘Cause vibrate, that’s like it shakes a
little, and then it just makes sound.”
“You put the string under water and pluck
it. You should see ripples. The ripples are
made by the vibrations under-water.”

Each interview performance was categorized by the most sophisticated
idea it included. For example, consider a student who first says she does not
know how the xylophone makes its sound. However, after the interviewer
rephrases the prompt, she explains that it makes a sound every time the mallet
collides with one of the metal keys. Her performance would be assigned to the
“movement as cause” category rather than to the “no explanation” category.
Table 12 shows the distribution of student interview performances across the six
categories. (Appendix D provides a graphical representation of these data.) Each
entry in Table 12 is associated with one interview scenario, so each individual
student is reflected in three entries. For each interview scenario that a student
completed, his or her ideas were classified into exactly one category. Because 31
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students were interviewed, and each student produced three performances, there
should be 93 preinstruction performances and 93 postinstruction performances.
However, due to unexpected schedule changes at the school during the
preinstruction interviews, four of the 31 students did not complete the sound
production prompts in all three interview scenarios. Therefore there are only 86
total preinstruction entries in Table 12.
Table 12
Ideas About Sound Production: Interview Performances in Each Category
Explanation of sound production
(in order of increasing sophistication)
No answer or invented component
Human action
Static characteristics
Movement as cause
Vibration as process
Additional physical evidence of process

Pre-enactment
11 (12%)
24 (28%)
29 (34%)
10 (12%)
11 (13%)
1
(1%)

Post-enactment
4
(4%)
17 (18%)
8
(9%)
12 (13%)
47 (51%)
5
(5%)

Total
86 (100%)
93 (100%)
Last two categories combined for χ2 test of pre/post change; χ2(4) = 41.35, p < .001

Note that this method of frequency table construction is somewhat
atypical. Typically, when chi-square analysis is conducted, each entry in the
frequency table is independent from the others. In Table 12, the three entries for
each student are related to each other. However, individual students are not the
main subject of my research question. Rather, I am examining the entire pool of
interview performances and am asking, given a set of performances produced by a
group of students, does the distribution of the performances change over two
points in time? Other researchers who have used performance rather than student
as the unit of analysis (i.e., have counted different performances by the same
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student as distinct data points) include Winberg and Berg (2007) and Cayton
(2008).
Changes in sound production ideas. While the range of ideas expressed
by students was the same before and after instruction, the distributions across six
categories changed significantly, χ2(4) = 41.35, p < .001. Before curriculum
enactment, 12% of the performances included no explanation or an invented
instrument component. The majority (62%) of the pre-interview performances
emphasized either the human actions or the static, surface-level characteristics of
objects that produce sound. In 12% of the performances, the students did make
the direct link between motion as the cause and sound as the effect, and in the
remaining 14% described vibration as the process underlying sound. After
curriculum enactment, many students shifted away from emphasizing human
actions or focusing on necessary conditions of sound producers, such as being
fixed in place or stretched tightly. Instead, the vast majority (69%) of the
interview performances included causal explanations linking the motion of the
sound producer to its audible result. The distribution difference is mainly due to
the increase in vibration-as-process responses from 13 to 51%, and the total
reduction in the frequencies of the first three categories.
The cases of individual students help illustrate this change over time.
Throughout this chapter and the next, I use as examples the work of Sean from
Ms. Newton’s class, Alissa from Ms. Hooke’s class, and Karisa from Ms. Boyle’s
class. I have chosen these three students to follow because each as an individual
showed science ideas and practices – and changes in those ideas and practices –
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that were typical for his or her class. Thus each is a representative example of the
students in his or her classroom. (Of course, in any group there is no typical
student but rather a distribution of ideas, practices, and changes in ideas and
practices; I use the word typical to refer to the most frequently observed
performance.) Appendix E lists the interview response categories of all 31
students individually.
In Ms. Newton’s class, Sean was one of several students who shifted over
the course of instruction from a focus on the features of the sound producers to a
lengthy discussion about the role of motion and vibration in making noise. Below
are three excerpts from his preinstruction interview.
Interviewer:
Sean:

Interviewer:
Sean:
Interviewer:
Sean:

How does this [xylophone] instrument work? What makes
it make a sound?
I know how these work, these ones [levers that allow the
xylophone to be played like a piano], there's one of these
[holds up the mallet] inside…of it so when you press it,
something hits it.
--How does this [string] instrument make its sound? What
makes it make a sound?
The string. It’s tight and it can’t move. It makes a sound.
--These rubber band instruments, what makes them make a
sound?
[Shrugs] Same thing as the string. It’s, it’s pretty much the
same, loose or not, kinda loose and, or kinda tight, it’ll still
make a sound.

In the pre-interview, Sean responded to questions about sound production
by emphasizing an important static characteristic of the physical component that
made the noise. For the xylophone, he identified the mallet-shaped end of a lever.
For the string-and-hook board, he identified the “tight” and non-movable string.
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For the rubber-band instrument, he identified the “kinda tight” rubber band. In
contrast, in his post-interview, Sean was more expressive about underlying
processes. He worked through identifying the precise element involved in the
initial collision, the resulting vibration of a particular element, and the importance
of that vibration to the audible sound. He also made an association between force
and volume.
Sean:

Interviewer:
Sean:

Interviewer:
Sean:
Interviewer:
Sean:

The harder you push this [lever for one of the xylophone
bars], the louder it’s gonna go.... You can also hold the bar
in [pressing on lever while holding hand on one of the
bars], and it makes a different sound [removing hand from
bar; banging on same lever]…. ‘Cause you’re stopping the
vibrations….
…. How does [this xylophone] make its sounds? How
does it work?
By this [mallet] hitting it or the ball [pointing underneath
the metal bars] hitting it…. It makes it vibrate [hitting a
xylophone bar with the mallet, then pressing on bar to
dampen it and stop the sound]….. Stop the sound, by
stopping the vibration.
--How do these [string] instruments work? What makes
them make their sounds?
Like the elastics! You, you hit it, and it makes a sound….
Because it makes a vibration in the, on the string.
--More questions about these [rubber band boards]. What
makes them make their sounds? How do they work?
It vibrates [pointing to the rubber band and plucking it
several times].

In Ms. Hooke’s class, Alissa transitioned from dwelling on human actions
to emphasizing that when an object with tension is hit or plucked, it generates an
audible sound. At pre-interview, she talked often about what “you,” the
instrument user, must do. She also noticed, however, the importance of the
fixtures that held the strings and rubber bands in place.
65

Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:

Interviewer:
Alissa:
Interviewer:
Alissa:

Cause they're like, I don’t, like, ummm [2 second pause] it's
like metal.
…. Ok. What makes your ears able to hear it?
Because you’re banging on it, like hitting it.
--What about the string makes them make a sound?
You pull it here and then you go like that [plucking the
string] and if this [hook] wasn’t there then it [the string]
wouldn’t make a sound.
--So these rubber band instruments, what makes them make a
sound?
You, umm, going like that [plucking band] with them.
Mmm-hmm.
But if these [screws] wasn’t there, then these [rubber
bands] would be flat and wouldn’t go like that [plucking
bands] and make a lot of noise.

Alissa began her post-interview by returning to the importance of the
xylophone’s metal composition, as shown in the following excerpts.
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:

The metal’s like, um, the metal’s like hard, and noisy. So
when you hit it, it makes noise.
…. And when you hit it, does the metal have to do
anything for it to make noise?
[Shaking her head no] You just hit it.
--How do these [string] instruments make their sounds?
What do you think?
Like, the hooks make them make a sound because you’re
hooking them on here [first hook], and putting it on there
[second hook], you're plucking it, with the string.
….And how come it makes a sound when you pluck it?
Because you’re holding this [end of string], and it’s holding
[on hook], and you just pluck it, and it makes noise.
--What do you think makes them [rubber-band boards] make
a sound?
The rubber band.
The rubber band. And, does the rubber band make a sound
just sitting there, or do you have to do something to it?
You have to tie it on something, like this [pair of screws],
[or] well maybe your hand, but you can’t do [pluck] it on it
[your hand]; you’re gonna have to have one of your friends
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Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:

pluck it.
And what happens to the rubber band when you pluck it?
It vibrates…. Like it goes like that [waves hand back and
forth] back and forth.
Back and forth. And is that part of what makes it makes a
sound?
[Shaking her head no] No.
No. It doesn’t have to vibrate to make a sound? How else
could it make a sound if it wasn’t vibrating?
The screws. The screws make them [the bands] make a
noise. Because if the screws wasn’t here and it was vi— ,
it wouldn’t make no noise. It just gonna have to go like
that [lie flat on table], and it wouldn’t make a loud noise or
low.

The ideas Alissa expressed in her post-interview echoed her pre-interview
ideas but also included some new thoughts. The somewhat confusing result might
be considered a synthetic model (Vosniadou, 2002). Alissa repeated her ideas
from the pre-interview about the importance of the fixtures holding the string or
bands, and she expressed more clearly that sound resulted from the hitting or
plucking of the stationary, tense objects. Her second response about the stringand-hook instrument, “you’re holding this, and it’s holding, and you just pluck it,
and it makes noise,” was constructed as a causal chain, and her explanation of the
rubber-band instrument began straightforwardly enough. But after Alissa stated
that the rubber band vibrates, the emerging picture of her understanding became
more complicated. She accurately defined the term “vibrates,” but she then
surprised me (the interviewer) by saying that the rubber band’s vibration was not
responsible for its sound production. Her concept of “vibration” turned out be
fragile in its connection to her other ideas about how the instruments works. In
fact, at the end of the interview she hesitated to use the word “vibrating” again.
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She began to state the word but then stopped, and thus she reflected her
uncertainty about the role of vibration in sound production. Instead she reverted
to place more importance on the role of the screws versus the role of vibration.
A student in Ms. Boyle’s class illustrates still another pattern of change in
ideas about how sound is produced. Karisa shifted from making ambiguous
references to vibration toward constructing a coherent cause-and-effect
explanation. As usual, the pre-interview began with the xylophone scenario.
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:

How does it [xylophone] make its sounds? What makes it
work? What do you think?
Maybe the air, or something? You know, the sound travels
through the air.
…. So does sound, um, need air to, work, do you think?
I think so.
Okay. When, um, when you play this to make a sound,
what happens?
Vibration is part of how sound is made…. It’s just like,
well it’s just basically the same thing as sound.
--How do all of these [string and hook] instruments work?
Like what makes them make a sound?
[Shrugging] I don’t know.
--These [rubber band] instruments, how do they work? What
makes them make their sounds?
The rubber bands. You strum it.

In the pre-interview, when first asking Karisa about the xylophone’s sound
production, I (the interviewer) realized that Karisa had understood the question to
be asking about what substance makes sound, rather than about the necessary
characteristics or actions. Consequently I shifted the discussion by asking “what
happens” when the xylophone makes a sound. This conversational turn elicited
further ideas from Karisa about the xylophone, but it did not generate much
expression about the strings or rubber bands. However, after the curriculum unit,
68

as shown in the following excerpts, Karisa was more verbose.
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:

Can you tell me what you think about how this [xylophone]
instrument works? What makes it make a sound?
[Pointing to underside of xylophone bars] Probably it has
some hollow space inside…. You have to tap it with this
thing [the mallet].
And what happens when you tap it? Why does it –
It makes, it makes sound.
It makes a sound. What part of it is making a sound?...
I think it's these [taps on red metal bar]. It’s kinda, like a,
beam, right? If you think about it.
Like a LEGO beam? So it's like when you [taps on purple
bar] a beam and it makes a sound?
Mm-hm.
Um, so, you hit this [taps on orange bar], and then, what
does this do to make a sound?
They just vibrate…that’s like it shakes a little, and then it
just makes a sound.
--How do these stringed instruments work? What makes
them make a sound?
You pluck it.
And then, what does the string do?
The string vibrates.
--How do all of these [rubber-band board] instruments work?
What makes them make their sounds?
You, kinda, like pluck it, and it vibrates.

These post-interview ideas involved the causal chain from tapping or
plucking, to vibration, to sound. This chain was not apparent in Karisa’s earlier
interview responses.
Student ideas about sound transmission.
Range of student ideas about sound transmission. In each interview
scenario, after students shared their ideas about how sound is produced, they were
asked to express their thoughts regarding how sound is transmitted (i.e., “How
does this instrument’s sound get to your ears?”). Six kinds of responses were
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given by the students to explain their thinking about how sound “gets” from
sound producer to receiver (see Table 13).
(1) No explanation of sound transmission: In some interview
performances, students proposed no explanation for how sound moves from one
place to another. In this type of performance, students either stated that they did
not know how the sound got to their ears, or they responded as if sound
transmission were entirely non-problematic. That is, they stated that sound
simply travels or that humans simply hear sound. For example, Donald focused
on his ability to hear the xylophone: “Like, we're right next to it, and then, you're
doin' it, and then you can hear it like, right next to you.” Julio similarly treated
sound transmission as a non-problem: “By putting your ear by [the rubber band],
and flinging it, you can hear the noise.”
(2) Sound travels through matter: In other interview performances,
students identified a medium or phase of matter through which sound is
transmitted but did not elaborate on the process of transmission. To explain how
the xylophone’s sound reached his ears, Eduardo said, “It just travels…through
solid, liquid, and gas.” Similarly, Dylan described the transmission of the string’s
sound by saying, “It travels by air.” When asked how the sound from the rubberband instruments got to her ears, Jen stated, “The air, the air.”
(3) Sound transmitted as substance: In some of their responses about
sound transmission, students described a form or shape adopted by sound during
its travel from producer to receiver. Often, this involved speaking of “waves” or
“vibrations” as if they were substances rather than types of oscillatory motion.
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David said that the xylophone’s sound got to his ears by, “sound waves and it
travels to your ear but you can't see them.” When pressed to define sound waves,
he described them as “things that like, they like, I think they like either bounce or
come off, and then come into our ears… sort of like this shape [tracing out a half
circle]” (emphasis added). Similarly, Jacob talked about sound being transmitted
by a “vibration” substance: “Vibration is coming up, and it hits my ear, and it
makes a sound somehow….It looks like just lines, moving. Straight, black lines.”
In this category we see students using conventional graphical
representations of sound in an interesting way. These representations, such as
straight lines or convex curves, are meant to represent an unseen phenomenon –
the momentary compression of molecules toward each other as a pressure wave
propagates through their location in a medium. However, the students often
seemed to be treating these representations – “black lines” or “lines, moving” –
not strictly as tools for thinking about an unseen but as actual objects with
material existence. Therefore these conventional representations of sound,
accessible to students in many books, cartoons, and even science videos, may
have been hindering the students’ conceptualizing about sound transmission.
(4) Sound transmitted via action: In some responses, students leaned more
toward discussing sound transmission as the acting out of a process rather than as
the taking on of a special form. The responses in this category featured active
verbs and a description of motion. Often, this motion was repetitive in some way.
For example, Julio animatedly described the sound travel process as jumping:
“By, sound, by noise, by jumping around and when that jumps out, [pointing to
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the space between xylophone bars] it comes to my ears…. It travels all around
[waving the mallet around in a circle]. It travels like this [moves his hand in a big
arc], everywhere, every direction.” To describe the string’s sound transmission,
Alissa focused on the action of bouncing: “It bounces off this [screw], bounces off
the rubber band and goes to your ear. It bounces off things….Bounces off this
[xylophone bar] goes here [desk] then goes inside [underside of the desk].”
(5) Sound transmitted via interactive role of medium: In another kind of
interview response, students described the medium of sound travel (e.g., air, gas,
or other matter) as interacting with the sound in order to enable a transmission
process. One way in which students described matter as interacting with sound
was by carrying or pushing it. They also described matter as interacting with
sound by reflecting it. Alex explained, “There's things [wiggling fingers] in the
air, and that, kind of, the sound bounces off of those tiny things…. Well, it,
moves, and probably runs into them, and goes all around the room.”
(6) Sound transmitted via propagation of vibration: In a small number of
responses, students expressed the idea that sound traveled by a chain reaction of
vibrations, and their statements made it clear that they viewed vibration as an
oscillatory process rather than as a sound-carrying substance. Speaking about the
xylophone’s sound, Tyson explained, “You know, like, usually, how sound gets
through the air is from vibrations in the air [moving hand in a circle]. You just
can't feel vibrations in the air.... Sometimes you can hear them. If they're loud
enough. Or if they're big enough, I should say.... It goes, like, through furniture
[tapping table] and stuff, and like ends up [drawing hand up from table nearest his
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body, up to chest, to chin, to ear] into your ear.”

Table 13
Categories for Interview Responses About Sound Transmission
Category
(1) No explanation
of sound
transmission
(2) Sound simply
travels through
medium/matter
(3) Sound
transmitted as
substance
(4) Sound
transmitted via
action
(5) Sound
transmitted via
interaction with
medium or
matter
(6) Sound
transmitted via
propagation of
vibration

Definition
Does not discuss mediums
through which sound is
transmitted
Mentions medium or matter
through which sound is
transmitted but does not elaborate
Describes a form or shape (i.e.,
substance) adopted by sound
during travel
Describes sound transmission as
an active, often repetitive, process
Describes matter or medium as
actively responding to or
interacting with sound
Describes propagation of
vibration as a process that is key
to sound transmission

Sample Response
“[Shrugs] I think it travels.”
“You know, the sound travels
through the air.”
“Sound looks like a black line.”
“It gets, actually, it gets smaller,
bigger, bigger, bigger, and then
bigger, then it goes out.”
“Well I really think it's how the air.
I'm not really talking about sound
waves, but the air, like, picks it up
[forming a basket with his hands].“
“[The rubber band] sends vibrations
onto the screw, which makes the
screw, go to the box, which makes
this go to the table, then go to here
[table leg], then to right here [floor],
right here [his legs], and right here
[his ears]. It … vibrates from place
to place to your ears.”

When each interview performance was coded for its sound transmission
ideas, it was categorized by the most sophisticated idea it included about how
sound gets from one place to another. Table 14 shows the distribution of
interview performances across the six categories. (Appendix D provides a
graphical representation of these data.) Both before and after curriculum
enactment, at least one student performance fit into each of the six categories
described above.
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Table 14
Ideas About Sound Transmission: Interview Performances in Each Category
Explanation of sound transmission
(in order of increasing sophistication)
Pre-enactment
Post-enactment
No explanation of transmission
65 (79%)
13 (14%)
Only mentions medium or matter
1
(1%)
7
(8%)
Sound transmitted as substance
10 (12%)
29 (32%)
Sound transmitted via action
2
(3%)
9
(10%)
Interactive role played by medium or matter
1
(1%)
18 (20%)
Sound transmitted via propagation of vibration
3
(4%)
14 (16%)
Total
82 (100%)
90 (100%)
Last two categories combined for χ2 test of pre/post change; χ2(4) = 74.44, p < .001

Changes in sound transmission ideas. The proportion of ideas in each
category changed substantially from before to after instruction. Before the
curriculum enactment, the vast majority (79%) of the performances included no
proposal for how sound travels from producer to receiver. The next most
populous category, with 12% of the performances, was that sound adopts a
substance-like form in order to travel. Students described sound transmission as
an active process in only 8% of the pre-interview scenarios.
After participating in the Design a Musical Instrument unit, the students
much less often assigned primary responsibility for sound transmission to
listeners, and they almost universally (86% of the time) recognized the necessity
of matter for sound travel. Furthermore, the ideas they expressed suggested that
they had adopted both substance-like views (32% of the time) and process-like
views (46% of the time) of the transmitted sound. Some of these process-like
ideas were quite sophisticated. In 16% of the postinstruction interview scenarios,
students included reasoning that sound traveled from one place to another by a
chain reaction of vibrating matter. Considering all three classes together, the
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distribution of ideas about sound transmission was significantly different at
postinstruction than at preinstruction (χ2(4) = 74.44, p < .001). The cases of Sean
from Ms. Newton’s class, Alissa from Ms. Hooke’s class, and Karisa from Ms.
Boyle’s class exemplify this change over time.
Sean’s ideas about sound transmission changed from portraying sound as a
moving substance to describing the repeated oscillation of matter. During most of
Sean’s preinstruction interview, questions about sound transmission did not elicit
many ideas. He shrugged and continued playing the xylophone when asked how
its sound got to his ears, and he shrugged again when asked about the
transmission of the string’s sound and rubber band’s sound. Immediately after
shrugging about the rubber band, however, Sean interrupted with a new idea.
Interviewer:
Sean:
Interviewer:

Sean:
Interviewer:
Sean:

Okay. And any ideas about how that sound gets to your
ears?
[Shrugs.]
I know I keep asking you that. Alright, well you have some
things to think about then, when you're doing the science
unit in the classroom. How does sound get to our ears,
that'll be a good thing to think about. But you noticed a lot
–
[Suddenly] Sound goes everywhere, 'cause it's like a wave,
it goes everywhere.
What do you mean it's like a wave?
Like, [5-second pause] like a bomb, it explodes in every
direction. So when it makes a sound it goes in every
direction.

Bombs are made of substances that break up into many small pieces and
disperse everywhere, and in his pre-interview, Sean likened traveling sound to an
exploding bomb. In his interview after curriculum enactment, excerpted below,
Sean immediately had something to say about how the xylophone’s sound was
transmitted.
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Interviewer:
Sean:

Interviewer:
Sean:
Interviewer:
Sean:

Once this [xylophone] makes a sound, how does that sound
get to your ears?
It goes through the air [pinching thumb and forefinger and
moving them slowly from xylophone bar up toward ear,
slightly wiggling them as he goes], to your ear. By
movement [moving two fingers from left to right, wiggling
them as he goes]. It moves in the air to your ear.
Does the air move?
[Looks down at xylophone, then nods].
Is that what you mean, when you said by movement?
[Nods again.] And also the vibration moves, forward. ...
Like small little waves, getting bigger, like this [tracing out
four spiraling circles, starting 6 inches in diameter and
growing to 12 inches]. And then it gets bigger and bigger.
‘Cause the sound travels [pushing arms sideways away
from body until completely extended] in every direction.
It's just separating.

In this postinstruction chain of reasoning, Sean expanded on his
preinstruction idea that sound goes in every direction. He provided a mechanism
for how it could do so: the vibrations grow in size and separate. Here we see
another example of a conventional representation of sound – circles increasing in
size – interacting with a student’s conceptualizing about sound. For Sean, the
circular representation (as he called it, the “little waves”) provided a material
support for a process that is immaterial. One could argue that the circular
representation was a hindrance to Sean’s meaning-making because it constrained
his thinking about sound travel to entail actual invisible circles. However, on the
contrary, I view the circular representation as a resource for Sean’s developing
understanding that sound propagates spherically outward in all directions, and that
this spherical propagation causes a “separation” which affects how sound is
perceived at various distances from its source.
In Ms. Hooke’s class, Alissa at first spoke only about the human’s role in
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sound transmission.
Interviewer:
Alissa:

What makes that xylophone sound get to our ears?
You can hear it. Like it's high then low. Cause you're
banging on it, like, hitting it.

Later in the pre-interview, in explaining how the sound of the string and
rubber band got to her ears, Alissa also emphasized the human acts of playing and
hearing the instrument. However, at post-interview, Alissa instead described
sound as being transmitted via an active process. She emphasized the roles of the
air and the sound-producing elements, and she consistently brought up the action
of bouncing.
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:

How does that sound get to your ears, do you think? What
do you think makes the –
It travels?
It travels? What do you mean?
Through the air. It bounces off this [xylophone bar] and
then comes to your ear.
--Once these [rubber-band board] instruments make their
sound, how do you think that sound gets to your ears?
It bounces off this [screw], bounces off the rubber band and
goes to your ear. It bounces off things
And what do you mean it bounces off things? What do
you- how do you picture that in your mind?
Like the vibration go in here [screw] then the noise gets to
your ear.

Karisa, from Ms. Boyle’s class, talked about air as the medium of sound
travel at both pre- and post-interview. However, her preinstruction responses did
not go much beyond identifying air as important, even after follow-up
questioning.
Karisa:
Interviewer:
Karisa:

You know, the sound travels through the air.
Through the air? How would it do that, do you think?
[Shrugging] I don't know, I just always thought that.
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Interviewer:
Karisa:
Interviewer:
Karisa:

--What do you think about how that [string’s] sound gets to
your ears? How does the sound get to your ears?
Uh, I just, I just always thought the sound comes naturally.
Naturally, yeah. Through the air, you think?
Mmm-hmm.

After instruction, Karisa’s description of sound travel was much more
detailed. She again talked about air as the medium of sound travel, but she also
attributed to it an interactive, responsive role in sound transmission.
Interviewer:
Karisa:
Interviewer:
Karisa:

Okay, so, Karisa, once this [xylophone] like, vibrates, and
makes a sound, how do you think that sound gets to your
ears? How do you think you hear it?
By air.
…. What happens, with the air?
Like, um, the sound comes out through the air, and it
travels [touching two hands together, then separating hands
away horizontally from each other with palms facing out,
as if spreading wings] all over the place…. It kinda looks
like the wind carrying [moving hand out horizontally away
from body] little music notes, all over the place [undulating
hand in a sine wave motion]…. like, big little swirls of
wind carrying them all over the place, in every direction.

Though we might not interpret Karisa’s mental image of sound travel as
completely accurate, it is a model that features air interacting with sound. Her use
of the word “carrying” suggests that she sees a process happening within the air in
order for sound to get from one place to another.
Student ideas about pitch.
Range of student ideas about pitch. In each scenario of the interview, the
students also answered questions about the pitch of the sounds created by the
musical instruments. Their ideas about what determines pitch could be grouped
into the six categories described below (see Table 15).
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(1) No accurate explanation of pitch. In some responses, students did not
suggest any explanation of pitch difference, or they proposed explanations for
pitch that were ambiguous or physically inaccurate. This category includes
responses in which students incorrectly described the effect of a variable, such as
proposing that loose strings create higher-pitched sounds than tight strings. Abdul
was one of the students who could not articulate an explanation for pitch
difference: “I don't know if I'm making it be good, because high or low, because
it's hard for me to think, because I'm really pushing it. I don't know how to say
how is it high, how is it low.” Donald had a clear idea about pitch but was
incorrect; he suggested that pitch varied by how hard he plucked the string: “I
made it like, not that hard. I made it medium.” Ethan was one of many students
who said that two rubber bands’ differing vertical positions would cause them to
have different pitches: “They're different amount of height.”
(2) Smaller = higher pitch. Students often recognized that sound
producers of smaller size, along any dimension, were associated with higherpitched sounds. If this was the only accurate relationship a student identified
between physical characteristics and audible pitch, then his or her response was
classified in the category “smaller = higher pitch.” For example, Kayla did not
say anything about the effect of tension or vibration speed on pitch, but she
noticed the impact of the xylophone bars’ length. She proposed, “Well, this one
[putting one finger on each edge of orange bar] is shorter than this one [moving
fingers to edges of blue bar].” Similarly, Talia suggested that the thickness of the
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strings affected their pitch. She said, “Since this one is kinda like, more, more
bigger, and um, … that one's just skinnier.”
(3) Tighter = higher pitch. If a response went beyond associating size
with pitch and pointed out that greater tension caused higher pitch, it was
classified in the category “tighter = higher pitch.” For example, when asked how
to make the string have a higher pitch, Alissa pulled tightly on it and plucked it as
she said, “Like, pull it harder.” Julio noticed the same thing about the rubberband instruments, but used the language “weak” and “strong” to refer to “loose”
and “tight” bands. He explained, “Because, I, I noticed this [lower-pitched band]
was weak. Press down. And this [higher-pitched band] is stronger.”
(4) Faster vibration = higher pitch. Another set of ideas about pitch
featured the association of faster vibration with higher pitch. For example, after
identifying the higher- and lower-pitched rubber bands, Talia commented, “'Cause
this one goes bigger [plucking looser, lower-pitched band], and this one goes
smaller [plucking tighter, higher-pitched band], see? See [plucking tighter band].
And this one's going slower [plucking looser band].”
(5) Multi-step but incomplete causal chain. In some responses, students
used multi-step cause-and-effect chains of reasoning to try to explain why a
physical characteristic had an effect on pitch. Sometimes these attempts were not
entirely complete or accurate. For instance, Harrison correctly stated that to make
the string sound lower-pitched, he needed to make it “farther,” that is, wrap it
around a hook located farther from the starting point. Then he elaborated, “It's
farther and it has to make more noise to get all the way to here [farther hook], so
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it's lower.” This intermediate reasoning, where a longer string has a lower pitch
because sound makes more noise when traveling farther, was not quite right, but it
was an attempt at a chain of reasoning.
(6) Accurate multi-link causal chain. Occasionally, students’ responses
featured an accurate extended sequence of cause-effect reasoning. In these
complex explanations, students proposed accurate reasons why smaller or tighter
objects vibrated faster and thus produced higher-pitched sounds. For example,
Alex explained and acted out why a short xylophone bar sounded high-pitched:
“Probably because it's smaller and it's, it vibrates faster…. Because, it doesn't
really have much room, so if it was big,… it could go around like that [tracing a
very wide zig-zag in the air]. But if it was smaller [bringing hands right next to
each other, with palms facing in], it vroo-vroo-vroo-vroo [tracing narrow zig-zags
in the air at a much faster speed].” This explanation includes another example of
a graphical representation of sound interacting with a student’s conceptualizing
about an acoustical phenomenon. In this case, straight lines representing sound
vibrations seemed to play a productive role in Alex’s construction of ideas about
pitch: he used the zig-zagging lines to reason about how the size of an object
affects the speed of its vibrations.
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Table 15
Categories for Interview Responses About Pitch
Category
(1) No accurate
explanation of
pitch

Definition
Makes no accurate
statements about the causes
of pitch

(2) Smaller =
higher pitch
(3) Tighter =
higher pitch
(4) Faster vibration
= higher pitch

Accurately relates size and
pitch
Accurately relates tension
and pitch
Accurately relates
vibration speed to pitch

(5) Multi-step but
incomplete causal
chain

Proposes incomplete or
inaccurate multi-step chain
of causes and effects of
pitch

(6) Multi-step
accurate causal
chain

Proposes accurate chain of
causes and effects of pitch

Sample Response
“Some are different and some are the
same.”
“[Will have the higher pitch because] it’s
more looser.”
“It's just that it's smaller, and I think that
means it makes a higher pitch.”
“When you like hold it really hard, it makes
a higher sound.”
“With the high pitch the vibrations go faster
and with the low pitch the vibrations go
slower.”
“If it was fat, like this one, it wouldn't make
that much noise because, it vibrates, the um,
fatter pitch doesn't vibrate, kind of, because
like, when you like, cling on it, …it doesn't
vibrate anything … in this [xylophone].”
“And, [pulls string against farther hook and
plucks it] it has a lot of room to bounce
around, and it basically goes a little slower,
so it goes lower.”

Consistent with the coding for sound production and transmission, when
interview performances were coded for their ideas about pitch, once again they
were categorized for the most sophisticated idea they included about how
different sounds have different pitches. Table 16 shows the distribution of
interview performances across the six categories. (Appendix D provides a
graphical representation of these data.) Both before and after curriculum
enactment, at least one student performance fit into each of the six categories
described above.
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Table 16
Ideas About Pitch: Interview Performances in Each Category
Explanation of pitch
(in order of increasing sophistication)
No explanation of pitch
Smaller size = higher pitch
More tension = higher pitch
Faster vibration = higher pitch
Multi-link cause-effect chain, incomplete
Multi-link cause-effect chain, accurate
Total

Pre-enactment
22 (25%)
40 (45%)
9 (10%)
1 (1%)
11 (12%)
6 (7%)
89 (100%)

Post-enactment
3 (3%)
27 (29%)
21 (23%)
16 (17%)
5 (5%)
21 (23%)
93 (100%)

Last two categories combined for χ2 test of pre/post change; χ2(4) = 36.81, p < .001

Changes in ideas about pitch. Before the students participated in the
Design a Musical Instrument curriculum, the majority of their interview
performances either included no explanation of pitch (25%) or discussed only the
effect of size on pitch (45%). Students commented on the relationship between
tension and pitch in 10% of the interview scenarios, and in only one performance
(1%) did a student explain that an increase in vibration speed caused an increase
in pitch. Students attempted explanations with multiple cause-and-effect steps
19% of the time, but only about one-third of those attempts (or 7% of the total
performances) resulted in accurate explanations.
When students attempted to explain pitch in their post-interviews, they no
longer maintained a narrow focus on the size of the sound producing objects.
Instead, in 68% of their interview performances, they demonstrated the
understanding that multiple characteristics influence pitch. There was a large
jump in the number of times they accurately described the relationship between
vibration speed and pitch; this occurred over 17% of the time. Moreover, many of
83

them began to develop deep, causal explanations for pitch differences. They
constructed multi-link chains of reasoning about pitch in 28% of their responses,
and these were accurate 80% of the time, or 23% of all responses. Indeed,
considering all three classrooms together, the distribution of ideas about pitch was
significantly different at postinstruction than at preinstruction (χ2(4) = 36.81, p <
.001). Once again, the individual trajectories of Sean, Alissa, and Karisa can
provide a more in-depth look at this change over time.
In Ms. Newton’s class, Sean changed from conjecturing about the effect of
size on pitch to offering a confident explanation of how tighter sound producers
have more “pressure” and thus more ability to produce higher pitches. The
following excerpts are from Sean’s pre-interview.
Interviewer:
Sean:

Interviewer:
Sean:

Interviewer:
Sean:
Interviewer:
Sean:
Interviewer:

What do you think makes the orange [xylophone bar] have
a higher pitch sound than the blue one?
It's smaller [spreading his hand across the length of the
orange bar]…. It looks like this [orange bar] is thinner than
this [blue bar], too.
--Show me how you would use one of these [string-andhook] boards to make a high pitch sound, and the other one
to make a low pitch sound.
[Holds the string against the closer hook, making a short
segment, and plucks it] So that must be the low one. It’s
pretty low. [Now holds the string against the farther hook,
making a long segment, and plucks it] This one's kinda
higher than that [short] one.
…. What do you think made this [long section] higher?
It’s longer.
[Noticing Sean has a new set-up on the string-and-hook
board] What do, do you think you have a high pitched and
a low pitched sound now?
[Plucks two segments of different lengths.] High [while
plucking shorter portion]. Low [while plucking longer
portion]
What makes this [shorter] one high pitched and this
[longer] one low pitched?
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Sean:

Sean:

Interviewer:
Sean:
Interviewer:
Sean:

It's short like this- the red one [on the xylophone] was the
shortest. The shortest, so it must be the highest, because on
this [xylophone] the red was the highest, and this [long blue
bar] was the lowest.
--[Plucks two rubber bands of identical length but different
tensions.] Well, this [tighter rubber band] is a smaller
elastic than this one [looser rubber band].…. It's smaller,
it's not as thick as this, see? Not as wide.
Oh, F [the tighter band] is not as- so, what are you hearing
about the pitches? Is one higher than the other?
[Plucking them again] F is.
F is higher. So what do you think makes F higher?
It’s pulled more. 'Cause they're the same s- [length] but
this [tighter band] is like that [holds the extra slack part of
the tighter band] so, it makes it different.

At the beginning of his preinstruction interview, Sean proposed that the
orange xylophone bar sounded higher-pitched because of its size. Later in the
interview, however, Sean thought that a long section of string sounded higherpitched than a short section, and he attributed the higher pitch to the greater
length. Then, as he continued to explore the string-and-hook instrument, he
changed his mind and declared the shorter sections higher-pitched than the longer
sections. When asked again what made the higher-pitched sections sound high,
he now attributed the higher pitch to the lesser length. When playing the rubberband instruments, Sean referenced size again when he predicted that two rubber
bands would sound the same because they were the same length. Although they
were equal in length, they were actually pulled to different tensions, so when Sean
played them, the tighter band sounded high. To account for this, Sean commented
on their differing widths – a consequence of their differing tension. After playing
that pair one more time, he also noticed the difference in tension.
While Sean had already shown keen insights into pitch in his pre85

interview, he went into even more detail in his post-interview.
Interviewer:
Sean:

Interviewer:
Sean:

String #1 [the thicker string] is low? How come?
Because it’s bigger. [Plucks thick yellow string several
times, then holds it between two fingers, inspecting it]. It’s
thicker, than this one [plucking thin string several times].
This [thin string] is just a bunch of small strings; this
[thicker string] is just a giant big string.
--Why do you think tight things that are stretched more, um,
have higher pitches?
Because, like, they're, there's more pressure on them….
Like, pressured air coming out from a tank is higher than
not-pressured air. It [unpressurized air] just go [moving
hand slowly away from body], it doesn't, it makes a very
low sound, than pressured air, will make a high-pitch sound
[moving hand away from body again, faster and higher in
the air].

In the above post-interview excerpt, in addition to commenting on the
length of the string sections, Sean also pointed out the effect of different widths.
For the rubber-band instruments, he correctly predicted that the rubber band that
seemed “stretched more” would be higher-pitched. When asked if he had any
ideas about why tighter things made higher-pitched sounds, he elaborated with an
interesting analogy to a pressurized air tank
In Ms. Hooke’s class, Alissa spoke about the same causes of pitch in her
pre-interview and post-interview: in both instances, she described correctly the
effect of size and tension on pitch. What follow are excerpts from Alissa’s preinterview.
Interviewer:
Alissa:

So what do you think, what makes the orange one have a
higher pitch than the blue one?
It looks like these is as high because it's longer or stuff.
[Points to longer metal bars.] It's longer than, well, they're
about the same, but it looks like you put it down, then this
[white plastic component holding all xylophone bars down]
one over it.
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Interviewer:
Alissa:
Interviewer:
Alissa:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:

Oh, are you talking about this white one? How it's angled?
This one goes down and this one is up here?
Yeah.
Okay, so something about that shape that makes this one
high and this one low? Is that what you're saying?
Yeah.
--[Pulls string against closer hook and plucks it.] That sounds
low.
That sounds kind of low. Okay, what would you do to try
to make a higher pitched sound?
Like, pull it harder.
…. [Noticing Alissa’s new set-up comparing the thin and
thick strings] Which one is lower?
[Points to the thicker string.]
Number 1. What do you think makes number 1 lower?
Mmm, maybe because this is a little fatter and this one's a
little skinnier.
--What makes you think that B [the shorter of two rubber
bands] will have the higher pitched sound?
It looks tighter than this one and this one looks loose a
little.
--What makes you think F [the tighter of two rubber bands]
will have the higher pitch sound?
Because it looks a lot tighter than this one.

At the beginning of her pre-interview, Alissa noticed the angled
orientation of the plastic holders that kept all the bars in place, and this helped her
see that the bars got shorter as they got higher pitched. When the string-and-hook
instruments were introduced, she shifted from thinking about size to thinking
about tension: she immediately demonstrated that the string could be made to
have a higher pitch by increasing its tension. When asked what she would try first
to increase its pitch, she pulled the string tightly and plucked it. She also
conjectured that thickness had something to do with pitch. With the rubber bands,
she again focused on tension.
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The difference between Alissa’s two sets of interview responses was that
at postinstruction, she tried to bring in new ideas about the vibration and the
strength of the sound producers, and in doing so, she expressed less coherent
ideas. The following excerpts are from the xylophone, string, and rubber-band
scenarios of the post-interview.
Interviewer:
Alissa:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Interviewer:

Alissa:
Interviewer:
Alissa:

…. What do you think would make something that's
smaller make a high pitched sound? Why do small things
make high pitched sounds?
Maybe this one's [blue bar] weak and the, the little ones
[red bar] are stronger?
--[Plucks long segment of string held against farther hook.]
This one, the high. [Plucks short segment of string held
against closer hook.] This one, the low.
What made you think to try this [longer segment] as the
high pitched?
It made a loud sound, and it, well, in science, they said if it,
the lower the sound the faster the vibration. So I thought
this [longer] one sounded higher.
So this one, [plucking shorter segment] you're saying it
sounded lower. And this one, [plucking longer segment]
you said sounded higher.
Actually, this one [shorter segment] sounds a little higher
than this one [longer segment].
Now you're saying now that you hear them, number two
[the shorter segment] sounds higher. What’s making that
[longer segment] lower?
The, mm, because they're like the same length, like they're
both on this side [pointing to the screw and to the farther
hook, which are both on the right side of the board].
Oh, they're both on the same side of the board. That might
have something to do with it being lower pitched? Okay.
…. Number three has a different kind of string. So you see
how it's skinnier? Okay. So same job for you. I want you
to make one high pitched sound and one low pitched
sound….
This [thin] one’s gonna sound high…. It’s thinner.
--How come [the short band will be higher pitch]?
Because it's shorter, and it looks tighter…. Like, right here
[where short band is tied on its screw] it looks tighter than
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Interviewer:
Alissa:

this one [where long band is tied on its screw].
…. What do you think makes M [the tighter of two rubber
bands of equal length] have a higher pitch than N?
[Plucks tight and loose bands] This one [tighter band] looks
higher, a little, well not pretty, but a little. And, you
wrapped it around a little tighter [pointing to leftover slack
at the tighter band’s knot] and this one the same. And this
one [pointing to the looser band’s knot, which had no
slack] a little loose and this one [pointing to the other knot
on the looser band] a little tighter.

Alissa never returned to the notion of instrument “strength” that she
introduced when explaining the xylophone. And her explorations of the stringand-hook instrument were much harder to follow than they had been in the preinterview. When asked what made a long string have a high pitch, she said
jumped to describing vibration speed. She said (incorrectly) that the lower sounds
had faster vibrations. It is possible that because Alissa could see the longer
section’s vibrations better, she assumed they were faster, and then ignoring its
actual sound, she concluded that the section must have a high pitch. Later, Alissa
changed her mind and said that the shorter section sounded higher, and when
asked again what made it so, she proposed an idea about the location of the
strings, rather than about their size or tension, even though they were clearly
unequal lengths of string. When given the task of making two pitches with a thick
and a thin string, Alissa’s responses became more straightforward again.
Interestingly, when the rubber-band instruments were re-introduced, Alissa
returned to emphasizing tension. She mentioned it in analyzing all three pairs of
bands, even for the first pair that clearly differed in length.
In Ms. Boyle’s class, Karisa had much more to say about pitch after the
curriculum enactment than before. Beforehand, she explained only the
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relationship between size and pitch, and she was not always correct.
Interviewer:
Karisa:
Interviewer:
Karisa:

Interviewer:
Karisa:
Interviewer:
Karisa:

Why do you think the red one might sound higher than the
low one, than the blue one?
‘Cause it's smaller, I guess?
--What do you think makes this [thinner string] one higher,
and this [thicker string] one lower?
Um, I'm not so sure [why it’s high]. This [thicker] one
sounds kind of like a guitar, strumming kind of thing. But
this [thinner string] sounds like, well, it still sounds like a
guitar, but, it's at the tippity top, you know?
--What do you think, what will make A [the longer of two
rubber bands] have a higher pitch sound?
Because it’s longer.
…. What makes you think they'll [two rubber bands of
equal length but different tensions] be the same?
Because they're the same length, the same height, and
everything.

Of the high-pitched xylophone bar, Karisa guessed that its pitch was due
to its small size. Later, when working with the string-and-hook instruments, she
tried a few methods for producing different pitches, and when she found a method
that created a high pitch of her liking, she could explain only that it sounded to
her like a guitar. During the rubber-band interview scenario, Karisa (incorrectly)
predicted that the longer band in the short/long pair would be higher-pitched
because of its greater length. Consistent with this reasoning, after analyzing the
tight/loose pair of bands, she predicted they would sound the same because they
were the same length.
By contrast, after curriculum enactment, Karisa adopted a more canonical
explanation for the impact on pitch of size, tension, and vibration speed.
Interviewer:
Karisa:

Why do you think this red one, what makes it have a higher
pitch sound than this purple one?
Mm, probably because it's shorter?
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Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:

Interviewer:
Karisa:

--What do you think makes this [long string segment] one
lower?
It's longer, and um, I'm putting it a little bit looser than I'm
pulling this one…. Plus, this [higher-pitched] one vibrates
fastest…. The faster it vibrates, the higher the pitch.
…. [Pointing to a thin string segment that Karisa had
described as high pitched.] How come that one's higher
pitched?
Because it’s skinnier.
Oh, do skinnier things usually have higher pitches?
Uh, usually. Not all that time though.... Like, um, like for
example, you're stretching mm, um, let's say, let's do the
same thing, but rubber bands. Let's say you're stretching a
rubber band. They're the same length, but not the same,
you know, not the same, l-, width, right? So like, the
lower, so like [taking a thin string in one hand and a thick
string in the other], let's pretend these are rubber bands and, so it would go the other way around, [criss-crossing the
two strings so they form a big X] like that. So this [thicker]
one will be, probably the higher pitch.
It if were a rubber band?
Yeah.

Karisa began her post-interview by explaining that the red xylophone bar
was high-pitched because of its short length. She later explained that a lowpitched string section was low because of its long length, loose tension, and slow
vibration. Interestingly, Karisa also proposed in her post-interview the nonnormative idea that different materials follow different cause-effect rules for how
their pitch changes. She had noted that one string section sounded high-pitched
because it was “skinnier.” I asked her if skinnier things always sounded higher
pitched. Karisa’s surprising reply included the idea that rubber bands would
behave in the opposite manner.
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Reasoning about the mechanisms of sound.
Further examination of the data presented thus far suggests that the
fundamental change in student ideas about sound production, transmission, and
pitch involved a shift toward mechanistic reasoning. Here, the term mechanistic
does not refer to having properties of a machine, as in being without thought.
Rather it indicates that one’s reasoning involves the linking of causes and effects
through processes. Following Piaget (1930) and Hammer (1995, 2004), I define
mechanism as a physical event or system that links one phenomenon as a cause to
another phenomenon as its effect. Mechanistic reasoning is any attempt to
describe such a mechanism. This kind of reasoning is more sophisticated than
simply the identification of causes: “Mechanistic reasoning involves more than
noting which causes are associated with which effects; it concerns the process
underlying the association” (Russ et al., 2008, p. 506). In the definition I have
adopted here, the articulation of a process is a necessary characteristic of
reasoning about mechanisms.
Reasoning about mechanisms is one of many kinds of reasoning that a
student may carry out during a science lesson or investigation. If we were to
sketch out a spectrum of reasoning strategies, reasoning about mechanisms would
lie at one of that spectrum. At the opposite end would lie the reasoning strategies
of trying to recall memorized facts or retrieve facts from authoritative sources
(Hammer, 2004b). Several strategies would fall in between the two extremes.
Near the reasoning about mechanisms end of the spectrum would be the strategies
of recognizing important features, identifying causes and effects (Russ et al.,
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2008) and making sense of phenomena with personally-constructed analogies
(Hammer, 2004b). Closer to the recalling and retrieving facts end of the spectrum
would be the strategies of attributing human agency to phenomena (Brown &
Schwartz, 2009) and wondering about teleology – describing why something
exists or occurs rather than how (Hammer, 2004b; Harlen, 2001).
Reconsidering the students’ ideas about sound production, we can see a
shift from their focusing only on the causes of sound toward proposing physical
processes that link those causes to the effect of audible sound. That is, there is a
shift from identifying causes and effects toward reasoning about mechanisms.
For example, at preinstruction a student described only the causes and effects
related to the sound production of a string: “Because you're holding it, you're
pulling it against the hook, and when you're pulling [plucking] it, it's making a
sound.” The cause was pulling the string, and the effect was the sound, but there
was no explanation of the process connecting the pulling action to the sound. By
contrast, at postinstruction, the students more often proposed the underlying
processes of sound production. Consider this vibratory mechanism proposed by
Jacob: “The vibrations are going [pointing to screw with first band] through the
screw, up into [pointing to wooden board] the other screw [pointing to screw to
with second band], and making that [second band] vibrate [plucking first band
and watching second band resonate].” Jacob could not actually observe the screw
and board vibrating, but he reasoned these processes were occurring because of
the eventual vibration of the second rubber band. I claim that his explanation of
the two rubber bands’ resonance meets the criteria of a mechanism, and Figure 8
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provides a schematic diagram and a cartoon representation of this mechanism.

Figure 8. Representations of the sound production mechanism exhibited by Jacob
in his postinstruction interview.

For a new, dichotomous analysis of student ideas about sound production,
I considered an idea as displaying reasoning about mechanisms if it discussed
vibratory processes. That is, the categories vibration as process and additional
evidence of process were collapsed into a new mechanisms category. Figure 9
shows the proportion of student responses that discussed mechanisms for sound
production before and after the curriculum enactment in each of the three classes.
McNemar’s test for related binomial samples indicated that the pre-post shift
toward the proposal of mechanisms by the students was statistically significant in
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all three classrooms (p < .01).

Preinstruction

Postinstruction

Figure 9. Proportion of all interview performances at pre- and postinstruction
that included descriptions of mechanisms for sound production (** p < .01, *** p
< .001).
The shift in reasoning about sound transmission that occurred for many
students was also a transition from describing the phenomenon only in terms of
familiar causes and effects toward proposing underlying processes that comprise a
possible mechanism for sound travel. In other words, the shift was toward the
linking of causes and effects. For example, in his pre-interview, Alex described
what he observed about sound travel, but not how that phenomenon might
happen: “I know this. I don't know the speed, but I know how like, um, I don't
know how it gets to my ears, but I know that it um, like, it gets there, like, I've
noticed, like, sound, um as soon as like, you, like um, say you hit a wall, and it
made a sound, like, a half of a millisecond after that, it makes the sound.” In
order to make some sense of a difficult question, Alex relied on his sense of
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hearing and his ability to estimate the passage of time. However, in Alex’s postinterview, he reasoned about the process by which air could play a role in
transporting sound. As diagrammed in Figure 10, he said, “I really think it's how
the air. I'm not really talking about sound waves, but the air, like, picks it up
[forming a basket with his hands]…. Like it, like the sound goes into the air
[spreading and waving fingers ].” Later he continued with his mechanistic
reasoning, “Yeah, ‘cause there's things [wiggling fingers] in the air, and that, kind
of, the sound bounces off of those tiny things.”

Figure 10. Representations of the sound transmission mechanism exhibited by
Alex in his postinstruction interview.

To conduct an analysis of students’ proposals of mechanisms for sound
transmission, the categories sound transmitted via action, interactive role of
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medium and propagation of vibration were combined into a new mechanisms
category. Within each of the three classrooms, the students more often proposed
mechanisms for sound transmission after the curriculum enactment than before
(Figure 11). McNemar’s test for related binomial samples revealed that the prepost change was statistically significant in Ms. Boyle’s class and Ms. Newton’s
class (p < .01), but not within Ms. Hooke’s class (p > .05).

Preinstruction

Postinstruction

Figure 11. Proportion of all interview performances at pre- and postinstruction
that included descriptions of mechanisms for sound transmission (** p < .01).
The shift in reasoning about pitch that occurred for many students was
again a transition from identification of causes to proposal of underlying
processes. For example, for all three of the instruments in the pre-interview, Rena
noticed only the relationship between size and pitch. She observed that
repeatedly, “The small ones are always the highest ones.” Her discussion of pitch
stopped there. By post-interview, however, Rena was attempting to explain the
process by which the smallest xylophone bar generated the highest pitch: “I think
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because the red one’s shorter… Because they don't have that much, like, um,
room to travel, so they have um, so we, it gets to our ears quickly. And it vibrates
the fastest.” The mechanism that Rena is exhibiting is diagrammed in schematic
and cartoon form in Figure 12. Despite conflating vibration speed with
propagation speed, she accurately reasoned that small objects offer sound less
“room to travel,” and that this fast traveling process underlies their higher pitches.

Figure 12. Representations of the mechanism for pitch exhibited by Rena in her
postinstruction interview.

To further analyze the students’ ideas about pitch, the categories faster
vibration = higher pitch and accurate multi-link causal chain were combined into
a new mechanisms category. Both of these kinds of ideas required thinking about
underlying processes connecting cause and effect. As they did when explaining
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sound production and transmission, the students in each class more often
proposed mechanisms for pitch after the curriculum enactment than before
(Figure 13). McNemar’s test for related binomial samples revealed that this prepost shift toward the discussion of mechanisms by students was significant in Ms.
Boyle’s class and Ms. Newton’s class (p < .01), but not within Ms. Hooke’s class
(p > .05).

Preinstruction

Postinstruction

Figure 13. Proportion of all interview performances at pre- and postinstruction
that included descriptions of mechanisms for pitch (** p < .01).

Chapter Summary
In this chapter, I reported on an investigation of how elementary student
ideas about sound changed over the course of engineering-design-based
instruction, and how those changes compared across three different classrooms. It
is important to note that I cannot make claims about science learning in general,
but rather about what the students gained specifically in terms of reasoning about
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mechanisms. That is to say, the dominant mode of “learning” I observed was the
development of a particular approach to reasoning. In alignment with the
constant comparative analytical approach, I did not begin the study with a
preconceived hypothesis about what kind of shift would occur in the students’
ideas about sound. “Reasoning about mechanisms” was not among the a priori
coding categories for examining student ideas. Instead, the dichotomous shift
from emphasizing causal features of sound-producing devices toward reasoning
about mechanisms emerged from the data.
On average, before instruction with the Design a Musical Instrument unit,
the students’ ideas about sound generally matched the level of sophistication
described in the research literature on children’s conceptions about sound. By
contrast, at the end of curriculum enactment, many of the students’ ideas were
quite sophisticated and included proposals of physical mechanisms. This is
beyond what the research literature describes children this age as being able to
“do.”
However, the typical pattern of change within each individual classroom
differed from the other two classrooms. As I summarize these classroom
differences, it is important to acknowledge that the student outcomes presented
here are a complicated function of student abilities, environmental factors not
controllable by teachers, and the interaction of these factors with the classroom
practices over which teachers do have more (but certainly not absolute) control.
In terms of their ideas about sound transmission and pitch, the classes
started in similar places but ended up exhibiting significantly disparate kinds of
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responses. Ms. Hooke’s students made gains in the sophistication of their ideas
about sound transmission and pitch, but these gains were not significant. They
shifted significantly toward proposing mechanisms only about sound production.
Ms. Newton’s students, in contrast, shifted significantly toward proposing
mechanisms in all three conceptual areas. However, at postinstruction they still
were not suggesting mechanisms the majority of the time when talking about
pitch and transmission. Ms. Boyle’s students, on the other hand, shifted
significantly toward proposing mechanisms in all three conceptual areas, and at
postinstruction they were proposing mechanisms the vast majority of the time.
Their gains were especially great in the conceptual domain of pitch, where they
were most distinguished from Ms. Newton’s and Ms. Hooke’s students.
Sound production was the only conceptual area in which the magnitude of
gain was the same across the three classrooms. In each class, the proportion of
interview performances that included mechanisms for sound production roughly
doubled. At preinstruction, Ms. Hooke’s students and Ms. Boyle’s students
suggested mechanisms the least and most often, respectively, and the same trend
occurred at postinstruction. But at postinstruction, there were twice as many
mechanistic responses in each class.
Sean, Alissa, and Karisa, the students whose ideas were profiled
throughout this chapter, are representatives of the typical student in each
classroom. Sean, like many students in Ms. Newton’s class, learned to use
vibration as an explanatory mechanism for describing sound production and
transmission, but not pitch. Alissa, in Ms Hooke’s class, did not make productive
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use of the concept of vibration at postinstruction. However, compared to
preinstruction, at postinstruction she made more attempts to construct
explanations that probed beyond surface features of the musical instruments.
Many of Alissa’s classmates also made this shift toward probing beyond surface
features. Karisa, like many of her classmates in Ms. Boyle’s room, expressed a
fair number of sophisticated ideas at preinstruction, but she greatly expanded on
them at postinstruction, and she was able to incorporate vibration accurately even
into her discussion of pitch.
Further work to be done is to investigate what characteristics of each
learning environment may be related to each classroom’s differing pattern of
change. In other words, why did Ms. Newton’s students, Ms. Boyle’s students,
and Ms. Hooke’s students arrive at different sets of ideas about sound production,
transmission, and pitch? This work will be discussed in Chapter 5, but first, in
Chapter 4, I present the investigation of students’ inquiry and design practices.
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Chapter 4. Student Practices Related to the Science of Sound Before and
After Engineering-Design-Based Science Instruction

Research Questions
The analysis described in this chapter investigates student learning
outcomes in terms of scientific inquiry and engineering design practices in three
classrooms enacting the engineering-design-based curriculum unit Design a
Musical Instrument: The Science of Sound. This investigation can be subdivided
into three specific research questions for the chapter:
•

What are the inquiry and design practices that students exhibit related to
the science of sound and the construction of musical instruments?

•

How do the students’ inquiry practices change from before to after the
Design a Musical Instrument unit?

•

How do the students’ inquiry and design practices compare across the
three classrooms participating in the study?

Literature Review
Inquiry practices.
A wide body of scholarship has been generated on what it means to
conduct inquiry and what it looks like when carried out by scientists (e.g.,
Gribbin, 2002; Harlen, 2006; NRC, 2000). Within this body of literature, there is
consensus that when professional scientists engage in inquiry, their essential goal
is to develop new knowledge about a particular phenomenon of interest (AAAS,

103

1993; Kuhn, 1996/1962). Furthermore, scholars agree that inquiry involves ways
of thinking and acting scientifically that include “asking questions, planning and
conducting investigations, using appropriate tools and techniques to gather data,
thinking critically and logically about relationships between evidence and
explanations, constructing and analyzing alternative explanations, and
communicating scientific arguments” (NRC, 1996, p.105). The essential features
of inquiry are engaging with scientifically oriented questions, giving priority to
evidence, formulating explanations and their alternatives from evidence, and
communicating and justifying proposed explanations (NRC, 2000). When
conducting inquiry, scientists use prior science knowledge to create an initial
explanation or hypothesis, to make sense of observations, and to choose proper
testing instruments.
Since there is a broad array of research and views on inquiry, it is
important to be clear about the perspective to be used in the present study. One
particularly useful classification system, outlined in Table 17, is Chinn and
Malhotra’s (2002) authentic inquiry framework, which emphasizes the cognitive
processes of inquiry and takes into account the differences between how
professional scientists and student scientists carry out these cognitive processes. I
have chosen Chinn and Malhotra’s framework as a guide for my exploration of
students’ scientific inquiry. Their work provides the basis for the coding scheme
used in this chapter’s analysis of students’ inquiry practices.
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Table 17
Cognitive Processes in Authentic Inquiry (Chinn & Malhotra, 2002)
Major Processes

Sub-Processes

Generating research
questions

(None)

Designing studies

Selecting or inventing variables to investigate
Planning procedures to address question of interest
Controlling variables
Planning measures
Making observations

Explaining results

Transforming observations
Finding flaws: questioning whether results are accurate or resulting
from experimental flaws
Indirect reasoning: relating observations to research questions by
complex chains of inference
Making generalizations to situations other than the experimental
situation

“Developing
theories” or drawing
conclusions

“Postulating mechanisms” or guessing about causes of phenomena
Uncovering empirical regularities
Coordinating results from multiple studies
Studying research reports

In adapting Chinn and Malhotra’s framework for use with elementary
students, I have made two key changes in terminology. One of the four major
processes of authentic inquiry that Chinn and Malhotra identify is the process of
“developing theories.” I adjust the label for this process to “drawing
conclusions.” In my view, the reasoning that students conduct during
experimentation results in explanatory frameworks that do not necessarily have
the universality or broad application of “scientific theories.” When students work
to make sense of the results of their scientific investigations, we can say they are
drawing conclusions based on their immediate experimentation as well as their
prior knowledge and everyday experience. That is, they draw from the resources
available to them to pursue explanations of physical phenomena (Hammer,
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2004a). The conclusions they draw may help to build an explanatory framework
that is internally consistent for the particular science investigation at hand.
However, it is a framework that is quite sensitive to context; it does not
necessarily apply to student’s whole experience of the physical world (Hammer,
2004a). Thus, the students are not developing scientific theories from their
experimentation but are rather “drawing conclusions” from specific observations.
Within the major process of drawing conclusions, for the first sub-process
I use the terminology “guessing about causes” in place of Chinn and Malhotra’s
(2002) original phrase “postulating mechanisms.” This change in wording
clarifies that I interpret this sub-process as referring not to students’ informed
hypotheses about underlying physical mechanisms, but rather to their speculations
about causes and effects.
Design practices.
In addition to specifying the scientific inquiry practices to be investigated
in this study, I also need to identify the particular engineering design practices of
interest. As in the scholarship on scientific inquiry, there exists a rich body of
research on what it means to conduct engineering design and on what it looks like
when carried out by professionals (e.g., Bucciarelli, 1994; Dym, 1994; Petroski,
1996). This research has led to general consensus on the definitions of several
terms that are commonly used when describing the practices of engineers. First,
when engineers engage in design, their basic purpose is to create a product that
will solve an open-ended problem (Simon, 1996). However, design can refer
broadly to any human activity aimed consciously at either synthesizing a product
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that will solve an open-ended and ill-structured problem, or specifying plans from
which the product can be realized (Dym, 1994; Fortus et al., 2004; Simon, 1996).
Design entails effecting change in the material world and changing a situation
from the way it is to the way one wishes it to be (Simon, 1996). Designers often
emphasize the processes of enumerating a problem’s constraints, brainstorming
possible solutions, testing prototypes of selected solutions, and reiterating through
previous steps (Davis, Hawley, McMullan, & Spilka, 1997). Humans engage in
design to solve many kinds of problems in domains as varied as organizational
design, fashion design, interior design, artistic design, graphic design, and
architectural design. Engineering design is one of many types of design activities
(Dym, 1994).
Because it is unique to one domain of practice, engineering design can be
defined with more precision than design in general. It is the organized
development and testing, through the use of mathematical and scientific
knowledge and models, of specifications for artifacts that perform a desired
function without violating known constraints (Davis & Gibbin, 2002; Dym &
Little, 2004).
The design solutions created by children typically are tangible and threedimensional. I refer to these results of the children’s engineering design as
“design constructions” or “design artifacts.” More precisely, a design
construction or artifact is a tangible, student-constructed product that is designed
and created to perform a specific function or solve a specific problem (Dym,
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1994; Fortus, Krajcik, Dershimer, Marx, & Mamlok-Naaman, 2005; Roth,
1996a).
Although general agreement has been achieved on these definitions of key
terms, there is great variety across the frameworks that have been developed to
classify engineering design activities and skills (e.g., Cross & Roozenburg, 1993;
Lawson, 1997; Massachusetts Department of Education, 2006). To develop a
perspective for analyzing students’ design in the present study, I focused on
criteria that design researchers have used to judge the quality of engineering
design outcomes (Davis, 2006; Shah, Smith, & Vargas-Hernandez, 2003; Sobek
& Jain, 2007). The resulting coding scheme is described in detail in the Data
Analysis section below.

Methods
Participants.
As described in detail in Chapter 2, the participants were 18 boys and 13
girls from three different classrooms enacting the Design a Musical Instrument:
The Science of Sound curriculum unit. Of these 31 students, 11 were students in
Ms. Newton’s third-grade class, 11 were students in Ms. Hooke’s third-grade
class, and nine were students in Ms. Boyle’s mixed third/fourth-grade class.
Since the focus of the study was on third-grade learning, six of Ms. Boyle’s
interviewed students were third-graders; only three were fourth-graders. These
fourth-graders were interviewed because they were the group mates of two of the
interviewed third-graders.
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In this chapter, as in Chapter 3, extended examples of student performance
are drawn from three students: Sean from Ms. Newton’s class, Alissa from Ms.
Hooke’s class, and Karisa from Ms. Boyle’s class.
Data collection.
Tasks. This chapter explores the inquiry and design practices that students
displayed in two particular settings. The string-and-hook task within the clinical
interviews was the data source for exploring student inquiry practices. The
presentation of the final musical instrument construction was the data source for
exploring student design practices.
String-and-hook challenge. The students participated in the string-andhook-board challenge in both the preinstruction and postinstruction interview. In
this task, students were first challenged to “invent” a high-pitched sound and a
low-pitched sound with two identical nylon strings attached to wooden boards
with hooks at several locations. Then one of these boards was removed, and
another board with a thinner nylon string was presented. Students were asked
again to create a pair of different pitches with the two string-and-hook boards.
This task, which is described in detail in Chapter 2, elicited student abilities at
conducting experimental procedures, selecting variables to manipulate,
controlling variables, describing observations, making guesses about physical
causes, and noticing empirical regularities. All of these abilities are part of Chinn
and Malhotra’s (2002) framework for evaluating inquiry tasks (see Table 17).
Final instrument constructions. The students created and presented their
final musical instrument constructions to meet the curriculum unit’s overarching
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engineering design goal. This goal was to use LEGO pieces and common craft
materials to construct a musical instrument that could play at least three different
notes (pitches). The students learned about this goal in the opening lesson of the
unit and discussed it briefly within each of the next six lessons, but they did not
design and construct their own instrument inventions until the final two lessons.
The students worked on these final instruments in dyads.4 Each dyad produced a
poster about their instrument and presented their instrument to the class in a unitculminating engineering design expo.
Procedure. The string-and-hook task took place within the preinstruction
and postinstruction interviews. The preinstruction interviews took place during
the week before the students began working on the Design a Musical Instrument
curriculum in class. The postinstruction interviews were conducted during the
week after the students took written post-tests at the end of the unit. All
interviews were video recorded and transcribed in their entirety. Within each
interview, the string-and-hook task took from five to ten minutes.
The final instrument constructions were created by the students in their
classrooms during the last two lessons of the unit. Each dyad’s instrument was
photographed, as was each dyad’s design poster. The students’ oral presentations
of their instruments were video recorded. Each presentation lasted from one to
five minutes. For the analysis presented below, the final constructions and
presentations were considered instantiations of the students’ design practices. It
was not possible to observe the activities of all dyads as they worked toward
4

Due to an odd number of students, in both Ms. Newton’s class and Ms. Boyle’s class, one of the
science “dyads” was actually a “triad.”
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producing these final constructions and presentations. Therefore, as suggested by
a similar post hoc study of engineers’ practices (Shah et al., 2003), design
outcomes rather than design processes comprised the data source for studying
student practices.
Data analysis.
Student practices during the string-and-hook task were characterized with
an a priori qualitative coding scheme based on Chinn and Malhotra’s (2002)
framework for evaluating inquiry tasks. The relevant components of their
framework were conducting experimental procedures, selecting variables to
manipulate, controlling variables, describing observations, noticing empirical
regularities, and guessing about causes of phenomena. In addition, because the
string-and-hook task has students conducting inquiry in the context of meeting a
design goal (of creating different pitches), I added the additional coding category
of constructing artifacts that meet design requirements. Using this coding scheme
(Table 18), I noted each inquiry practice that the students exhibited while engaged
in the string-and-hook task at preinstruction and postinstruction. Unlike the
categories used for coding student ideas about sound, the categories of inquiry
practices were not treated as mutually exclusive. A student’s performance over
the course of the string-and-hook task could hypothetically feature each of the 13
practices listed in Table 18.
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Table 18
Coding Scheme for Student Inquiry Practices
Process of Inquiry
Adapted from Chinn &
Malhotra (2002)

Designing studies:
Selecting variables to
investigate

Coding Category for
Inquiry Practice in Stringand-Hook Task
Varies multiple
characteristics
simultaneously
Varies length
Varies thickness
Varies tension
Varies other characteristic

Designing studies:
Controlling variables
Designing studies:
Making observations
Explaining results:
Finding flaws
Explaining results:
Generalizing

Explicitly controls
variables
Makes observation of
vibration speed
Wonders out loud about
experimental flaws
Generalizes to other
acoustical situation
Guesses inaccurate cause

Drawing conclusions:
Guessing about causes

Drawing conclusions:
Uncovering empirical
regularities
N/A

Guesses accurate cause

Uncovers empirical
regularity
Produces artifact that
meets requirements

Definition of Coding Category
Changes multiple characteristics of the
string-and-hook set-up at the same time
Clearly chooses to explore the effect of
changing the string length
Clearly chooses to explore the effect of
changing the string thickness
Clearly chooses to explore the effect of
changing the string tension
Chooses to explore the effect of
changing a non-standard characteristic,
such side of board or height of string
Clearly takes precaution so that only
one characteristic of the string is varied
at a time
Orally provides a description of the
string’s vibration
Orally describes a potential source of
error in methods for manipulating the
string
Makes connection between string and
another instrument from earlier in the
interview, from class, or from home
Proposes a reason for a pitch change
after conducting no trials or only one
trial, and reason is technically
inaccurate (e.g., “Maybe this string is
higher-pitched because it is orange.”)
Proposes a reason for a pitch change
after conducting only one trial, and
reason is technically accurate (e.g.,
“Maybe this string is higher-pitched
because it is shorter.”)
Proposes an accurate reason for pitch
change after repeated experimentation
Accurately produces and identifies a
higher-pitched and lower-pitched pair
of sounds

To characterize students’ engineering design practices, I developed an a
priori qualitative coding scheme to classify the final musical instrument
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constructions and the oral presentations of the instruments. This coding scheme
(Table 19) accounted for four design practices: (a) functionality, (b) parsimony,
(c) novelty, and (d) explanation. As with the inquiry practices, these design
practices were not treated as mutually exclusive. Each design construction was
coded for all the design practices that it exhibited.
Design functionality refers to the performance of a design construction
relative to the requirements of the design challenge (Fortus et al., 2004; Sadler et
al., 2000); this practice can also be referred to as design “quality” (e.g., Shah et
al., 2003). The musical instrument constructions were categorized by whether
they met or exceeded the requirement of producing three distinct pitches, and by
what method they did so.
The second design practice coding category, parsimony, refers to the
design’s ability to meet requirements without unnecessary complexity – in other
words, to its simplicity (Sobek & Jain, 2007). To characterize design parsimony,
the students’ final musical instruments were categorized by the number of
different material types used to produce three pitches. The most parsimonious
designs were able to create three different pitches with just one type of material,
such as rubber bands.
I examined design parsimony for two main reasons. First, it is considered
an important trait within the engineering design discipline (Davis, 2006; Sobek &
Jain, 2007). Looking at students’ design parsimony from the engineering
disciplinary viewpoint is consistent with looking at other student outcomes, like
inquiry processes and reasoning about mechanisms, from the science disciplinary
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viewpoint. However, although parsimony is considered important within
engineering design studies, it is not necessarily a desired trait of every finished
design product. In some cases, engineers must optimize for other traits, such as
providing a wide array of features for multiple uses of a single product, in such a
way that parsimony cannot be maximized. Thus parsimony alone is not a
universal indicator of an optimally designed product. That said, in many cases it
is one trait among many others that contribute to design success (Davis, 2006).
In fact, the second reason I examined design parsimony is that for the
particular design problem of creating musical instruments, the level of parsimony
in a musical instrument design may reveal something about the designer’s
understanding of sound. Specifically, a student’s use of a single material varied
along one dimension to produce multiple pitches may be an indicator of
sophisticated ideas about pitch. In other words, if a student’s musical instrument
design is more parsimonious, it provides evidence – though certainly not proof –
that he or she understands the effect on pitch of the single variable he or she is
manipulating. Of course, a student may understand how a physical variable
affects pitch and yet create a non-parsimonious musical instrument design.
Moreover, it is important to acknowledge that parsimony is not a focus of the
Design a Musical Instrument curriculum, and thus it is not a topic on which I
expect teachers to provide direct instruction nor an outcome that I expect to
observe universally across all students. However, the extent to which it is
observed in each classroom may provide information on whether the classrooms
differed in their approach to musical instrument design or to the study of pitch.
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The third coding category of design novelty addresses the incorporation of
an unexpected or unusual idea into the design (Shah et al., 2003). In other studies
of design abilities, this characteristic has been labeled “creativity” or “originality”
(National Academy of Engineering, 2003; Sobek & Jain, 2007). In the present
study, designs were considered novel if they included a sound-producing (and not
merely decorative) feature to which the students had not been exposed during
earlier lessons in the curriculum unit. Such features were novel because they
were unexpected; that is, they had not been previously presented or discussed in
the classroom context, and they were not merely aesthetic additions (Fortus et al.,
2004). Each musical instrument that was classified as possessing a novel feature
was then further coded as including novelty with utility, or novelty without utility
(Shah et al., 2003). Utility referred to whether the novel feature contributed to
meeting the design requirement of producing three different musical pitches.
The final design practice examined in this study was design explanation.
This category refers to the designer’s accurate articulation of how the design
construction functions and how design decisions were made (Kolodner et al.,
2003). In previous studies of design-based science curricula, analyzing and
explaining scientifically has been considered a defining practice of successful
student design teams (e.g., Kolodner et al., 2003; Puntambekar & Kolodner, 2005;
Roth, 2001a). In this study, the practice of design explanation was measured
during students’ final presentations of their musical instrument constructions.
Their presentations were classified as including accurate, inaccurate, or
incomplete explanations of how the instrument functioned to vary pitch. A single
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presentation could include all three types of explanations. For example, a dyad
might accurately explain the cause of their instrument’s “low” pitch, while
inaccurately identifying the source of the “medium” pitch and not at all
addressing the “high” pitch.

Table 19
Coding Scheme for Student Design Practices
Coding Category

Definition of Coding Category

Design Functionality

Design performance achieves design goals or specifications (e.g.,
Fortus et al., 2004; Sadler, 2000; Shah et al., 2003)

Meets requirements

Accurately identifies three distinct pitches

Exceeds requirements

Accurately identified more than three pitches

Multiple widths

Uses width of sound producer to vary pitch

Multiple lengths

Uses length of sound producer to vary pitch

Multiple surface areas

Uses surface area of sound producer to vary pitch

Multiple tensions

Uses tension of sound producer to vary pitch

Design Parsimony

Design is as simple as possible, without unnecessary complexity (e.g.,
Sobek & Jain, 2007)

One sound-producing
material

Uses only one material for sound production (but may have used
more for instrument frame)

Two sound-producing
materials

Uses two different materials for sound production (and may have
used more for instrument frame)

Three sound-producing
materials

Uses three different materials for sound production (but may have
used more for instrument frame)

Design Novelty

Design incorporates an unexpected or unusual idea (e.g., Shah et al.,
2003; Sobek & Jain, 2007)

Novel feature

Includes a sound-producing feature (i.e., not simply a decoration)
that was not introduced during Lessons 1 through 7

Novelty with utility

Novel feature contributes to meeting design requirements

Novelty without utility

Novel feature does not contribute to meeting design requirements

Design Explanation

Designer can explain the design decisions and the functioning of the
product (e.g., Kolodner, 2003)

Accurate explanation

Produces at least one accurate explanation of variation in pitch

Inaccurate explanation

Produces at least one inaccurate explanation of variation in pitch

Incomplete explanation

Does not produce a complete explanation of variation in pitch
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Results
Inquiry practices.
The results of the analysis of inquiry practices are organized in the
following way. First, I use three individual student cases to demonstrate the range
of inquiry practices related to the science of sound. Second, I consider all
interviewed students as a group and present the overall changes in inquiry
practices from pre- to postinstruction. Finally, I describe the differences in
inquiry practices across the three classroom groups. In this last section I present
the frequencies of each practice among each class of students, and I narratively
describe each classroom’s profile of inquiry practices.
Range of inquiry practices related to the science of sound. Sean, Karisa,
and Alissa, the three students who were followed in Chapter 3, will also help us
illustrate the range of inquiry practices exhibited during the string-and-hook task
before and after curriculum enactment.
Sean. Sean began his pre-interview string-and-hook exploration by
proposing that the longer he made the string, the higher its pitch would be:
Sean:
Interviewer:
Sean:
Interviewer:
Sean:
Interviewer:
Sean:

[Holds the string against the closer hook and plucks it]
So that must be the low one.
Okay.
It's pretty low. This one's kinda higher than that one
[holding the string against the farther hook and plucking
it].
You think this one [longer length string] was higher than
the one you made here [on the closer hook]?
Mmm-hmm. [Plucks the longer length string more].
What made this- what do you think makes this [longer]
one higher?
It's longer. [S plucks the longer length string more, then
wraps the string around both hooks and plucks the two
portions of the string] That also changes it.
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Interviewer:
Sean:
Interviewer:

Sean:
Interviewer:
Sean:

What do you no- what do- do you think you have a high
pitched and a low pitched sound now?
High [plucking shorter portion]. Low [plucking longer
portion].
Okay, so this- you think this [shorter] one is high and
this [longer] one is low pitched? What makes this one
high pitched and this one low pitched?
It's l- it's short like this- the red one [on the xylophone]
was the shortest.
Oh, this one is short like the red one?
The shortest, so it must be the highest, because on this
[xylophone] the red was the highest, and this [long blue
bar] was the lowest.

Sean’s pre-interview began with his making a guess about the cause of
increased pitch and selecting one variable – length – to investigate. He then
carried out a sequence of steps to test his guess. He wrapped one string first
around its closer hook, to make a short section, and plucked it. He described his
observation of its pitch: “low.” He moved the string to the board’s farther hook,
plucked it, and observed its pitch: “kinda higher.” These observations were
inconsistent with the actual sounds heard on the recording, but they fit Sean’s
prediction. Next Sean positioned the string so it was resting both against the
closer hook and the farther hook, making a short section and a medium-long
section that he could pluck in quick succession. After plucking these sections, he
made observations of their pitches, “high” for the shorter section, “low” for the
longer section, and he announced that this pattern matched the pattern he had
observed earlier in the xylophone’s sound. The longer the element, the lower its
sound. At this moment, Sean was engaging in the practices of generalizing to
another situation (i.e., generalizing from the string to the xylophone) and
uncovering an empirical regularity. He also managed to produce an artifact – a
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pair of string sections –that met the design requirement. Later in the preinterview, Sean was given the thinner string to explore. With both the thick and
thin strings in front of him, he met the design requirement only with the thin
string. He produced an artifact similar to what he had produced earlier with the
thick string: he divided the thin string into a short section and a long section; he
continued varying only the attribute of length.
After participation in the curriculum unit, Sean again chose to explore the
variable of length and carried out a series of experiments to confirm his discovery
of the relationship between increasing length and decreasing pitch. However,
near the end of the task, I challenged Sean to produce one of his pitches with the
“orange” string (which happened to be the thinner string) and one of his pitches
with the “yellow” string (which happened to be thicker). The following exchange
took place near the end of the string-and-hook task in Sean’s post-interview.
Interviewer:

Okay. I'm gonna give you a challenge. Can you make,
can you use the orange string [thinner string on board
#3] to make one of the pitches, and the yellow [thicker]
string [on board #2] to make the other pitch?

Sean:
Interviewer:
Sean:

Mm-hm.
Which one will you use for the high pitch?
[Holds one string in each hand, winds thick yellow string
around middle hook on board #2, winds thin orange
string around middle hook on board #3, so both sections
of string are the same length.] High. Low. This one's
low [tugs on thicker yellow string]. This one's high [tugs
on orange string].
#1 [thick yellow] is low?
Mm-hm.
How come?

Interviewer:
Sean:
Interviewer:
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Sean:

Because it's bigger. [Plucks thick yellow string several
times, then holds it between two fingers, inspecting it].
Cuz it's thicker, than this one [plucks thin orange string
several times]. This [orange] is just a bunch of small
strings; this [yellow] is just a giant big string.

Responding to my challenge, Sean immediately shifted his attention to the
variable of thickness and conducted a procedure to demonstrate that thicker
objects produced lower-pitched sounds. In this procedure, he exhibited the
practice of controlling variables by holding length constant and letting only
thickness differ. Thus, in Sean’s postinstruction interview, he continued to make
observations of pitch and point out empirical regularities, but he was no longer
making guesses about physical causes without first gathering evidence to support
his conclusions.
Alissa. Alissa, from Ms. Hooke’s class, demonstrated a different
trajectory of inquiry practices as she explored the strings and hooks. At
preinstruction, she first experimented with the variable of tension, and she also
noticed the effect of differing thicknesses on pitch:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:

Interviewer:

[Wraps string and plucks on closer hook] That sounds
low.
That sounds kind of low. Okay. What would you do to
try to make a higher pitched sound?
[Pulls string tighter and plucks] Like, pull it harder.
You pulled it harder. Ahhh, and did it sound a little
higher?
Yeah.
Okay. Would you try something else to make a high
pitched sound?
Maybe like low [plucks shorter section between screw
and closer hook] and then high [pulls more tightly on
string while plucking longer section between closer and
farther hook].
Ohh, did this [longer, tighter] one sound higher than
that [shorter, looser] one? What do you think made this
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[longer, tighter] one sound higher?
Alissa:

Interviewer:

Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:

Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:

Because it’s [string pulled tight to farther hook] longer
and I pulled it and at first I didn’t pull it here [to closer
hook] but then I pulled it here [points to farther hook
and again plucks longer section between closer and
farther hook].
Okay…. So you were able to make them both on that
board so now I wanna show you number 3 [presents
third board and removes first board] which has a
different kind of string. Can you see how it's
skinnier?.... So, now I want you to try to use both the
boards to make a high pitch sound on one of them and a
low pitched sound on the other one.
[Pulls each string to closer hook on its board, and
plucks each string.]
What do you think?
This [thinner] one was high and this [thicker] one was
low.
And what do you think made this one higher [points to
thinner string] than this one?
[2-sec] Mmmmm.
Wanna try 'em again?
[Plucks both strings again] That [thicker] one sounded a
little higher [pointing to thicker string].
That time it sounded higher? Okay.
[Plucks thin string again] Because, when you pull them,
if you don't pull them they sound like nothing. It
doesn't sound like nothing, but when you pull it harder
it sounds like a sound.
Okay, so it's important that you pull it hard for it to
make any sound at all. Okay. So, if you pull both of
these hard is one higher and one lower?
[Plucks strings again] Mmm-hmm.
Which one is lower?
[Points to thicker string].
That [thicker] one. What do you think makes that one
lower?
Mmm, maybe because this is a little fatter [pointing to
thick string] and this one's a little skinnier [pointing to
thin string].

Over the course of her pre-interview, Alissa described her observations of
pitch, noticed empirical regularities about the relationships between tension and
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pitch, and guessed accurately about the relationship between thickness and pitch.
Furthermore, she produced two set-ups that met the design requirement for a high
pitch and a low pitch.
At postinstruction, Alissa completed the string-and-hook task in a much
less standard fashion. In the first procedure she carried out with the strings, she
used one long section of string and one short section, thus appearing to be
interested in the variable of length. However, when asked what she thought made
the two sections have different pitches, she pointed out that the two hooks for the
lower-pitched section were both located on the same edge of the wooden board,
while the higher-pitched section had one of its hooks on the right edge and one on
the left edge. The right/left location of the hooks thus became a new variable of
interest for Alissa. Then, later in the postinstruction interview, Alissa returned to
testing the effect of string thickness on pitch:
Interviewer:
Alissa:

Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:
Alissa:
Interviewer:

Alissa:

Okay. So same job for you. I want you to make one
high pitched sound and one low pitched sound. What do
you think you'll do?
This one's [thin, orange string] gonna sound [wraps
orange string around its farther hook and plucks it] high,
and this one's gonna sound low [wraps yellow string
around its closer hook and plucks it].
And is that what you heard?
[Nods.]
This one [orange] sounded higher?
[Nods.]
Why do you think this [thin, orange] one sounded
higher?
It's thinner.
Because it's thinner. And you said when you played the
guitars in science class, the thinner ones sounded higher.
Okay. Anything else you want to try?
[Shakes her head no.]

In the exchange above, as soon as she saw the strings of differing
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diameters, Alissa stated that the thinner one would sound higher than the thicker
one. This was an empirical regularity noticed during both classroom lessons and
interview tasks. Interestingly, Alissa pointed out this regularity even as she also
allowed string length to vary (at the same time as she changed thickness).
Karisa. Finally, Karisa, from Ms. Boyle’s class, illustrates the case of a
student who at first engaged in a limited range of inquiry practices and did not
attempt to speculate about causes and effects, but who later demonstrated the use
of evidence to adjust the conclusions she was in the midst of developing. At
preinstruction, Karisa varied physical characteristics and made observations of
pitch; these were the primary practices in which she engaged:
Karisa:
Interviewer:
Karisa:

Interviewer:
Karisa:

Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:

I'm gonna try this. [Brings string #1 to closer hook.]
This is the low pitch [plucks short segment between
screw and closer hook].
Okay.
[Removes string from closer hook, bends it around
farther hook so there is one long section from top to
farther hook.] High pitch. Wait, no. I think it was
[inaudible]…. [Bends string around closer hook and
then to farther hook, so there is one shorter segment on
the top half of the board and one longer segment at the
bottom half].
So which one is the low pitch?
This one [plucks top half, shorter string segment].
[Plucks bottom half, longer segment] And this one's the
high pitch. It kinda sounds the same, but if you think
about it Which one would you expect to be the low pitch?
This one [points to shorter string segment].
And, what do you think makes this one [longer segment]
high, and this one [shorter segment] lower?
I don't know.
What were you trying for at the beginning?
At the beginning, I was trying for this one [long segment
she had made from top to bottom hook] to go, like, high,
really, like.
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Interviewer:
Karisa:

Interviewer:
Karisa:

….[Brings out string-and-hook board #3 with thinner
string.] See if this gives you any other ideas you wanna
try.
Let me try this. [Rearranges string on hooks] I think this
will work. Nah. Wait, this [makes a configuration with
thick string] could be the low pitch, and this [makes
identical configuration with thin string] could be the
high pitch. [Plucks thin string segment] Yeah, this [thin]
one's higher than this [thick] one.
What do you think makes this [thin] one higher, and this
[thick] one lower?
Um, I'm not so sure. This one [thicker string] sounds
kind of like a guitar, strumming kind of thing. But this
[thinner string] sounds like, well, it still sounds like a
guitar, but, it's at the tippity top, you know?

In the above excerpt from her pre-interview, Karisa first varied the length
of the string and described her (non-normative) observation of its pitch: to her, it
sounded higher-pitched when it was longer, which was what she was expecting
although she did not know why. Later, she varied the string thickness. This time,
she made normative observations of pitch: the thinner string sounded higher to
her. Again, however, she said she did not know why this might be; it simply
sounded more like the “tippity top” of a guitar’s sounds.
At ten minutes in length, Karisa’s postinstruction exploration of the stringand-hook boards was one of the longest of all the interviewed students. In these
ten minutes, she engaged in the standard practices of varying string length and
tension and observing the impact on pitch, but she also exhibited the less common
inquiry practices of seeking out experimental flaws, introducing non-standard
variables to investigate, and making observations of vibration speed. The nonstandard variable that was interesting to Karisa was the number of “curls” that a
string made around a hook. She associated more “curls” with more tension, but
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because the physical technique she used for “curling” the string around the hook
actually made the string section between the hooks looser, she came to the
conclusion that tighter strings (those with more “curls,” which were actually
looser) created lower-pitched sounds. This conclusion was confusing to Karisa,
however, and she remained on the lookout for mistakes in her experimental
technique. Eventually, with some assistance from me, Karisa was able to
articulate accurately the relationship between tension and pitch. The following
excerpt is from Karisa’s post-interview. Recall that when Karisa uses the term
“tighter,” she is referring to a set-up where the string has more “curls” around the
hook, which actually has caused it to have less tension and thus a lower pitch.
Karisa:

[Brings string to closer hook and wraps string three
times around it]. Make a curl here, yeah, and again
[continues wrapping, then plucks the section between
screw and closer hook 5 times]. Yeah, it's kinda low.

Interviewer:

That, so you were going for higher here [traces longer
path from closer to farther hook] and lower here [traces
shorter path from middle hook to top screw]?
Mm-hm.
What made this one [longer section] high? Higher, and
this [shorter] one lower?
I did the curl again, but I did do like more curled [starts
wrapping #1 around closer hook again], so I thought it
would get a lower pitch if I did it more curled.
To make it tighter?
[Nods.]
Okay. Um, so when you make things looser, you're
saying they get higher pitched?
Kind of.
Kinda? What do you mean?
Because when I um, did the double curl [motions as if
wrapping string around hook], I thought it would make it
higher, but it actually made it lower, so I was like,
“Hmm, maybe if I make the next one looser, it'll make a
higher pitch.” And I was right.
Um, but first you thought tight would make it higher?

Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:

Interviewer:
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Karisa:
Interviewer:
Karisa:

Mm-hm.
But then it actually sounded lower?
Uh-huh.

Notice that in the excerpt above, Karisa said that at first she fully expected
the “double curl” string, which she thought was tighter, to “make it higher.” But
when she observed that its pitch was actually lower (because the “curl” method
actually loosened the string), she used that observation to inform the conclusions
she was drawing. She concluded that the fewer curls she put into a the string, the
looser it got, and the higher its pitch. Karisa continued along this line of
reasoning when I presented the string-and-hook board with the thinner string.
Soon, however, Karisa made an observation that contradicted her conclusion. In
the next excerpt, when Karisa says, “Wait, huh? Really?”, she is examining the
string-and-hook board for flaws in her experimental set-up.
Interviewer:
Karisa:

Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:
Karisa:
Interviewer:

Okay, so now that you have this, what would you try to
make a high pitch and a low pitch?
[Bends string around closer hook and farther hook and
focuses on the short section between the two hooks.
Lets string go slack, and plucks the short, very loose
section between the hooks.] It's a little bit softer, but it's
still…. And if I do [re-wraps string so it is wrapped one
full time around closer hook] a curl over here, just there,
and stretch it like that [pulls string very hard against
farther hook, so there is a very tight section between the
hooks, which she plucks. It makes a very high pitch]
Wait, huh? Really?
Are you confused?
Yeah. Kind of.
What is its sound [points to short tight section], when
you Kinda higher.
Higher. But since you pulled it tight you thought it
would be lower?
[Plucking string again]. Yeah. [Nods, smiles.]
Can I help you out?
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Karisa:

Interviewer:
Karisa:
Interviewer:
Karisa:

Actually. [Plucks longer section of string] This one
kinda makes a low pitch. [Plucks shorter section, to
compare, and then comes back to longer section.]
This one, here [points to longer section]?
[Nods.]
What do you think makes this one make a lower pitch?
[Shrugs.] Because of it's stretched longer [slides finger
along string from screw to middle hook]? Than this one
[touches shorter bottom section].

Changes in inquiry practices. Here I move from individual students to
the full set of inquiry practice data. From these data, one result is that more
students exhibited sophisticated scientific inquiry practices after the enactment of
the curriculum unit than beforehand. Considering all three classes together, more
students varied length, thickness, and tension and described observations of
vibration speed in their postinstruction experimentation than at preinstruction.
Additionally, more students sought out possible flaws in their experimental
methods, controlled variables, uncovered empirical regularities, and produced
artifacts that met the design requirement. McNemar’s test for related binomial
samples revealed that the pre-post increases were statistically significant for the
practices of controlling variables, observing vibration speed, and uncovering
empirical regularities (Tables 20 and 21).
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Table 20
Students' Inquiry Practices Related to Designing Experiments
Percentage of all interviewed students
Pre-enactment
Post-enactment
(n=27)
(n=31)
Varies multiple characteristics simultaneously
41%
52%
Varies length
56%
81%
Varies thickness
52%
77%
Varies tension
15%
45%
Varies other characteristic
22%
29%
Explicitly controls variables
4%
29%
*
Makes observation of vibration speed
11%
42%
*
* Pre-post difference is significant; p < .01, McNemar’s test

Table 21
Students' Inquiry Practices Related to Explaining Results and Drawing Conclusions
Percentage of all interviewed students
Pre-enactment
Post-enactment
(n=27)
(n=31)
Looks for experimental flaws
11%
19%
Generalizes to another situation
26%
26%
Guesses inaccurate cause
56%
45%
Guesses accurate cause
67%
42%
Uncovers empirical regularity
41%
94%
***
Produces artifact to meet requirements
70%
94%
*** Pre-post difference is significant; p < .001, McNemar’s test

Differences in inquiry practices across classrooms. Another key finding
is that there was significant variation across the three classrooms in the proportion
of students engaging in certain inquiry practices. At preinstruction, there was
significant variation across classes for the practices of varying length and
observing vibration speed (Tables 22 and 23). More of Ms. Boyle’s students
exhibited these practices than Ms. Newton and Ms. Hooke’s students. At
postinstruction, there was a main effect of class on the practices of varying
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multiple variables at once and observing vibration speed. Fewer of Ms. Boyle’s
students varied multiple things at once than did Ms. Hooke’s or Ms. Newton’s
students, and more of Ms. Boyle’s students observed vibration speed than did Ms.
Hooke’s or Ms. Newton’s students (Tables 24 and 25; Krustal-Wallis test for
multiple independent samples).

Table 22
Preinstruction Inquiry Practices Related to Designing Experiments, by Class

Varies multiple characteristics at once
Varies length
Varies thickness
Varies tension
Varies non-standard characteristic
Explicitly controls variables
Makes observation of vibration speed

Percentage of interviewed students
Ms. Newton
Ms. Boyle Ms. Hooke
(n=9)
(n=9)
(n=9)
33%
44%
44%
22%
89%
56%
33%
56%
67%
22%
11%
11%
33%
22%
11%
0%
11%
0%
0%
33%
0%

*

*

Table 23
Preinstruction Inquiry Practices Related to Explaining Results and Drawing
Conclusions, by Class

Looks for experimental flaws
Generalizes to another situation
Guesses inaccurate cause
Guesses accurate cause
Uncovers empirical regularity
Produces artifact to meet requirements

Percentage of interviewed students
Ms. Newton
Ms. Boyle Ms. Hooke
(n=9)
(n=9)
(n=9)
0%
22%
11%
22%
44%
11%
78%
56%
33%
44%
89%
67%
22%
44%
56%
44%
89%
78%
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Table 24
Postinstruction Inquiry Practices Related to Designing Experiments, by Class

Varies multiple characteristics at once
Varies length
Varies thickness
Varies tension
Varies non-standard characteristic
Explicitly controls variables
Makes observation of vibration speed

Percentage of interviewed students
Ms. Newton
Ms. Boyle Ms. Hooke
(n=11
(n=9)
(n=11)
64%
11%
73%
73%
89%
82%
64%
100%
73%
64%
56%
18%
18%
56%
18%
9%
56%
27%
36%
78%
18%

*

*

Table 25
Postinstruction Inquiry Practices Related to Explaining Results and Drawing
Conclusions, by Class

Looks for experimental flaws
Generalizes to another situation
Guesses inaccurate cause
Guesses accurate cause
Uncovers empirical regularity
Produces artifact to meet requirements

Percentage of interviewed students
Ms. Newton
Ms. Boyle Ms. Hooke
(n=11
(n=9)
(n=11)
18%
33%
9%
0%
44%
36%
36%
44%
55%
27%
67%
36%
100%
100%
82%
91%
100%
91%

Ms. Newton’s students at preinstruction. During the pre-interview, all
nine of Ms. Newton’s students who completed the string-and-hook task conducted
procedures to test various configurations of the strings, and on average, each
student carried out two procedures. Within these procedures, three students
deliberately experimented with the variable of length, two experimented with
tension, and two experimented with thickness. However, none of these students
explicitly controlled for other variables while testing their main variable of
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interest; in fact, three students deliberately varied multiple characteristics at once.
As they experimented, most (7/9) of the students described unprompted
observations of pitch, and three described observations of the sound producer’s
appearance. After some experimentation, two of the students described empirical
regularities that they had uncovered (e.g., after multiple instances in which short
strings sounded high, a student said, “when it’s shorter it makes a higher pitch”),
seven guessed inaccurate physical causes for pitch (e.g., after just one trial, a
student suggested, “being on the bottom half of the board makes it have a lower
pitch”), and four guessed accurate causes (e.g., “maybe that one was high because
it was stretched a lot”). Two students generalized from the behavior of the stringand-hook materials to the behavior of other musical instruments (e.g., “it's short
like this- the red one [on the xylophone] was the shortest.”). In the end, four of
the nine students were able to planfully construct (i.e., not by chance) at least one
set-up that met the design requirement for identifiable high- and low-pitched
sounds.
Ms. Hooke’s students at preinstruction. During the pre-interview, eight of
Ms. Hooke’s nine students who completed the string-and-hook task conducted
procedures to test various configurations of the strings and hooks, and on average,
each student carried out three procedures. Within these procedures, five students
deliberately experimented with the variable of length, one experimented with
tension, six experimented with thickness, and one found an unusual characteristic
to vary – whether the string was positioned on the left or right side of the board.
However, none of these students explicitly controlled for other variables while
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testing their main variable of interest; in fact, four students allowed several
variables to change at once. As they experimented, eight of the students
described unprompted observations of pitch, and five described observations of
the sound producer’s appearance. After some experimentation, five of the
students described empirical regularities that they had uncovered (e.g., after
several trials in which long string segments sounded low pitched, a student said,
“because it’s really far [from the other hook]”), three guessed inaccurate causes
for pitch (e.g., “since it’s smaller, it can go less. It goes, like, a lower sound.”),
and six guessed accurate causes (e.g., “it’s like not that far away so it’s like a
higher sound”). In the end, seven of the nine students were able to planfully
construct at least one set-up that met the design requirement for identifiable highand low-pitched sounds.
Ms. Boyle’s students at preinstruction. Nine of Ms. Boyle’s students
completed the string-and-hook task at pre-interview. All of these students
conducted procedures to test various configurations of the strings and hooks, and
on average, each student carried out two procedures. Within these procedures,
eight students deliberately experimented with the variable of length, one
experimented with tension, five experimented with thickness, and two explored
less standard variables (the number of layers of string, the amount of force used to
pluck the string). Just one student explicitly controlled for other variables while
testing their main variable of interest. As they experimented, all students
expressed at least one observation unprompted by the interview questions: all
described observations of pitch, six described observations of the sound
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producer’s appearance, and three described observations of vibration speed. After
some experimentation, four of the students described empirical regularities that
they had uncovered (e.g., after several high-pitched small components: “it’s still
about the size”), five guessed inaccurate physical causes for pitch (e.g., “it made a
higher pitch because somehow my finger wasn’t very long on the string”), and
eight guessed accurate causes (e.g., “I think this one’s a higher pitch because it’s
skinnier”). Additionally, two students generated and expressed new questions
about the phenomena they were exploring (e.g., “I don’t get why these [short and
long strings] sound so similar, when these [short and long xylophone bars]
sounded so different”), and four students generalized from the behavior of the
string-and-hook materials to the behavior of other musical instruments (e.g., “ I
guess it's [the string on the hooks] probably the same reason this one [short bar on
xylophone] was higher pitched and that one [long bar] was lower pitched.
Because, like, when the hooks are close together, it doesn't have as much room to
bounce around. So it kind of bounces around a little more fast”). In the end, eight
of the 11 students were able to planfully construct at least one set-up that met the
design requirement for identifiable high- and low-pitched sounds. (On average,
each student produced one working set-up.)
Ms. Newton’s students at postinstruction. At post-interview, all 11
interviewed students from Ms. Newton’s class conducted procedures to test
string-and-hook configurations, and on average, each student carried out four
different procedures. Eight students deliberately experimented with length, seven
experimented with thickness, and seven experimented with tension. However,
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seven students allowed more than one characteristic to vary at one time; only one
student explicitly controlled variables. Students described many kinds of
observations: all students made unprompted observations of pitch, three made
unprompted observations of appearance, four described vibration speed without
prompting, and two described tension without prompting. Students also drew
multiple kinds of conclusions. All of the students described at least one empirical
regularity they had consistently noticed about how physical characteristics are
associated with pitch. Further, six of the students guessed about additional causes
for pitch: most of these ideas were inaccurate (e.g., “maybe because this hook is a
little higher towards the ceiling?”), but three of the students suggested accurate
causes as well (e.g., “maybe because it’s skinnier it makes a higher pitch”). By
the end of the task, all but one student successfully constructed a sound producer
that met the design requirement for identifiable high and low pitches (in fact, on
average, each student constructed two different successful set-ups).
Ms. Hooke’s students at postinstruction. All 11 of Ms. Hooke’s students
who did the string-and-hook task at post-interview conducted procedures to test
string-and-hook configurations, and on average, each student carried out four
different procedures. Nine students deliberately experimented with length, eight
experimented with thickness, two experimented with tension, and two identified
other, more unusual variables to explore (e.g., number of string segments layered
on top of each other). However, eight students allowed more than one
characteristic to vary at one time, whereas three students explicitly controlled
variables. Students described many kinds of observations: all but one student
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made unprompted observations of pitch, three made unprompted observations of
appearance, two described vibration speed without prompting, and one described
tension without prompting. All of the students drew at least one kind of
conclusion from their experimentation. Nearly all students (9/11) described at
least one empirical regularity they had consistently noticed about how physical
characteristics are associated with pitch. Six students proposed new physical
causes for pitch that were inaccurate, and four of the students suggested an
accurate cause. Four students generalized from the behavior of the string to other
musical phenomena they had observed elsewhere (e.g., “Because this string looks
more skinnier, and skinny ones make the loud sounds like a guitar”). By the end
of the task, all but one student successfully constructed a sound producer that met
the design requirement for identifiable high and low pitches (on average, each
student constructed three different successful set-ups).
Ms. Boyle’s students at postinstruction. At post-interview, all interviewed
students from Ms. Boyle’s class conducted procedures to test string-and-hook
configurations, and on average, each student carried out four different procedures.
Eight of the nine students deliberately experimented with length, all nine
experimented with thickness, five experimented with tension, and five identified
other, more unusual variables to explore (e.g., number of strings plucked at once,
number of “curls” around the hook). Only one student allowed more than one
characteristic to vary at one time; five students explicitly controlled variables.
Students described many kinds of observations: all but one student made
unprompted observations of pitch, five made unprompted observations of
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appearance, seven described vibration speed without prompting, and one
described tension without prompting. As they experimented, three students
expressed concern about potential mistakes in their trials or observations (e.g.,
“Wait. Huh? Really?” and “But now they sound the same!”). Students also drew
several kinds of conclusions from their investigations. All students described at
least one empirical regularity they had consistently noticed about how physical
characteristics are associated with pitch. Further, all of the students reasoned
about additional physical causes for pitch: four students proposed causes that
were inaccurate, but six of the students suggested accurate causes. Two students
expressed new questions about the phenomena they were exploring (e.g., “I don’t
really know why [thinner things are higher pitched]”), and four students
generalized from the behavior of the string to other musical phenomena they had
observed elsewhere. By the end of the task, all nine students successfully
constructed a sound producer that met the design requirement for identifiable high
and low pitches (on average, each student constructed three different successful
set-ups).
Design practices.
The results related to engineering design practices are described in two
main sections. I begin with three individual student cases to demonstrate the
range of observed engineering design practices. I then characterize the
differences across the three classrooms by presenting the frequencies of each
practice by class and narratively describing each classroom’s profile of practices.
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Range of design practices related to musical instrument construction.
To illustrate the range of the engineering design practices manifested in the
students’ musical instrument constructions, I again use as examples Sean, Alissa,
and Karisa.
Sean. Sean and his partner Adam created an instrument that would be
classified into the strings family if it were ever to be used in a performing
ensemble. With their instrument, Sean and Adam exhibited the design practices
of parsimony, functionality, and accurate explanation. Their instrument, shown in
Figure 14, had no unnecessary pieces; it consisted of only eight LEGO beams
stacked together in a platform, four pairs of connector pegs spanning the length of
the platform, and four rubber bands of different widths and tensions suspended
from those connector pegs. Sean and Adam relied on only one material – rubber
bands – to meet the design requirement of at least three distinct pitches. In their
oral presentation, they identified accurately four distinct pitches, and they
explained accurately that the band that produced the highest pitch on their
instrument did so because it was thinnest and had the most tension. At one point
in their explanation, Sean also introduced the inaccurate idea that the lowest pitch
band produced its pitch because it was short, but after his teacher said this made
her “confused,” he revised his explanation to say that this band produced a low
pitch because it had only a small amount of tension.
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Figure 14. The musical instrument created by Sean and his partner.

Alissa. Alissa and her partner Lisa constructed a musical instrument,
shown in Figure 15, that had features of both the percussion and string families.
They created a triangular frame with three long beams, stretched a latex balloon
membrane across both sides of the frame, placed loose connector pegs in between
the two membranes, and wrapped a rubber band across the exterior of the frame,
from one leg of the triangle to another. They played their instrument through a
combination of shaking (to obtain a maraca-like sound from the loose pegs),
plucking (to snap the rubber band), and striking (using another LEGO beam as a
mallet to obtain a drum-like sound from the balloon). This three-material
instrument was an instantiation of non-parsimonious design; Alissa and Lisa
relied on three entirely different materials in their attempt to meet the design
requirement for three distinct pitches. Their instrument only partially performed
its intended function of making different pitches; when they played their
instrument by shaking, plucking, and then striking it, the shaking sounded highpitched, but the plucking and string sounds were nearly indistinguishable by pitch.
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Thus the instrument did not fully meet the design requirement of producing three
different pitches. Further, Alissa and Lisa misidentified the rubber band pluck as
the instrument’s highest pitch, and they did not attempt to explain the physical
cause behind that claim. However, Alissa and Lisa’s engineering work did
exhibit the practice of design novelty. Their balloon-membrane container for
small noisemaker pegs was an unexpected feature that had not been discussed in
any previous lesson. However, this was an instance of novelty without utility;
they did not use the balloon container successfully in meeting the design
requirement of three clearly distinct pitches.

Figure 15. The musical instrument created by Alissa and her partner.
Karisa. The musical instrument built by Karisa and her partner Tina
would have fit into the wind instrument family (see Figure 16). Like Sean and
Adam, Karisa and Tina exhibited the design practices of parsimony, functionality,
and accurate explanation as they built and presented their musical instrument.
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They had placed five open drinking straws of five different lengths into a box-like
holder built of beams and plates. Only the straws functioned as sound producers.
To play their instrument, Karisa and Tina blew across the tops of the straws. The
longest straw produced the lowest pitch; the shortest straw produced the highest
pitch. As they explained how their instrument produced five distinct pitches,
Karisa and Tina expressed no inaccurate or confused ideas.

Figure 16. The musical instrument created by Karisa and her partner.
Summary of differences in design practices across classrooms. Moving
from individual students to the full set of data on design practices, the most
notable difference across the classes in musical instrument construction was in the
category of design parsimony. All of Ms. Newton’s students and the majority of
Ms. Boyle’s students chose just one material type to create multiple pitches (e.g.,
used rubber bands of three different widths to create three different pitches), while
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the majority of Ms. Hooke’s students developed non-parsimonious designs that
used two or three different material types to create three different pitches (see
Table 26).
Another important difference occurred in the design explanation category.
In the instrument presentations given by Ms. Hooke’s students, three of the eight
dyads gave no scientifically accurate explanations for their instruments’ three
pitches. The presentations in Ms. Newton’s class all included at least one
accurate explanation of pitch, and all but one of the presentations in Ms. Boyle’s
class did so (see Table 26).
In the category of design novelty, additional classroom differences
surfaced. In general, more novelty was observed among the design constructions
in Ms. Hooke’s class. That is, more of Ms. Hooke’s dyads (63% of the dyads)
included novel sound-producing features in their final musical instruments than
did Ms. Newton’s dyads (25%) or Ms. Boyle’s dyads (33%). However, those
novel features in Ms. Hooke’s classroom did not tend to help the musical
instruments meet the design requirements; only 25% of the dyads designed novel
features that were useful. By contrast, all of the novelty in Ms. Boyle’s classroom
also contributed to design utility. In other words, for the 33% of Ms. Boyle’s
dyads that exhibited novelty, their innovative features were useful to the musical
instrument’s performance.
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Table 26
Student Engineering Design Practices, by Class
Percentage of dyads
Ms. Newton Ms. Boyle Ms. Hooke
(n=8)
(n=9)
(n=8)
100%
100%
88%
25%
56%
38%
75%
44%
63%
38%
78%
25%
50%
33%
25%
0%
0%
13%

Design practice

Design
Functionality

Design
Parsimony

Meets requirements
Exceeds requirements
Multiple widths
Multiple lengths
Multiple tensions
Multiple surface areas
One sound-producing material
Two sound-producing materials

100%
0%

56%
44%

25%
25%

Three sound-producing materials

0%

0%

50%

Design
Novelty

Novel sound-producing feature
Novel feature with utility
Novel feature without utility

25%
13%
13%

33%
33%
0%

63%
25%
38%

Design
Explanation

Accurate explanation
Inaccurate explanation
Incomplete explanation

100%
38%
13%

89%
0%
56%

63%
38%
88%

Design practices within each classroom.
Ms. Newton’s students. There were eight dyads in Ms. Newton’s class.
When the students presented their final instruments in the final lesson of the unit,
all dyads exhibited functional design; they all produced at least three distinct
pitches. In addition, all dyads exhibited accurate design explanations; they all
accurately identified which was high, medium, and low pitched (two dyads
actually identified more than three pitches). Six of the instruments featured
triangular-shaped frames, and seven were fairly sturdy (i.e., they could be handled
by classmates without any fear of damage). Figure 17 displays all eight final
constructions from Ms. Newton’s class.
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Seven of the dyads constructed instruments that produced all of their
pitches with rubber bands, and one of the dyads constructed an instrument that
produced its three pitches with balloons. In other words, each dyad demonstrated
the practice of design parsimony by producing three pitches by varying just one
kind of material (e.g., thick, medium, and thin rubber band), rather than producing
three entirely different sounds with three different constituent materials. Visual
inspection of rubber bands on the “guitar”-like instruments indicated that two had
bands that varied only in width (thickness), one had bands that varied only in
length, three had bands that varied in width and length, and one had bands that
varied in width, length, and tension. The balloons on the “drum-like” instrument
varied in both tension and surface area. When the students presented their
instruments, four of the dyads pointed out more than one varying characteristic,
and four dyads pointed out only one variable. There was much consistency across
the designs in Ms. Newton’s class. All of the dyads played their instruments by
finger-plucking, and only two of the dyads incorporated novel features into their
instrument (Donald and Vince used balloons of differing tensions to vary pitch;
Ethan and Edgar added a wooden extension to their “guitar”).
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Figure 17. Final musical instrument constructions by Ms. Newton’s students.

The students’ oral presentations of their instruments revealed a greater
amount of understanding than did their posters. All of the posters labeled the
three (or more) pitches, but only one of them gave any kind of explanation for
why each element of the instrument produced its corresponding pitch. On two of
the posters, a reader could deduce why each element produced its pitch, because,
for example, the rubber band labeled “low” was depicted as substantially wider
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than the rubber band labeled “high.” The other six posters, however, featured
only a drawing of the instrument, the words “low,” “medium,” and “high,” and
lines connecting each word to one part of the instrument, which did not have
obviously varying sound-producing elements. In contrast, in the oral
presentations, the students extensively explained their instruments’ differing
pitches. Although three dyads made one inaccurate statement each (e.g., “That
one is lower because it’s shorter”), these were corrected upon being pointed out
by Ms. Newton, and all dyads made multiple accurate statements explaining why
their “high pitch was high and their low pitch was low” (in Ms. Newton’s words).
In this way, the oral presentations were an important data source. The posters or
the musical instruments alone would not have been adequate to determine the
students’ explanations of how their instruments functioned.
Ms. Hooke’s students. In Ms. Hooke’s class, there were eight dyads of
students. Seven of the dyads exhibited design functionality by accurately
identifying three or more different pitches when they presented their musical
instrument constructions. As shown in Figure 18, five of the instruments were
built on three-dimensional box frames, one was built on a triangular frame, one
was built on a rectangular frame, and one was built on a combination of all three
kinds of frames. Half of the instruments were sturdy; the others needed to be
handled with great care to prevent damage. Six of the eight instruments included
a novel design feature, meaning that there were many sound-producing devices
that had not been discussed during any previous lesson. However, half of these
novel features did not succeed in contributing to three distinct pitches.
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Figure 18. Final musical instrument constructions by Ms. Hooke’s students.

Although design novelty was common, design parsimony was not
widespread in Ms. Hooke’s classroom. Four of the dyads produced their pitches
with three or more different material types (i.e., they combined a balloon “drum,”
a rubber-band “guitar,” and a peg “maraca” to make three “notes”). Two dyads
produced their pitches with two different material types – both rubber bands and
146

hard plastic. The final two dyads showed parsimonious design; they used only
rubber bands. Visual inspection of the instruments indicated that six had
variations in width (of rubber bands) and material type (rubber and hard plastic),
two had variation only in material type, and one had variation only in rubber band
width. Most students played their instruments by both plucking and shaking.
As in Ms. Newton’s class, the oral presentations in Ms. Hooke’s class
revealed more depth of understanding than did the posters. All but one of the
posters labeled the three (or more) pitches, but only two of them included an
explanation for why each element of the instrument produced its corresponding
pitch. By contrast, in the final presentations, five dyads accurately explained how
two of their instruments’ elements produced different pitches (e.g., “This band is
lower because it is thicker”), although none was able to accurately explain the
source of all three pitches. Their explanations typically followed this format:
“This one is low because it’s thick; this one is high because it’s thin, and the
maraca is medium pitched.”
Ms. Boyle’s students. In Ms. Boyle’s class, there were eight dyads and
one triad. When the students presented their instruments at the end of the unit, all
nine groups exhibited the practice of design functionality. They were all able to
produce three or more distinct pitches and accurately identify which was high,
medium, and low (five groups actually identified more than three pitches). Two
of the instruments were built on triangular frames, one was rectangular, and six
were primarily box-shaped (Figure 19). All were sturdily constructed.
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Figure 19. Final musical instrument constructions by Ms. Boyle’s students.

Four of the groups constructed instruments that produced two pitches with
rubber bands and a third pitch with a “maraca”-like rattle using only hard plastic
LEGO pieces. The other five groups showed more design parsimony by using
only one kind of material to produce all three pitches. One group used only
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rubber bands (varying in length and tension), one used only balloon membranes
(varying in tension and surface area), one used only LEGO beams (varying in
length), and two used only drinking straws (varying in length). When the four
groups with the rubber-band-maraca instruments presented their three pitches,
three of them pointed out the bands’ variation in width as well as their potential
for variation in length (by being pressed down in various positions). The only
other group that pointed out two sources of variation was the group using only
rubber bands to produce their pitches; they pointed out that they varied their
rubber bands in both length and tension to generate three notes. The students
played their instruments via a variety of methods, including finger-plucking,
LEGO-constructed picks and mallets, shaking, and blowing. This variety was
reflected in a substantial amount of design novelty; three of the dyads included
novel features in their instruments (Karen and Peter’s shape-changing drum
frames, Dana and Janice’s LEGO beam xylophone, and Jacob and Stephen’s
balloon-membrane sounding board). All of these novel features were useful.
In Ms. Boyle’s class, the students’ oral presentations of their instruments
were very brief. However, four of the groups were able to accurately explain all
of their pitches. The four rubber-band-and-maraca groups accurately explained
their two rubber-band pitches; none of them attempted to explain why they
thought the maraca had the “high” or “medium” pitch. The final group explained
that their balloon membranes could be tightened and loosened, but they did not
describe the effect of this on pitch. Thus in total, eight of the nine groups
demonstrated accurate design explanations during their presentations.
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The students’ posters, however, were extensive in their explanations of
both pitch and construction elements. In fact, Ms. Boyle’s class was the only one
in which the students’ posters communicated more about the students’
explanations of their instruments than did their oral presentations. On their
posters, all but one group accurately explained in complete sentences why each
element of their instrument produced its corresponding pitch. The exception
pointed out that the rubber bands could be shortened, but did not specify how the
shortening changed the pitch.

Chapter Summary
In this chapter, I presented my investigation of students’ scientific inquiry
practices before and after participation in the Design a Musical Instrument
curriculum, and of their engineering design practices within the culminating
challenge of the curriculum. Three research questions organized this presentation.
The first research question of this chapter asked, what are the inquiry and
design practices that students exhibit related to the science of sound and the
construction of musical instruments? The data source used to address the inquiry
practices portion of this question consisted of students’ performances on an
interview-based challenge to create different musical pitches with strings and
hooks mounted on wooden boards. I coded the students’ experimentation with
the string-and-hook boards according to a framework for inquiry practices
adapted from Chinn and Malhotra’s (2002) processes of inquiry. In completing
the string-and-hook task, the students engaged in a variety of important inquiry
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practices, including conducting experimental procedures, choosing characteristics
to vary, controlling variables, making observations explicitly, making guesses
about physical causes of phenomena, and uncovering and generalizing from
empirical regularities. The data sources used to address the design practices
portion of this research question consisted of students’ presentations of their final
musical instrument constructions at the end of the curriculum unit. Through their
constructions and presentations, many students exhibited the key engineering
practice of design parsimony, and nearly all students demonstrated functional
design and accurate explanation of design.
The second research question of this chapter asked about changes over
time. Specifically, how did the students’ inquiry practices change over the course
of the Design a Musical Instrument unit? To investigate this question, I compared
the proportion of students exhibiting each inquiry practice at preinstruction with
the proportion exhibiting the practice at postinstruction. Considering all 31
students as a group, I found that significant increases occurred for the practices of
controlling variables, making explicit observations of vibration, and reporting
empirical regularities.
This chapter’s final research question called for making comparisons
across the three participating classrooms. In terms of inquiry practices, at
postinstruction significantly more of Ms. Boyle’s students engaged in the
practices of controlling variables and making explicit observations of vibration
than in Ms. Newton’s or Ms. Hooke’s classroom. In terms of design practices,
Ms. Hooke’s students exhibited the most overall novelty in their final musical
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instrument constructions, while Ms. Boyle’s students showed the most useful
design novelty, and Ms. Newton’s students displayed the most parsimony.
The results presented in this chapter were intentionally oriented toward the
fundamental goal of description. A key question that still remains is one of
explanation: what might account for the three classrooms’ profiles of scientific
inquiry and engineering design? Chapter 5 will present characteristics of the
science learning environment in each classroom, and Chapter 6 will connect these
characteristics back to the student outcomes discussed in Chapters 3 and 4.

152

Chapter 5. Characterizing Three Engineering-Design-Based Science
Learning Environments

Research Questions
In this chapter, I investigate the main affordances of the science learning
environments in three different classrooms using the same engineering-designbased curriculum on sound. More specifically I answer two distinct research
questions:
1. What are the characteristics of three science learning environments
created by teachers and students enacting the Design a Musical
Instrument curriculum?
2. What are the similarities and differences among the learning
environments?
As explained in Chapter 3, one major result from the analysis of students’
scientific ideas was that the typical pattern of change within each individual
classroom differed from the other two classrooms. Ms. Hooke’s students shifted
significantly toward reasoning about mechanism for the topic of sound
production. They also made gains in reasoning about mechanisms for sound
transmission and pitch, but these gains were not significant. Ms. Newton’s
students made significant gains in reasoning about mechanism in all three
conceptual areas, but at postinstruction they were not expressing mechanistic
reasoning the majority of the time when talking about pitch and transmission.
Finally, Ms. Boyle’s students made significant gains in proposing mechanisms
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related to sound production, transmission, and pitch, and at postinstruction they
were expressing mechanistic reasoning the vast majority of the time.
Similarly, Chapter 4 described that a key result from the analysis of
students’ inquiry and design practices was that there was significant variation
across the three classrooms in the proportion of students engaging in certain
practices. During inquiry activities, more of Ms. Boyle’s students controlled
variables and made explicit observations of vibrations than did Ms. Hooke’s or
Ms. Newton’s students. In terms of design practices, all of Ms. Newton’s
students exhibited parsimonious design (they were able to use just one material
type to create multiple pitches). Ms. Hooke’s students exhibited the most overall
novelty in their final musical instrument constructions, and Ms. Boyle’s students
showed the most useful design novelty.
These findings from previous chapters point to outstanding questions that
need to be investigated. Why did these similarities and differences in learning
outcomes occur? What is the relationship between the way the curriculum was
enacted in a particular classroom and the learning outcomes observed among its
students? Before attempting to connect learning environments to outcomes, as
called for by these questions, I first need to characterize the learning
environments. Thus the focus of this present chapter is straightforward
description. In Chapter 6 I consider how the learning environment characteristics
might be related to the learning outcomes.
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Literature Review
My comparison of the three classrooms’ curriculum enactment has been
driven by a particular perspective; I have used the learning environment construct
(Sawyer, 2006) as a guiding analytical lens. Research on learning environments
is related to the theory of situated cognition, theory on enacted curriculum, and
most importantly, activity theory. Situated cognition theory asserts that an
individual’s cognition is embedded in and inseparable from the individual’s
situation and activity in a community of practice, such as a classroom (Brown et
al., 1989; Lave & Wenger, 1991). Theories of enacted curriculum claim that what
is documented in the written curricular materials cannot be assumed to match the
curriculum that is enacted by teacher and students (Ball & Cohen, 1996;
Remillard, 2005). Activity theory (Engestrom, 1999) posits that all social practice
can be described by the interactions between a subject (often the learner), an
object (often the concepts or skills to be mastered), and mediating artifacts
(symbols and tools).
The learning environment construct, which stems from all three of these
traditions, is a powerful tool for characterizing what happens in a science
classroom. Learning environments have been described in many ways by many
scholars (e.g., Barab & Duffy, 2000; Jonassen, 2000; Land & Hannafin, 2000;
Sawyer, 2006). To establish the learning environment parameters of interest for
this study, I have drawn from several researchers, but my basic perspective on
learning environments comes from Greeno (1998, 2006) and Engestrom (1999). I
define a learning environment as an activity system (Engestrom, 1999) with
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affordances and constraints (Greeno, 1998) that stem from its social,
informational, and physical dimensions. Affordances are the qualities that
support interactions among individuals and between individuals and artifacts, and
constraints are the qualities that regulate and set limits on those interactions
(Greeno, 1998).
Review of learning sciences literature suggests that the social (Sawyer,
2006), informational (Greeno, 2006; Jonassen, 2000), and physical (Greeno,
2006; Sawyer, 2006) dimensions are the three dimensions of learning
environments that are especially salient in elementary-school design-based
science classrooms. There are many individual elements within each of these
dimensions, such as classroom management procedures in the social environment
(Barab et al., 2002), curriculum guides in the informational environment (Greeno,
2006), and architecture and furniture in the physical environment (Sawyer, 2006).
Clearly, not all learning environment elements are within the scope of this study.
As shown in Table 27, I have focused on seven key parameters in order to
characterize and distinguish among the design-based science classrooms. Within
the social dimension of learning environments, the elements on which I focus are
student and teacher roles and the norms of classroom culture (Barab et al., 2002;
Engestrom, 1999). In the informational dimension, I focus on concepts and
practices to be learned (Barab et al., 2002; Driver & Asoko et al., 1994;
Engestrom, 1999; Greeno, 1998), informational resources (Greeno, 2006), and
instructional inscriptions (Barab et al., 2002). The physical parameter in which I
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am most interested is technological tools (Barab et al., 2002; Greeno, 2006; Land
& Hannafin, 2000; Sawyer, 2006).

Table 27
Learning Environment Parameters of Interest
Learning
Environment
Dimensions
Social
environment
(Sawyer, 2006)

Learning Environment Parameters

Examples

Student roles
(Barab et al., 2002; Engestrom, 1999)

Orally share thinking and
reasoning; design and
build a product
Ask probing questions; assist
with building of design
product
During whole-class discussion,
all students participate

Teacher roles
(Barab et al., 2002; Engestrom, 1999)
Norms of classroom culture
(Barab et al., 2002; Engestrom, 1999)
Informational
environment
(Greeno, 2006;
Jonassen, 2000)

Physical
environment
(Greeno, 2006;
Sawyer, 2006)

Concepts and practices to be learned
(Barab et al., 2002; Driver & Asoko
et al., 1994; Engestrom, 1999;
Greeno, 1998)
Informational resources (pre-existing to
instruction)
(Barab et al., 2002; Greeno, 2006)

How sound is produced and
transmitted; how to make
observations of sounds

Instructional inscriptions (produced
during instruction)
(Barab et al., 2002)

Charts displaying data
collected by students;
pictorial model of the ear

Technological tools
(Barab et al., 2002; Greeno, 2006;
Hannafin, 2000; Sawyer, 2006)

LEGO building elements;
engineering journals;
computers

Lesson plans; science reference
books

Methods
Curriculum enactment schedule.
Each participating classroom enacted the Design a Musical Instrument
unit during the portion of their school schedule intended for science. In Ms.
Newton’s and Ms. Hooke’s classrooms, science lessons took place most Monday,
Tuesday, Thursday, and Friday afternoons from 12:30 to 1:25pm. They both
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enacted the curriculum unit from the end of September through the end of
October. In Ms. Boyle’s classroom, science lessons occurred on Thursdays and
Fridays only, in both a morning session from 10:15 to 11:25am and an afternoon
session from 1:35 to 2:25pm. Ms. Boyle enacted the curriculum unit from the
middle of November through the middle of December. However, students gave
their final instrument presentations (Lesson 9) when they returned from winter
break in early January, on a date when Ms. Boyle had arranged for parents to
attend.
Data collection.
All data for the investigation of the three classrooms’ learning
environments were collected during or immediately following science lesson
enactment. Video recordings of all nine lessons from all three classrooms
comprise the primary data source for this investigation. Each lesson was video
recorded with three video cameras. The main camera was always focused on the
teacher and remained in the recording mode for the entire duration of each lesson.
Thus, this camera captured teacher presentations, whole-class discussions, and the
teacher’s speech and actions during student independent and dyad work. In each
classroom, two student dyads were selected at the onset of the unit to be followed
throughout, and the other two cameras were always focused on these two student
dyads in each classroom. These cameras were only in recording mode during
periods of student independent and dyad work. The criteria for selecting the
dyads to be followed were (a) that both members granted video consent, (b) that
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the teacher judged both members as not easily distracted by video recording, and
(c) that there was a mixture of boys and girls being followed in each class.
One video recorded “lesson” consisted of all the class activities related to
one lesson in the formal curriculum guide, and sometimes a lesson’s sequence of
activities took more than one science class session to complete. Thus, some
“lesson” video recordings comprise multiple days, and in each classroom, the
enactment of all nine lessons took more than nine science class sessions.
While each lesson was being enacted and video recorded, a back-up audio
recorder was also operating. Additionally, either I or a research assistant was
always present to observe the lesson in real-time and to conduct informal
interviews with students as the lesson unfolded. Because Ms. Newton and Ms.
Hooke often taught science simultaneously, I alternated days in each of their
classrooms. However, I conducted and audio recorded informal interviews with
both Ms. Newton and Ms. Hooke after each lesson. Often these interviews took
place with both teachers jointly, since they would typically de-brief with each
other after science time. Neither during these informal interviews nor prior to the
beginning of the unit did I direct the teachers as to how they should “ideally”
enact the curriculum. Instead, I told them that what was most useful to me was to
observe the unit as it unfolded according to their personal plans and decisions. If
they requested my opinion about an option they were considering, I would
provide an answer that adhered as much as possible to the teacher’s guide for the
curriculum. Throughout the unit, the choices made about how closely to follow
the teacher’s guide were the teachers’ choices alone.
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Besides informally interviewing the teacher, after each lesson I also took
photographs of any teacher artifacts that had been produced (e.g., chalkboard
inscriptions, chart paper lists, data tables), and I photographed all student design
constructions. In addition, I wrote a reflective memo summarizing the main
activities of the lesson and commenting on the interactions these activities
engendered among students, teacher, and artifacts.
Finally, after all nine lessons had been enacted, I collected all students’
Engineer’s Journals. The complete data corpus is summarized in Table 28.

Table 28
Data Corpus for the Investigation of Learning Environment Characteristics
Data Source
Video of lesson
enactment

Quantity per Classroom
All 9 lessons of the unit (Approximately 11 hours
recorded by teacher-focused camera; 5 hours
recorded by each of two dyad-focused cameras)

Audio of informal
teacher interviews

7 to 10 informal interviews (Approximately 90 minutes
total)

Photographs of teacher
artifacts

Approximately 20 photos (2 to 3 per lesson)

Photographs of student
constructions

Approximately 36 photos (drums, guitars, maracas, and
final instruments by each dyad)

Reflective memos

9 memos (1 per lesson)

Student journals

Approximately 18 (1 per student)

Data reduction and analysis.
Selection of lessons. Although the data corpus included video from all
nine lessons in each classroom, for this investigation of learning environment
characteristics, I analyzed only six lesson video recordings from each classroom:
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Lessons 1, 3, 4, 5, 6, and 7. I selected these six because they were the lessons
intended by the curriculum to address the scientific sub-domains that were central
to my learning outcomes analysis. As shown in Table 29, Lesson 1 is designed to
introduce the sub-domain of sound production, and Lesson 3 elaborates on this
topic. Lesson 4 introduces the sub-domain of sound transmission, and Lesson 7
elaborates. Finally, Lesson 5 introduces the sub-domain of pitch, and Lesson 6 is
the elaboration lesson for pitch. I transcribed the video footage recorded by the
teacher-focused camera during each of these lessons. This resulted in 18 total
transcripts (six for each classroom).
The excluded Lessons 2, 8, and 9 focused on sturdy building, designing
for the final challenge, and presenting final constructions, respectively. Lesson 2
was outside the scope of my learning environments analysis because its purpose,
both intended by the curriculum and enacted by the teachers, was to give students
practice in LEGO building rather than to explore a particular scientific
phenomenon. Lesson 8 was excluded because it consisted primarily of student
dyad work on their final instrument designs, and I already had footage of student
dyad work from the lessons included in the analysis. Lesson 9 was excluded
because it consisted of student presentations of their final instruments, and these
had already been analyzed for the design practices they exhibited.
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Table 29
Introduction and Elaboration of Three Science Topics Within the Curriculum
Lesson Title

Production

Transmission

1

How Can We Make Different Sounds?

Introduced

2

How Can We Make Sturdy Instrument Frames?

3

What Makes A Drum Make A Sound?

4

What Do Sound Vibrations Travel Through?

5

How Does Size Affect Pitch?

Introduced

6

How Does Tension Affect Pitch?

Elaborated

7

What Happens To Sound Before It Reaches
Our Ears?

8

How Can We Make One Instrument With 3
Pitches?

9

Engineering Design Expo

Pitch

Elaborated
Introduced

Elaborated

Note: Underlined text indicates lessons that were transcribed and analyzed.

Coding scheme refinement. Using research literature on learning
environments and enacted curriculum and drawing from my experience observing
design-based science instruction, I constructed an a priori set of 49 learning
environment (LE) characteristics, shown in Table 30. Each of these
characteristics was a descriptor of one of seven key LE parameters identified as
focus parameters for this study in Table 27. To test out the coding scheme, I
randomly selected Lesson 3 as a sample lesson and applied an open coding
approach (Merriam, 1998). This means that I labeled each teacher utterance (as
well as each student utterance from whole-class discussion) from Lesson 3 with
one or more LE characteristic, either from the a priori set or newly created when
none from the original set was appropriate. After the Lesson 3 transcripts from all
three classrooms had been coded in this manner, I noted that I had added 22 more
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characteristics (see Table 30). I then eliminated from the coding list the 19 LE
characteristics that had not been applied to any transcript. Next, I applied this
revised list of 52 LE characteristics to code the Lesson 4 transcript from each
classroom. Using constant comparative analysis (Glaser & Strauss, 1967), as I
coded Lesson 4, I consolidated LE characteristics that were overlapping with each
other, and I ensured that each application of a LE characteristic was consistent
with other applications and with the emerging definition of the characteristic.
This resulted finally in a focused set of 28 LE characteristics, as shown in Table
31, which were re-applied to Lessons 3 and 4 and then applied to Lessons 1, 5, 6,
and 7 for all three classrooms.

Table 30
Initial Set of Learning Environment Characteristics and Characteristics Added
During Open Coding
ACTIVITY SEQUENCING
AS1 Activity goal shift
AS2 Activity configuration
shift
AS12 Both goal and
configuration shift
TEACHER ROLES
TR00 Review previous
concept
TR0 Review previous activity
TR1 Orient to challenge or
investigation
TR2 Question to elicit
thinking
TR22 Follow-up question to
clarify student thinking
TR3 Quiz for correct answer
TR33 Give hint toward correct
answer
TR4 Revoice student thought

STUDENT ROLES
SR0 Unsolicited comment to
class
SR1 Listen
SR2 Ask question
SR3 Respond orally to
teacher;
SR33 Respond nonverbally
SR4 Read text
SR5 Inscribe in journal
SR6 Conduct investigation
SR7 Build construction
SR8 Problematize a
phenomenon
Stud0 First time in a lesson a
student talks to wholeclass
StudR Student responding to
whole-class more than
once in a row
StudN Different student
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INSTRUCTIONAL
INSCRIPTIONS
IR1 Data table
IR2 Written language
IR3 Vocabulary list
IR4 Building instruction
IR5 Drawing
IR6 Sentence starter prompt
INFORMATIONAL
RESOURCES
IN1 Consult lesson plan
IN2 Consult or share nonfiction book
IN3 Consult or share fiction
book
IN4 Share video
IN5 Display/demo/give
instructions about journal
IN6 New science idea
introduced by teacher or

TR44 Summarize student
thoughts
TR5 Demonstrate with
physical artifacts
TR6 Assist with physical
artifacts
TR7 Feedback on
constructions
TR8 Mention final design
challenge
TR88 Comment on
engineering design
process
TR9 Comment on how
partners work
TR10 Clarify concept or
vocab
TR11 Assist/prompt with
recording investigation
results or other inscription
in journal
TR12 Individual conversation
with student about ideas
(in journal), or reading
students' ideas in journal
TR13 Repetition of question
TR14 Repetition of statement
TR15 Problematize a
phenomenon

responding to wholeclass than previous
student
CLASSROOM NORMS
N1a Quiet during whole-class
discussion
N1b Chatter during wholeclass discussion
N1c Nonverbally evaluate
classmate's idea
N1d Orally evaluate
classmate's idea
N1e Wait to be called on
N1f Offering answers without
being called on
N2a Partners divide labor
N2b Partners work on same
task
N2c Partners disagree or
challenge each other
N2d Partners easily agree with
each other
N2e Only one partner working
on assignment
N2f Dyads help other dyads
N3a Quiet during independent
work
N3b Talk to neighbors during
independent work
N3c Talk to teacher during
independent work

student
IN7 New process/skill
introduced by teacher or
student
TECHNOLOGICAL TOOLS
TT1 Use LEGO materials
TT2 Use non-LEGO materials
TT3 Meet design goals
TT4 Fail to meet design goals
TT5 Construction mediates
small-group discussion
TT6 Construction mediates
whole-class discussion

Note: Regular typeface indicates a priori characteristic. Underline typeface
indicates characteristic added during the open coding of Lesson 3.
Table 31
Reduced Set of Learning Environment Characteristics Used for Formal Analysis
ACTIVITY SEQUENCING
AS1 Activity goal shift
AS12 Activity goal and configuration shift
TEACHER ROLES
TR2 Pose open-ended question
TR22 Ask follow-up question of individual
student
TR3 Pose quiz-like question with correct
answer
TR4 Re-voice student idea
TR5 Demonstrate with physical artifacts
TR6 Assist with physical artifacts

CLASSROOM CULTURAL NORMS
N1d Students orally respond to each other’s
ideas
N1f Students respond without being called on
INSTRUCTIONAL REPRESENTATIONS
IR2 Use of public written language
IR3 Use of public vocabulary list
IR6 Use of “sentence starter” prompt
INFORMATIONAL RESOURCES
IN5 Refer to engineer’s journal
IN6 Introduce new science idea
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TR8 Mention final design challenge
TR88 Comment on engineering design
TR11 Assist with recording/inscribing in
journal
TR12 One-on-one conversation about ideas in
journal
TR15 Problematize a phenomenon

IN7 Introduce new process/skill
TECHNOLOGICAL TOOLS
TT1 Instructions/comments on use of LEGO
materials
TT6 Physical construction mediates whole-class
discussion about concepts/phenomena

STUDENT ROLES
SR3 Respond orally to teacher question during
whole-class
SR8 Problematize a phenomenon
Stud0 First-time student speaker
StudR Same student speaker as previous
StudN Different student speaker from previous

Case story development. After video coding, I developed one case story
for each classroom. I began the process of case story development by using the
transcripts and codes to craft descriptions of the seven main learning environment
parameters for each classroom. These descriptions are included in the case story
“overviews” presented below in the Individual Case Study Results section. I next
created timelines of the main activity shifts in each lesson. A sample lesson
timeline is shown in Figure 20. (Appendix F lists the amount of time spent on
each lesson in each classroom.) Equipped with lesson timelines, transcripts, and
codes, I then wrote a narrative, chronological description of each of the six
lessons analyzed for each classroom. I described in detail the introduction lesson
for each scientific sub-domain (sound production, sound transmission, and pitch),
and I summarized only the critical episodes of the elaboration lesson for each subdomain. Included in these narratives are extended quotations from the teachers
and students. For each classroom, the chronological narrative comprises a “case
story.” Appendix H includes these complete case stories.
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Figure 20. Sample lesson timeline. Depicts the sequence of activities and
activity shifts in Ms. Newton’s classroom during Lesson 7 on sound transmission.

Cross-case analysis. Cross-case analysis was the final phase of my
investigation of learning environments. The first step within this phase was to
focus on one science sub-domain at a time and examine how the coding
frequencies compared across the three classrooms. Cross-case matrix analysis
(Miles & Huberman, 1994) comprised my main analytical strategy to identify the
learning environment codes (from Table 31 above) that occurred with different
frequencies across the classrooms for at least one sub-domain. Second, I
reviewed lesson transcripts, artifacts, photographs, and field notes, in order to
abstract these learning environment codes into larger patterns of interaction that
would productively connect learning outcomes to learning environments. Third, I
analyzed the emerging patterns of interaction both by their presence/absence and
166

by their frequency in each lesson. This presence/absence/frequency analysis
resulted in the matrix shown below in Table 32.
The 11 patterns of interaction that emerged from my cross-case analyses
are the answer to research question #1, what are the characteristics of three
science learning environments created by teachers and students enacting the
Design a Musical Instrument curriculum? These patterns are described in detail
in the Cross-Case Analysis Results section of this chapter. The frequencies at
which these patterns were enacted across the three classrooms are the answer to
research question #2, what are the similarities and differences among the learning
environments? Those frequencies are also reported in the Cross-Case Analysis
Results section.

Individual Case Study Results
Before considering the results of my comparative analysis of the three
learning environments, I present an overview of each curriculum enactment case
story. My purpose is to illustrate the learning environment characteristics that
were consistent throughout curriculum enactment in each classroom. Based on
my definition of the learning environment construct, the case overviews describe
the goals, student and teacher roles, instructional inscriptions, informational
resources, and technological tools observed during curriculum enactment. The
full case stories can be found in the appendix; each detailed case story in the
appendix includes an account of six distinct science lessons. Here I begin by
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summarizing the case story of Ms. Boyle’s learning environment. I then move on
to Ms. Hooke, and I conclude with Ms. Newton.
Overview of Ms. Boyle’s learning environment.
During the enactment of the Design a Musical Instrument curriculum, the
science learning environment in Ms. Boyle’s classroom could be summarized as a
problem-solving community. The focus of science time was generating solutions
to inquiry and design problems – problems of understanding complex phenomena,
problems of building functional artifacts, and problems of clearly representing
ideas about those phenomena and artifacts. Ms. Boyle coached students in
solving problems; small and large groups of students interacted meaningfully with
each other around these problems; and individual students interacted with
engineering journals and construction materials to move toward problem
solutions.
Goals. As explained to me during our informal interviews, Ms. Boyle’s
goals for her students’ experience with the Design a Musical Instrument
curriculum were for them to (a) understand relationships between various
components of sound phenomena and (b) improve their ability to solve problems
with partners. Her goal for science teaching in general, no matter what the topic,
was to help students develop strategies for solving many kinds of problems.
Student roles. In Ms. Boyle’s classroom, there were established norms for
behavior during whole-class work. Students were expected to volunteer to share
their own scientific ideas, carefully listen to their classmates’ ideas, and respond
to those ideas at all times with silent hand gestures (which they used throughout
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the year for all subjects). When they were called on to share an idea, it was
expected that their contribution would be connected to the previous contribution.
They often made this connection by beginning with the phrase “I agree” or “I
disagree.” When students wanted to share an unrelated idea, they were expected
to justify why it was important to introduce that idea. The following exchange,
from Lesson 5 on pitch, illustrates the student norm of making reference to each
other’s ideas.
Ms. Boyle:
Janice:
Ms. Boyle:
Harrison:
Ms. Boyle:

Students:
Ms. Boyle:

The strings help make the different notes. Okay.
Anybody want to add to that? Maybe they also used the
example of a guitar? Janice?
I think the harder you push on the string, the higher the
note gets.
You think maybe the way you push on the string or pull
on the string can change the sound of the note? Okay.
Harrison?
I kind of agree with her, but I think that there’s fatter
strings and there’s thinner strings, and when you press on
the fatter string, it makes a lower noise.
So you’re saying that the bigger, the thicker the string is,
the lower the sound you’ll get, the lower the pitch. So that
means the opposite, then, that a skinny string would give
us a high pitch sound?
(Most make silent “me-too” signals.)
I see some people giving me the nonverbal signal for “me
too,” so I’m glad to see that other people think that way as
well. Anybody else have something else they want to add,
maybe a different instrument that they used to help them
understand this?

Ms. Boyle referred to each student dyad as a “science partnership,” and
during building and investigating work, students were expected to monitor their
partnership’s progress and process. Ms. Boyle coached students to “stand up” to
their partners; she expected each individual to advocate for his or her own
understanding and opportunities to contribute to the partnership’s products. For
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example, if Karisa felt that Tina was taking too many turns attaching LEGO
pieces to their instrument, it was Karisa’s responsibility to ask Tina to distribute
the work more fairly. To encourage the opportunity for this “standing up,” the
partnerships were deliberately composed by Ms. Boyle to have students of similar
verbal and executive functioning abilities.
During individual-student work, students were expected to focus on the
assigned task but were encouraged to engage in quiet discussion with their
neighbors about that task. Accordingly, silence was not required, but quiet was
the norm. Students were expected to include both complete sentences and a
drawing in every response to an open-ended question in their Engineer’s
Journals. Labels and full thoughts were important; between Lessons 3 and 4, Ms.
Boyle gave students written feedback about the level of detail in their journal
inscriptions. When Ms. Boyle distributed an Engineer’s Journal to each student at
the beginning of Lesson 1, she explained why she viewed it as an important tool.
Ms. Boyle:

While we’re studying this wonderful science unit which
you’re going to really enjoy, it’s one of my favorite ones,
on sound, you’re going to have something here that’s called
an Engineer’s Journal…. It’s a very important piece of our
work together, on this unit, and you need to take very good
care of it. The biggest reason that we use this is because all
engineers, and you can ask Kristen because she is an
engineer, they use journals all the time. They have to keep
track of their ideas, and their experiments, and their
progress. And that’s just what you are going to be doing.

Teacher roles. In structuring each design-based science lesson for her
students, Ms. Boyle took on three main roles: mini-lecturing about the big
question and key terms for the lesson, facilitating expression and discussion of
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prior knowledge, and coaching students through building and investigation
activities. The following excerpt from a discussion of Lesson 4’s exploration
question, “How does a musical instrument’s sound get to our ears?”, illustrates
how she facilitated the students’ sharing of prior knowledge with their classmates.
Ms. Boyle:
Karl:
Ms. Boyle:
Karl:
Ms. Boyle:
Harrison:
Ms. Boyle:
Karisa:
Ms. Boyle:
Eric:

Ms. Boyle:

Alex:

Ms. Boyle:

How does sound get from this musical instrument [a
balloon and LEGO drum] to our ears?
I think it, it, makes the (inaudible) sound.
It makes what?
Wind sound.
It makes wind sounds? And then it comes to your ear?
Okay, alright. Harrison?
I think it, the vibration, echoes, and it, and it gets to your
ear.
So you think that echoing is part of hearing the sound?
Okay. Karisa?
Like, the sound travels to your ear by air, so like,
(inaudible), the vibrations come to your ear.
Okay, so you think that air is an important part of hearing
the sound? Okay, alright. Eric?
Uh, I, I wrote the same thing, but because, well, basically,
when it’s air, it spreads everywhere so everybody can hear
it. So it doesn’t go in a certain line. It goes out
everywhere.
So it doesn’t just go in like a straight line to your ear, is
what you’re saying? That because there’s air everywhere
it spreads out, so everybody could hear it…. Okay, very
interesting. Does somebody want to add to what Eric is
saying? Alex?
I don’t want to add, but I kind of, mine is kind of like
Karisa’s, but when you hit the membrane of the drum, it
vibrates, and then that makes sound waves, and the air
carries the sound waves everywhere, so it’s kind of like
Karisa, and Eric.
Okay, so you’re saying that the vibrations make a sound,
and the sound is carried to our ears by air.

One notable feature of this whole-class discussion is the students’
acknowledgment of and direct response to their peers’ ideas. This important
norm was enabled by Ms. Boyle’s deliberate practice of revoicing each student
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idea and inviting others to respond. This was one of the ways in which she
facilitated meaningful discussion of prior knowledge. She did not simply repeat
students’ words verbatim, but rather prefaced her restatement with a phrase like
“so you’re saying” or “so you’re thinking,” and then summarized the idea in her
own words. By doing so, she modeled for the students how to listen to others’
ideas and make sense of them in one’s own mind.
To provide cohesion for the curriculum unit as a whole, Ms. Boyle
consistently made references to the engineering design process and had students
reflect on a “Design Squad” video of high school students working together on an
engineering team. At the end of the unit, Ms. Boyle adopted the role of overseer
of final instrument constructions. She was very involved with dyads that were
struggling to construct a functional instrument, but minimally involved with other
dyads. However, she required students to seek her approval on their instrument
and poster before preparing for their final presentation.
Instructional inscriptions. Throughout the unit, a display of science
words and big questions was maintained in Ms. Boyle’s classroom (see Figure
22). This display showed all the key scientific terminology for the unit as well as
the main scientific question explored in each lesson. Nearby, Ms. Boyle hung
large graphical organizers that she and the students created together to summarize
their learning at the end of some lessons. She also used chart paper to record data
during investigations that required data tables. In addition, on each day that one
of the Design a Musical Instrument lessons was to take place, Ms. Boyle included
a few sentences about science in her “morning message,” which was a large note
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she wrote on the board each morning to help students plan for the day (see Figure
21).

Figure 21. (Left) Display of vocabulary and questions in Ms. Boyle’s classroom.
(Right) Typical morning message featuring note about science.

Informational resources. In Ms. Boyle’s classroom, extensive use was
made of the informational resources found in websites, books, videos, lesson
plans, and human experts. Ms. Boyle often consulted her teacher’s guide, drew
from her husband’s knowledge of acoustics (he studied electrical engineering),
used a literacy website to identify non-fiction books about sound for interested
students, showed a science video about sound, and presented a clip from a
“Design Squad” video of teenagers carrying out the engineering design process.
The science video about sound was The Magic School Bus in the Haunted House,
based on the popular children’s book series about an eccentric science teacher and
her students. In this video the fictional Ms. Frizzle and her students go on a field
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trip to the “Sound Museum,” where they play giant musical instruments and feel
their vibrations. This video was not part of the curriculum nor was it
recommended by me; it was shared with Ms. Boyle by a fellow teacher.
Technological tools. Besides the Engineer’s Journals, which were
discussed above, the primary technological tools in Ms. Boyle’s classroom were
the LEGO construction elements and the associated craft materials of balloons,
rubber bands, and drinking straws. These construction tools played two key roles.
First, they produced a dual sense of excitement and responsibility among the
students. Despite their excitement about using LEGO pieces in school, the
students took the LEGO pieces quite seriously as science tools; they treated them
more like interesting learning manipulatives than like toys. One reason for this
fairly serious treatment may have been that the fourth graders in Ms. Boyle’s class
had used LEGO pieces for academic purposes the previous year, and their
experience was perceived as a matter-of-fact attitude by their younger classmates.
In addition, Ms. Boyle handled the pieces very carefully and gave students
explicit instructions for where to put them and how to store them. The second key
role played by the construction tools was to inspire discoveries about the
characteristics of sound and consequently, to mediate discussion after scientific
investigations and to trigger the recall of science concepts. During discussions of
investigations and concepts, the artifacts made out of the construction tools often
generated productive intellectual tension among the students and Ms. Boyle. This
tension resulted from disagreements about how to describe or explain a sound
produced by the artifacts. It is important to note, however, that artifacts
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constructed during previous lessons did not typically mediate the conversations
that happened at the beginning of a new lesson, when the exploration question
was introduced and discussed.
Most of the student dyads in Ms. Boyle’s class manipulated the
construction tools easily. They efficiently followed Ms. Boyle’s and their
journal’s guidance to build drums, guitars, pan pipes, and maracas. When they
designed and built their own final musical instruments, they showed systematic
and innovative use of the LEGO pieces. That is, they thought carefully but
broadly about which pieces could perform which functions, and they chose pieces
in a purposeful way.
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Overview of Ms. Hooke’s learning environment.
In Ms. Hooke’s classroom, a fitting summary description of the science
learning environment would be striving for positive experiences. In this learning
environment, the ideal state was one in which all students were enjoying their
experiences with science and engineering. The actions and speech of Ms. Hooke
and the students often indicated a desire to move quickly to the building and
investigating activities, which both the students and Ms. Hooke considered more
enjoyable and more likely to leave a positive impression than writing, drawing,
and discussion activities. However, the learning environment did provide many
opportunities for serious intellectual work, and students who were able to take
advantage of those opportunities showed evidence of sustained reasoning about
the phenomena of sound. Overall, in Ms. Hooke’s classroom, there was simply
less consistency across students in the ways in which they engaged and interacted
with the science learning environment.
Goals. As communicated to me during informal interviews, Ms. Hooke’s
goals for her students’ experience with the Design a Musical Instrument
curriculum were for them to complete all of the engineering design challenges and
scientific investigations and to feel successful while doing so. When students
were in the process of building and investigating, both the students and Ms.
Hooke often sought out strategies to ease the process and move toward success
more efficiently. Ms. Hooke’s goal for science instruction in general was to
provide students with exposure to both fundamental scientific ideas and authentic
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scientific activity. Enjoyment, self-efficacy, and introduction to ideas and
activities were of key importance.
Student roles. A dichotomy existed between very vocal students and very
quiet students during science lessons in Ms. Hooke’s classroom. During wholeclass discussions, the vocal students could be counted on to express their ideas
orally, while the quiet students were expected to play the role of attentive listener.
It was normal for the vocal students to begin speaking without being recognized
as the speaker (i.e., without being “called on”), though occasionally Ms. Hooke
requested that they raise their hands. For the most part, though, the vocal students
regulated their participation so that only one spoke at a time, and whole-class
discussions rarely became chaotic. However, both because only half of the
students typically voiced their ideas and because follow-up probing and wait-time
were limited, whole-class discussions were fairly brief. For example, in the
following discussion of sound travel from Lesson 4, students entered the
conversation abruptly and stated their response, and then the conversation quickly
moved on.
Ms. Hooke:
Sara:
Ms. Hooke:
Max:
Ms. Hooke:

Off-camera:
Ms. Hooke:

Alright. Has everyone had a turn? Alright, eyes on me
again.
When you hit it hard, it makes the noise louder.
Ah, okay, so we also found out that if you banged it
louder, you got a louder noise. Alright. Some people –
If you put your drum under the desk, and tap it, you can
still hear it.
Okay, but now, if I, that's also a good question, now if
you put it in there (the desk) what else are you getting, so
it's going through a solid, and it's going through a -?
A liquid!
Air, it's going through air. It's in the air, too, isn't it. So
it's going through both…. So now we've done, we know
it goes through air, we know it's going through a solid.
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What's the only thing left?
Abdul:
Ms. Hooke:
Students:

Gas.
Gas. Well, gas is the air.
(Many at once) Liquid!

Students constructed artifacts and conducted investigations in dyads that
Ms. Hooke assigned and that remained fixed for the duration of the curriculum.
Some of the dyads were single-sex and others were mixed-sex, but all had
students of differing academic abilities paired together. Expectations for
students’ behavior toward their science partners were not made explicit, but when
Ms. Hooke visited with dyads, she often encouraged the more dominant student to
give his or her partner more opportunities to handle the materials.
During independent work periods, students were expected to focus on the
task at hand, but silence was not required. Although Ms. Hooke sometimes
reminded students to talk to their neighbors about their journal responses, students
did not typically converse with each other about science content during journal
work time (though they did during building and investigating sessions). Ms.
Hooke was not particular about the noise level during journal work, and students
chatted intermittently and casually with their neighbors. In their journals,
students were encouraged to use both drawing and writing to respond to each
open-ended question, but several students tended to produce only drawings. The
minimum expectation for journal work was that at least a sentence or a drawing
had to be produced for each response.
Teacher roles. The roles played by Ms. Hooke included student
cheerleader, short-answer question poser, and differentiated assistance provider.
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As cheerleader, she worked hard to facilitate and encourage student progress.
This involved frequent reminders, hints, and praise given to individual students
but audible to the whole class, similar to how cheerleaders at a sporting event lead
a cheer for the defense but the offense also hears it, and how they lead cheers
continuously for the entire game rather than leaving long periods of silence in
between cheers. In the following episode, suggestive of Ms. Hooke’s goal for all
students to experience success in science, she praises a student’s innovative
thinking in front of the whole class. Ms. Hooke has just demonstrated a pan pipe
musical instrument at the end of Lesson 4, and Brett spontaneously shares
something he has noticed.
Brett:

Ms. Hooke, the smallest one you blow is lower? And if
it's the highest [longest straw], it's um, higher.

Ms. Hooke:

(To the whole class) Oh, I already have some
predictions going on…. Alright, Brett makes some
really, Brett’s having a really good lesson today, I'm
really proud of him today. You know what, some
people need to listen…. Alright, Brett, you want to tell
'em the prediction you made?
Like if you go on, like, one of the lower ones?

Brett:
Ms. Hooke:
Brett:
Ms. Hooke:

The smaller?
Yeah, the smaller one, and blow it, it's lower, but if you
blow on one of the taller ones, it's like, higher.
Ah, higher, alright. He's already talking about other
words like pitch. Alright? Not so much volume at that
point. Alright, and that's gonna be the next word that we
learn a little bit about.

In her role as question poser, Ms. Hooke asked students to recall
information about vocabulary and physical relationships. In this way, science
concepts were reviewed by student voice rather than by lectures from Ms. Hooke.
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As assistance provider, Ms. Hooke concentrated her hands-on building
and investigating support with the student dyads that needed it most. During the
unit’s final engineering design challenge, she was devoted to helping one dyad —
the one encountering the most difficulty — achieve success with their musical
instrument construction, but she was minimally involved in most other dyads’
construction process.
Instructional inscriptions. At the beginning of the Design a Musical
Instrument unit, Ms. Hooke covered one of her classroom walls with text and
images related to the class’s study of sound (see Figure 22). She included a list of
the unit’s main learning objectives, two definitions of engineering, a statement of
the grand design challenge, and a poster showing graphical representations of
sound waves. That sound wave poster was not explicitly discussed, but the other
items on the science wall were referenced by Ms. Hooke during the first lesson of
the unit.
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Figure 22. Elements of the “science wall” that Ms. Hooke created before the
curriculum unit began.

The primary form of inscription that Ms. Hooke produced during
instruction were science vocabulary lists. These were lesson-specific lists of
words and definitions maintained on a chart-paper easel throughout each lesson.
Ms. Hooke also created two poster-size data tables, one for the investigation in
Lesson 1 and one for Lesson 7, and she produced a large poster organizing the
class’s discoveries about variables that affect pitch. Finally, in her chart-paper
“morning messages” to students, Ms. Hooke often mentioned their study of
sound.
Informational resources. The informational resource used most
frequently by Ms. Hooke was the student Engineer’s Journal, which she
consulted before each change of activity. During a few lessons, she also
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consulted the curriculum teacher’s guide as well as materials from an old science
curriculum called Sound, produced by Science and Technology for Children™.
At the beginning and end of the unit, Ms. Hooke’s students viewed two science
videos about sound, and a few of the students occasionally made reference to the
information given in these videos. Neither video was part of the curriculum nor
recommended by me. Both were resources that Ms. Hooke and Ms. Newton had
enjoyed using in previous years and wanted to continue sharing with their
students. The first video was Bill Nye the Science Guy: Sound, a television series
episode in which scientist Bill Nye demonstrates how all sound-makers produce
vibrations and sound waves. The video shown at the end of the unit was The
Magic School Bus in the Haunted House, about a class’s visit to a “Sound
Museum” where they play giant musical instruments and feel their vibrations.
Technological tools. As in Ms. Boyle’s classroom, the primary
technological tools in Ms. Hooke’s classroom, other than the Engineer’s Journals
discussed above, were the LEGO construction elements and the associated craft
materials of balloons, rubber bands, and drinking straws. For Ms. Hooke’s
students, the LEGO elements were very exciting; these tools were the reason that
science was “fun.” The students often cheered when it was time to build
something new using the LEGO elements. However, the students were also able
to see them as something other than construction toys. Throughout the unit, often
immediately after finishing the construction of a new musical instrument, one or
two students would spontaneously call out – to Ms. Hooke or to the other students
– a prediction about what kind of sound the new instrument would make. In this
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way, the construction tools mediated the students’ oral expressions about science.
In addition, artifacts made out of the construction tools mediated the whole-class
discussions that took place after science investigations, and they were also often
at the center of discussions intended to review what had happened in the previous
science lesson.
In contrast to the fun and excitement they provoked among students, the
construction tools presented a source of concern for Ms. Hooke. She worried
about how much time and frustration each building task would take, and she
sought to minimize the struggle by giving building hints, providing extensive
hands-on assistance, and shortening some tasks. For example, in Lesson 6 she
decided not to have the students attach electronic components to their guitars but
rather to tighten the rubber band by hand.
When it came time for the final design challenge of constructing a novel
musical instrument, Ms. Hooke’s students took the task very seriously. Eager to
produce “cool” designs, they were experimental and creative with the LEGO
materials. Each dyad’s final construction was unique from all the others. Some
even featured moving parts, and nearly all were three-dimensional rather than
simple two-dimensional triangles or rectangles.
Overview of Ms. Newton’s learning environment.
The overall impression given by Ms. Newton’s science learning
environment was of a community oriented around accurate scientific description.
Many of the unique features of the environment contributed to the practice of
describing phenomena in detailed, precise terms that were consistent with the
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scientific canon. These distinctive features included extended one-on-one
exchanges between Ms. Newton and individual students, embodiment of both
teacher and student ideas with physical artifacts whenever possible, and abundant
examples of how to use written expression to record scientific ideas and
discoveries. Within each of these characteristics, an emphasis was placed on
technical accuracy and coherent communication.
Goals. Ms. Newton explained in our informal interviews that her goals for
her students’ experience with the Design a Musical Instrument curriculum were
improved conceptual knowledge about the science of sound and accurate usage of
scientific terms related to sound. She worked hard to structure her curriculum
enactment in such a way that all of her students would develop a basic but
normative understanding of four fundamental ideas: (a) vibration is back-andforth motion necessary for sound production, (b) volume and pitch are distinct
characteristics of sound, and the words high and low describe only pitch, while
the words loud and soft describe only volume, (c) changes in size and tension
affect pitch, and (d) changes in force affect volume. In general, for third-grade
science as a whole, Ms. Newton’s goal for her students was mastery of scientific
concepts. She took the state’s science content learning standards seriously and
perceived her primary task as science teacher to be addressing those content
standards.
Student roles. In Ms. Newton’s classroom, the students’ main
responsibility during whole-class discussions was to be ready to respond to
questions about the current science topic. Raising a hand and waiting to be called
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on was an important class norm, and students typically met this expectation. Ms.
Newton occasionally also called on a student whose hand was not raised, so
students were expected to formulate answers to all questions. The role of
responding to student ideas was carried out by Ms. Newton rather than by
classmates; the students rarely made reference to each other’s ideas but rather
spoke in whole-class discussions as if having a private conversation Ms. Newton.
For building and investigating activities, the students were arranged in
single-sex dyads that were composed by Ms. Newton according to student
similarity and compatibility. When working in dyads, the students usually
engaged in the task cooperatively and treated each other respectfully. Ms.
Newton did not announce explicit rules or roles for dyad work, but there was a
sense among the students that equal contribution was expected from each partner.
Expectations for students during individual independent work were quite
clear. While working in their journals, students were to be silent. They were
expected to write in complete sentences and, if answering an open-ended
question, to reiterate part of the question prompt in their response. Drawings
were a valued part of journal responses but were not always required. Writing at
least one complete sentence was most important.
The first exercise that the students completed in their journals was to
respond to Lesson 1’s exploration question. Ms. Newton made it explicit that
sentences were required, and she emphasized this requirement by helping the
students construct the opening sentence of their response.
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Ms. Newton:

Vince:
Ms. Newton:

Julio:
Ms. Newton:

So you can write some sentences, which in third grade, I
expect some sentences to be on this paper. And you can
try a picture that explains how instruments make sounds.
Can somebody give me a starter sentence? How can we
start the writing to answer this question? I usually like to
take words from the question to put in our answer. How
should I start to answer the question? Vince?
They. The instrumentsYou could say, the instruments make sounds by…. But
what if you were writing about the guitar. How should
your sentence start?
A guitar sound isA guitar makes sounds by-, good. If you're writing about
drums, drums make sounds by-, a tuba makes sounds by-.
Go ahead and answer that question on the paper. You
can do the words first, and then draw it, or draw it and do
the words first, you decide…. And I'm not worried about
spelling. As long as you can read it and you can share it
with me. On your drawing, label your drawing. Show
me where the sound's coming out. Label the pieces that
are making the sounds.

Teacher roles. Throughout the unit, Ms. Newton played the roles of
scientific information presenter, student knowledge elicitor, and engineering
quality controller. By using mini-lectures to introduce and demonstrate
phenomena and terms, Ms. Newton took charge of the scientific information
presented to students. By asking a mixture of open-ended and short-answer
questions during whole-class discussion, she elicited the prior knowledge of
students and at the same time diagnosed their current state of understanding. She
often asked several follow-up questions of one individual student. These
extended one-on-one conversations served to probe the student’s thinking, push
him or her toward thorough and accurate description, and model for his or her
classmates how to get to the bottom of a scientific question. Finally, by carefully
monitoring students’ progress on their design constructions, Ms. Newton ensured
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that all dyads created artifacts that would both function well and embody the
science ideas that she was striving to teach.
An episode from the first lesson of the unit illustrates Ms. Newton’s
strategy for eliciting students’ knowledge resources.
Ms. Newton: Alright, raise your hand, share with me. What do you
think? How do instruments make sounds? Kristy?
Kristy:
A guitar makes sounds by using the strings on the guitar.
Ms. Newton: By using the strings on the guitar. Okay. Ethan?
Ethan:
A guitar makes sound when someone moves the string
back and it hits, it hits another string to make sound.
Ms. Newton: So you pull the string back, it hits another stringEthan:
Yes, it goes back and (inaudible).
Ms. Newton: Alright, so the strings are moving, and the strings are
making the sound. Okay. Kayla?
Kayla:
Drums make sounds by banging on them.
Ms. Newton: Drums make sounds by banging on them. Okay. Julio?
Julio:
A bass makes a sound by striking.
Ms. Newton: By striking. What part of the bass do you strike so it can
make the sound?
Julio:
The string.
Ms. Newton: You strike the strings. The guitar, you hit the strings,
right, the drums, you bang the skin of the drums, the
membrane.
As students orally shared their exploration question responses, Ms.
Newton repeated each student response back to the class. She paused
occasionally to summarize the set of ideas that had been shared so far. These two
practices, revoicing student responses and summarizing multiple student ideas,
were a consistent part of Ms. Newton’s whole-class discussion pattern.
It is important to illustrate another of Ms. Newton’s hallmark discussion
patterns – asking several follow-up questions of one individual student before
moving on to elicit another student’s idea. The following excerpt also comes
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from Lesson 1. In it, Ms. Newton and the students are reflecting on the sounds
they discovered during their “sound scavenger hunt.”
Ms. Newton: So we were down the hall and Donald just happened to
have a coin in his pocket, and this happened when we
were listening for sounds. It fell out of his pocket and it
went "ting, t---i---n---g." What was the action, raise your
hand, stop talking out loud. What was the action? What
made the sound? Ethan?
Ethan:
Um, the floor and the coin coming together.
Ms. Newton: The floor and the coin coming together. The first initial
"ting" from the metal hitting, and then it, can you picture
the coin?
Ethan:
It rolled.
Ms. Newton: Yes, those coins roll. So that rubbing against the floor.
Alright, hands [points to another row on the data table that
the class has been referring to, then claps hands together].
What was the action that was making that sound?
Edgar:
Your hands.
Ms. Newton: What did I do with my hands?
Edgar:
Clapping.
Ms. Newton: Clapping them together, right, and when they hit, they
make a sound. Can I change that sound? Can I make it
sound different?
Edgar:
I think so.
Ms. Newton: How? What action do I have to change to make it sound
different?
Edgar:
Clapping like this (cups his hands rather than holding
them flat).
Ms. Newton: Oh yeah, can you hear that? Okay does that sound
different? Yeah…. So what are we finding out, how are
we making different sounds? Same object. What are we
doing to make the sound different? Ethan, what's
changing?
Ethan:
It depends on how you hit it, or do it.
Ms. Newton: The action's changing? Right? So with some of it, like
with the stapler, I hit it harder, it sounds different. What
about our hands? What was I doing to our hands?
Ethan:
Changing position.
Ms. Newton: Changing position, right, changing how much air was
there in between it.
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In the above excerpt, Ms. Newton conducted a sequence of one-on-one
conversations with Ethan and Edgar, while the rest of the class was an audience.
In this way, she modeled for other students how to provide detailed descriptions,
notice interesting aspects of phenomena, and ask scientific questions.
Instructional inscriptions. A variety of instructional inscriptions was
always present in Ms. Newton’s science learning environment. Like Ms. Hooke
and Ms. Boyle, she included notes about the science unit in her morning messages
on the chalkboard. Also on the chalkboard, a bright orange poster stating “BIG
SCIENCE Question: How are sounds made?” hung for the entire unit (see Figure
23). In the back of the room, Ms. Newton maintained a science vocabulary list
that kept track of all the unit’s difficult terms and their definitions. Near this word
wall was a poster-size statement of the unit’s grand engineering challenge. This
wall area was also the space where Ms. Newton hung the class-size information
organizers that she created during several of the lessons. Figure 23 shows a
portion of the back wall with the vocabulary list and the information organizer for
Lesson 3 and Lesson 4. Ms. Newton also created poster-size data tables on chart
paper for the investigations in Lesson 1 and Lesson 7. In addition to these
hanging semi-permanent documents, Ms. Newton also made frequent inscriptions
on the chalkboard during science lessons. There she wrote sentence-starter cues
for journal responses (see Figure 23), drew diagrams of the engineering design
process, and noted journal page numbers.
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Figure 23. (Left) Chalkboard with “Big Science Question” poster and journal
sentence-starter. (Right) Back wall with vocabulary and poster of learning from
Lessons 3 and 4.
Informational resources. Ms. Newton and her students had access to a
number of informational resources. In addition to making frequent use of the
curriculum teacher’s guide and the student Engineer’s Journal, Ms. Newton also
consulted the guide from her previous curriculum on sound, from Science and
Technology for Children™. She also drew from her husband’s knowledge about
musical instruments; he is a performing musician. Finally, as in Ms. Hooke’s
classroom, Ms. Newton’s students watched two science videos about sound: Bill
Nye the Science Guy: Sound shortly after the beginning of the unit, and The
Magic School Bus and the Haunted House near the end of the unit.
190

Technological tools. As in Ms. Hooke’s and Ms. Boyle’s classrooms, the
Engineer’s Journals, LEGO construction elements, and common craft materials
were the primary technological tools in Ms. Newton’s classroom. The students
reacted to the LEGO elements with excitement and described them as “fun,” but
they did not regard them as especially precious classroom items.
The construction tools were very frequently part of whole-class
discussions in Ms. Newton’s classroom, often in ways additional to those
specified by the formal lesson plan. Ms. Newton used them to demonstrate new
phenomena at the beginning of lessons, to exemplify the questions she posed to
students, and to illustrate to other students what one student was saying.
The students in Ms. Newton’s class experienced relatively little struggle as
they built the drums, guitars, pan pipes, and maracas. They manipulated the
LEGO construction elements fairly proficiently. However, in constructing their
own musical instruments for the unit’s final design challenge, they were not
particularly sophisticated or innovative in their use of the LEGO elements. They
proceeded very straightforwardly and two-dimensionally; for the most part, their
final designs repeated previous building techniques – platforms of beams, open
triangles, and rectangles with cross-beams. Their final LEGO constructions did
not contain moving parts; they were primarily frames that held rubber bands and
balloons in place. They focused their final design efforts instead on orienting and
adjusting the rubber bands and balloons just-so to produce differentiated pitches.
As a result, though not novel or diverse, their final constructions were extremely
functional.
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Cross-Case Analysis Results
Patterns of interaction.
Through cross-case matrix analysis (Miles & Huberman, 1994) of the
codes applied to curriculum enactment video recordings, 11 themes emerged as
patterns of interaction that differed in their frequency of occurrence across the
three environments. The frequencies of these patterns by classroom and scientific
sub-domain are shown in Table 32. Below I consider and exemplify each pattern.
(See Appendix G for the full list of learning environment codes and their
frequencies in each classroom.)
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Table 32
Patterns of Interaction in Three Design-Based Science Learning Environments
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X

X

X

X

X

X

X

X

X

X

Pitch Lessons

X X X

Patterns observed during independent work
Acceptable journal
X
X
X
work specified (#9)
One-on-one
exchange about
X
journal inscriptions
(#10)
Cues provided for
X
X
X
journal work (#11)

Pitch Lessons

Sound Transmission
Lessons

X X X X

Pitch Lessons

X

Sound Production
Lessons

Sound Production
Lessons

Ms. Hooke

X

Patterns observed during whole-class work
Teacher poses
open-ended
scientific questions
(#1)
Prolonged followup exchange with
single students (#2)
Public texts keep
X
records of ideas
X
(#3)
Teacher
X
X
problematizes
phenomena (#4)
Ideas embodied
with physical
artifacts (#5)
Ideas connected to
X
final design
challenge (#6)
Students publicly
share prior
X
X
knowledge (#7)
Students respond to
peers’ ideas (#8)

Sound Transmission
Lessons

Ms. Boyle

X X X X X X

Sound Production
Lessons

Sound Transmission
Lessons

Ms. Newton

X

Note: An X of any size indicates that the pattern was observed at least once in
each lesson for the scientific sub-domain. A large “X” indicates an average of 11
or more occurrences per lesson. A medium “X” indicates an average of six to ten
occurrences per lesson. A small “X” indicates an average of one to five
occurrences per lesson.
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Posing open-ended scientific questions (#1). Posing open-ended
scientific questions was a pattern often enacted by teachers during whole-class
discussions. This pattern involved orally expressing a question intended to elicit
the range of ideas present among the students. Some of these open-ended
questions required students to respond with only a word or phrase; others were
more appropriately answered by a sentence or more. In either case, however, the
context of the discussion indicated that the teacher was not looking for one
particular word, phrase, or sentence, and she was not hoping for a single “correct”
answer. Thus, these questions could also be labeled generative questions (Chin,
2007). They were designed to generate thinking and multiple responses. An
open-ended question fit into this pattern only if it was scientifically substantive,
not if it was about a logistical matter such as whether the students needed more
time for an assignment or whether they needed the teacher to explain the
instructions again.
An example of the open-ended scientific question pattern comes from Ms.
Newton’s Lesson 3, on sound production by drums.
Ms. Newton: What's happening to the sound as I stretch the skin
tighter? All of you said that it, the sound changes. How
does it change? What do you notice? Ethan?
Ethan:
It becomes lower and louder.
Ms. Newton: You think it becomes lower and louder. What are you
thinking, Julio?
Julio:
The, how you pull it (moving hands away from each
other), is, the louder you get it, how loud the sound is.

Ms. Newton was interested in diagnosing her students’ ability to hear
changes in pitch and distinguish them from changes in volume. She asked them
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what they noticed about the sound of the drum membrane, and after she heard one
idea from Ethan, she went on to ask another student, Julio, what he was thinking.
Ms. Newton was not aiming for a particular answer to be revealed as correct, but
was instead taking a poll of student thinking. Thus, she was posing an openended question about a scientific phenomenon.
Prolonged follow-up exchange with single students (#2). Extended
follow-up questioning was a pattern enacted consistently and with great frequency
by Ms. Newton, consistently throughout the unit by Ms. Boyle, and occasionally
by Ms. Hooke. This pattern took place during whole-class discussion, and it
involved a student publicly expressing an idea, the teacher asking that same
student at least one follow-up question, and that same student giving at least one
additional response before the teacher moved on to elicit the idea of another
student. The purpose of an extended one-on-one exchange could be to help the
student clarify an incoherent oral expression, to press the student to describe in
more detail, or to prompt the student – and the rest of the class – to consider an
additional aspect of a phenomenon.
Because Ms. Newton made use of the prolonged follow-up exchange so
consistently, the example for this pattern comes from her classroom, from the end
of Lesson 7 when she was preparing students to design new instruments in Lesson
8.
Ms. Newton: Somebody tell me another way we could make
different notes.
Ethan:
Different sizes of wood.
Ms. Newton: We haven't done that yet. Tell me about that. What do
you mean, different sizes of wood?
Ethan:
Small piece of wood.
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Ms. Newton: It would have to be on something that does what, so it
could make sound?
Ethan:
Vibrate.
Ms. Newton: Vibrate, right. So you have a small piece of wood on a
material that would let it vibrate. What kind of pitch
would you get?
Ethan:
High pitch.
Ms. Newton: What size wood to get a low pitch?
Ethan:
Big.

In this excerpt, which took place after the two lessons on pitch, Ms.
Newton was facilitating a whole-class review of the strategies for creating
different pitches on one musical device. She asked the students to propose ideas
for the new musical instruments they would soon be building for the final
challenge. Ethan responded with an idea about varying the size of the
instrument’s components. With a series of questions directed specifically to
Ethan, Ms. Newton pressed him to describe his design idea with more specificity.
In doing so, she provided an opportunity for him to recall the importance of
vibration and to state the direction of the relationship between size and pitch.
Public texts to keep records of ideas (#3). The pattern of keeping records
with public texts encompassed any effort by the teacher to display the class’s
collective knowledge in a format visible to students at least for the entire duration
of the lesson. All teachers enacted this pattern in every lesson, with Ms. Boyle its
most frequent user for the sound production lessons, Ms. Newton its most
frequent user for the pitch lessons, and Ms. Hooke a less frequent but consistent
user of the pattern. The formats taken by the public texts included graphical
organizers of key concepts, posters of discoveries made during students’
investigations, and lists of vocabulary words and definitions. Each teacher tended
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to use her public texts for a different purpose. Ms. Newton used them to keep a
record of the facts about sound that the students were collectively learning, as
shown in Figure 27. Ms. Boyle used long, horizontal strips to record the “big
science questions” being addressed by the units, and she also organized the class’s
collective discoveries about sound with displays that blended graphical elements
and words. Ms. Hooke’s typical use of class charts was to maintain lists of the
science vocabulary she reviewed with her students, as shown in the following
exchange from Lesson 7, on sound transmission.
Ms. Hooke:
Rosie:
Ms. Hooke:

One more minute boys and girls, and then we're gonna
get to the making part.
We're gonna make something again?
We're gonna make something again. Before we actually
make it though, I am gonna give you a little bit of
vocabulary. (Places chart paper easel in front of
students.) I do think it's important today to do a little bit
of vocabulary…. I do think it's important that we talk
about some of the words. Let's start on the bottom here.
(Points to the words, “percussion instrument.”) We're
gonna make a maraca today, and it is a percussion
instrument. What other percussion instrument did we
make?

In the above excerpt, Ms. Hooke began the lesson by revealing its
vocabulary words to the students and asking for definitions. She used the chart
shown in Figure 24 as a public text displaying her expectations for the normative
definitions of the terms.
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Figure 24. (Left) A public text from Ms. Newton: a record of the class’s
collective learning about pitch. (Right) A public text from Ms. Hooke: a list of
the science vocabulary Ms. Hooke wished to discuss for Lesson 7.

Problematizing phenomena (#4). Problematizing phenomena was a
pattern enacted consistently throughout the unit by Ms. Newton and Ms. Boyle
but only minimally, in the sound production lessons, by Ms. Hooke. This pattern
refers to the teacher’s taking action to make problematic a phenomenon or term
that the students treat as self-evident. In other words, problematizing involved
conveying to students that there was a scientific puzzle to be solved, that they had
not yet arrived at the heart of the matter, or that a situation was more mysterious
or complicated than previously thought. Problematizing could include asking a
pointed question, making a remark, or encouraging debate when debate seemed
unnecessary to the students. The example below comes from Lesson 4, on sound
transmission.
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Ms. Newton: The sounds coming out of my mouth, how are they getting
to your ear? I want you to think about it. The sounds
from this drum, how are they getting, even all the way
there to Tessa? You ready? Listen to the drum, and this is
what you're thinking about. How is the sound getting
from here to there, there, there, there, there, and there
(pointing to a different student with each “there”)? Ready,
listen. Listen. (Plays the LEGO-and-balloon drum.) Can
you hear that, can you hear that? This is what you're
thinking about. This is what we're talking about. How is
the sound transmitting to your ear? How do you hear it?
Ms. Newton insisted that the phenomenon of sound travel presented a
puzzle by repeatedly reminding students that the sound from her drum was
reaching everywhere in the room. She wondered out loud, how could this be?
In a different mode of problematizing, during Lesson 6, Ms. Boyle made
problematic the issue of tension and pitch when she encouraged students to speak
up and explain their thinking if they disagreed with what had already been said.
David:

Ms. Boyle:

Eric:

Ms. Boyle:

Um, the tight rubber band because um, last week, we
figured out that the faster it vibrates, the … higher pitch it
is, and um, I think if it's tighter, it vibrates faster.
And the faster you vibrate, then the higher pitched the
sound is going to be, right? Okay…. Anybody else have
something they'd like to add on to that? Or maybe you
completely disagree, and if you do we'd like to hear what
you're thinking, okay? Eric?
I agree with David, too, and when you like tighten it
really high, like when we pushed it down last week….
That’s how we got our higher pitch, so if we wind it up
more, even still, we’ll get a really high pitch.
… Okay you think if we wind it we'll get a higher pitch.
Anybody disagree with what we've been saying, that a
tighter rubber band's gonna give us a higher pitch sound?

This quotation is just one example of a very common practice of Ms.
Boyle’s. By encouraging student evaluation of others’ ideas, she implied that all
explanations of phenomena start out as problematic.
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Ideas are embodied with physical artifacts (#5). The pattern of
embodying, or “acting out,” scientific ideas with physical artifacts occurred in all
three classrooms, during all three sets of lessons. It occurred most frequently,
however, in Ms. Newton’s classroom. This pattern encompassed any scenario in
which a tangible material (other than written text) was used as a tool of
discussion. The example episode below comes from Lesson 6, on pitch. Ms.
Newton spontaneously grabbed a rubber band and began using it to act out the
idea that Tessa was trying to express about tension and pitch.
Tessa:
If there was a loose rubber band, it wouldn't make sound.
Ms. Newton: Oo-oo-oh! If there's a loose-, so you mean just like
hanging loose? (Picks up rubber band; dangles it.) So
here it is, this has no tension at all, right? Ready, listen?
(Strums finger along dangling rubber band.)
Tessa:
Nothing.
Ms. Newton: I'm not hearing anything. Totally loose. Now I'm gonna
give it a little tension. Want to come play this, Donald?
Give it tension, see what happens. (Donald stretches out
the rubber band; Ms. Newton plucks the stretched rubber
band.)
Tessa:
And if it's tight, it will make a sound.

Ideas are connected to unit’s final design challenge (#6). Teachers
enacted the pattern of connecting ideas to the unit’s engineering challenge by
specifying – or asking students to specify – how the current science investigation
could inform students’ work on their final design construction. This pattern also
included any attempt to explain where the current science investigation fit into the
more general engineering design process. Connections to the design challenge or
process were made by Ms. Boyle and Ms. Hooke in the sound production and
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transmission lessons, and by Ms. Newton in the sound production and pitch
lessons. They sometimes used a poster of the engineering design process as an
aide in making these connections (see Figure 25). The following example comes
from Lesson 4, on sound transmission, in Ms. Boyle’s classroom.
Ms. Boyle:

Today we're gonna learn how to build a pan pipe. You're
also gonna learn about something called medium… and
gas, liquid, solid, and transmission. So just keep these
words rumbling around in your head, because we're gonna
learn what those words are while we're doing our
investigation. Remember, we're still researching, right,
we're not ready to make our instruments, correct? That's
our big challenge, is to make an instrument. We're not
ready for that part. We're still researching. So today,
we're gonna research something else with our drums.

Figure 28. Poster depicting a model of the engineering design process. This
poster was provided with the curriculum materials.

Ms. Boyle took time at the beginning of the first sound transmission
lesson to remind students that they were conducting research for their ultimate
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task of creating new musical instruments. She explained that the students would
continue to use the previous lesson’s design constructions, the drums, to do an
investigation that would help them get ready for their “big challenge” of making
their own instruments.
Students publicly share their prior knowledge (#7). The prior knowledge
pattern encompassed any episode during a whole-class discussion in which the
students expressed their initial, preinstruction ideas about a scientific question.
Usually, this pattern was enacted before or after the students made written and
pictorial inscriptions about their ideas in their Engineer’s Journals. In Ms.
Newton’s and Ms. Boyle’s classrooms, students shared their prior knowledge in
every lesson. In Ms. Hooke’s classroom, they did so in the sound production
lessons only. The excerpt shown below comes from Lesson 3, on sound
production, in Ms. Boyle’s classroom.
Ms. Boyle:

Karl:
Ms. Boyle:

Joshua:
Ms. Boyle:
Alex:
Ms. Boyle:

Jabar:

Okay, so, what do people think? How does a drum make
its sound? Love to hear people's thoughts. Karl, why
don't we start with you? How does a drum make its
sound?
By tapping with a stick.
So you tap on the drum with a stick, or maybe with your
hand, and that's how you get the sound? Okay. Does
somebody want to add to that? Joshua?
It's how much force you give to the membrane.
How much force you give to the membrane. Ah…. Who
else can add to this? Alex, how about you?
Um, when you hit the membrane of the drum, the sound,
um, the drum is hollow inside, so the sound echoes off
the inside of the drum.
Yes, I've seen lots of, I actually saw that, too, I saw a lot
of people saying that they felt that the drum being hollow
was an important part to making the sound of the
drum…. Jabar.
Um,… there's actually holes, like kind of poked holes
inside of a drum. Um, and then, so, the sound comes out,
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cuz it's like, goes out, and then it creates a sound.
In this example of sharing prior knowledge, the students expressed their
initial ideas about how drums make sound. Ms. Boyle encouraged students to use
their thoughts to “add to” their classmates’ ideas. She demonstrated that she
valued the students’ prior knowledge not only by treating it as a resource for
others to build upon, but also by revoicing each piece of knowledge expressed by
a student.
Students respond to each others’ ideas (#8). Only Ms. Boyle’s students
enacted the pattern of responding to each other’s ideas, and they did so frequently
in every lesson. This pattern was defined by students communicating their
agreement with, disagreement with, or extension of another student’s idea either
with an oral comment or a silent hand gesture. In oral comments, students
directly supported or refuted their classmate’s idea, or they referenced their
classmate’s idea and described how their own idea was similar or different. The
excerpt below comes from Ms. Boyle’s Lesson 7, on sound transmission.
Ms. Boyle:
Jacob:
Students:
Ms. Boyle:
Harrison:
Ms. Boyle:

Alright, but what if we put the curtain? What if the
curtain's down in between the trumpet and the audience?
Then what happens? Jacob?
Um, the curtain absorbs some of the sound so the volume
gets lower.
(Several students making silent “me too” agreement
gesture.)
So the volume is lower, okay. I see a lot of "me too's"
there. Harrison?
I think I kinda agree because I think it also reflects some
of the sound backwards.
You think it might reflect some of the sound back to the
trumpet player? Okay. But you also agree with Jacob
that some of the sound gets absorbed.
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In this example, many students were enacting the pattern of responding to
each other’s ideas through gestural expression. The hand signal for “me too” or
“I agree” involved making a fist, sticking out the thumb and the pinky finger, and
rotating the wrist back and forth several times. Additionally, Harrison used oral
expression to respond to Jacob’s idea; he explained why he only “kinda” agreed
with Jacob.
Specifying what counts as acceptable journal work (#9). The pattern of
specifying acceptable journal work was enacted by Ms. Newton and Ms. Boyle in
all three lessons, and by Ms. Hooke in the sound production and sound
transmission lessons. To fit into this pattern category, an episode needed to
include a statement about the teacher’s expectations for the records or reflections
students were to make in their journals. These statements concerned issues like
labels for drawings, the mechanics of written responses, methods for tracking
observations of artifacts, and the presence of both writing and drawing.
An example of specifying acceptable journal work comes from Ms.
Hooke’s Lesson 4, on sound transmission, as Ms. Hooke was giving instructions
for responding to the lesson’s exploration question.
Ms. Hooke:
Rosie:
Ms. Hooke:

Alright, so write your answer in a few minutes. Again,
draw a picture, and also write some sentences.
Can we draw any instrument?
It can be. It doesn't have to be the drum, no. It can be
any instrument you'd like. You are now on page 4-1. It
can be any instrument. Remember this is not an art
lesson either. Don't forget you're doing a picture and
words.

In this excerpt, Ms. Hooke was referring to an exploration question about
how sound travels. Figure 26 displays the journal page with this question as well
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as the responses, including both a picture and words, by Alissa and her partner
Lisa from Ms. Hooke’s class.

Figure 26. Journal pages by students Alissa (left) and Lisa (right) with work
specified by Ms. Hooke. The students were directed to include both “a picture
and words.”

One-on-one exchange about ideas written in journal (#10). As students
worked independently in their Engineer’s Journals, teachers sometimes circulated
among the students and privately consulted with students about their journal
inscriptions. This pattern included conversations intended to help students
struggling to formulate a written or pictorial expression of an idea, as well as
conversations intended to help teachers understand what the students had already
expressed. Ms. Hooke enacted this pattern in the sound production and sound
transmission lessons. Ms. Newton enacted it only in the sound production
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lessons. Ms. Boyle enacted it in every lesson, as shown in the following example
from Lesson 5, on pitch.
Ms. Boyle:
Alex:
Ms. Boyle:
Alex:
Ms. Boyle:

Well what did you draw here?
It's strings (see Figure 25 below).
But how does it make sound with different notes? How
does it make a high pitch?
It depends on how thick it is, on how thick the string is.
Exactly, so if you label that, and then you can write about
it.

Ms. Boyle often used one-on-one conversations about journal inscriptions
to ascertain the range of student thinking about an exploration question. In the
above example, she was asking Alex to help her understand his drawing (see
Figure 27) about how different pitches are made.

Figure 27. Lesson 5 journal drawing by Alex. Before he had added a label and
text, his drawing inspired questioning from Ms. Boyle.
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Cues provided for students’ written work (#11). Only Ms. Newton
enacted the pattern of providing cues for students’ written expression. She did so
in every lesson. This pattern involved orally or in writing giving students options
for the opening phrase of their journal responses. Sometimes she enlisted
students’ assistance in composing these sentence starters; other times she simply
stated them herself. In the following example from Lesson 5, on pitch, the
exploration question was, “What makes different sounds have different notes?”
Ms. Newton: So today's exploration question, let's see, what does it say?
What makes different sounds have different notes? Look
at page 5-1. You can think about what I just did for you.
You can think about what you just saw, and what do you
think. Open up to page 5-1 and write what you're
thinking…. “Sounds have different notes because –.” “I
think sounds make different notes by –.” (Writes sentence
starters on board.) So, “I think sounds make different
notes because –.” This might be a good way to say it.
Because, or by. Tell me what you're thinking: “I think
notes make different sounds by –.”
To help students start crafting their written expressions, Ms. Newton
offered a sentence-starter. On the chalkboard, she wrote a possible opening
phrase for the exploration question, and she pointed out that either the conjunction
“because” or the preposition “by” could be used as the linking word to the rest of
the sentence.
Other learning environment characteristics.
Several additional learning environment (LE) characteristics were not
included in the above discussion because they occurred at roughly the same
frequencies in all three classrooms. Thus they did not help to distinguish among
the learning environments. However, their omnipresence means they cannot be
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ruled them out as potential contributors to students’ ideas and practices. Four of
these ever-present LE characteristics (whose frequencies are listed in Appendix
G) were initiated by teachers: (a) quizzing with short-answer questions, (b)
revoicing student responses, (c) providing assistance with manipulative materials,
and (d) introducing new ideas or vocabulary. Five consistent LE characteristics
(also listed in Appendix G) were enacted by students: (e) responding orally to
teacher questions, (f) introducing new ideas to the collective “idea bank” through
their oral responses, (g) making journal inscriptions, (h) building constructions,
and (i) investigating their constructions. The final consistent LE characteristic
was (j) the mediation of whole-class discussion by design constructions.

Chapter Summary
In this chapter, my first aim was to describe the characteristics of three
science learning environments created by teachers and students enacting the
Design a Musical Instrument engineering-design-based science curriculum. My
second aim was to identify the similarities and differences among the learning
environments.
To accomplish these aims, I first described how the learning environment
construct was refined by constant comparative analysis of the categories used to
code the curriculum enactment videos. The result was a set of 28 environmental
characteristics organized by seven main parameters: activity goals, teacher roles,
student roles, classroom norms, instructional inscriptions, informational
resources, and technological tools. These learning environment parameters
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formed the basis for developing a case story for each classroom. After providing
an overview of each classroom’s case story, I presented a set of 11 patterns of
interaction that occurred at different frequencies across the three classrooms:
•

Teacher poses open-ended scientific questions (#1)

•

Prolonged follow-up exchange with single students (#2)

•

Public texts keep records of ideas (#3)

•

Teacher problematizes phenomena (#4)

•

Ideas embodied with physical artifacts (#5)

•

Ideas connected to final design challenge (#6)

•

Students publicly share prior knowledge (#7)

•

Students respond to peers’ ideas (#8)

•

Acceptable journal work specified (#9)

•

One-on-one exchange about journal inscriptions (#10)

•

Cues provided for journal work (#11)

I defined each of these patterns and provided a classroom illustration.
Finally, I identified other learning environment characteristics that were
consistently observed across all three classrooms: teachers’ (a) quizzing with
short-answer questions, (b) revoicing student responses, (c) providing assistance
with manipulative materials, (d) introducing new ideas or vocabulary; students’
(e) responding orally to teacher questions, (f) introducing new ideas to the
collective “idea bank” through their oral responses, (g) making journal
inscriptions, (h) building constructions, (i) investigating constructions; and (j) the
mediation of whole-class discussion by design constructions.
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Chapter 6. Synthesis and Discussion

In this chapter, I consider the relationships between the results of the
learning environments analysis (Chapter 5) and the results of the learning
outcomes analyses (Chapters 3 and 4). From the learning environment
perspective, and informed by the research literature, I speculate about why the
students in all three classrooms made equivalently impressive gains in reasoning
about sound production, but why the students in two classrooms made greater
gains in reasoning about sound transmission and pitch and more often exhibited
particular inquiry and design practices than the students in the third classroom.
In Table 33, I briefly list the study’s major findings, and in the remainder
of the chapter I consider each finding in turn. I organize my discussion of the
major findings into three sections: learning outcome findings, learning
environment findings, and methodological findings. The chapter concludes with a
discussion of the study’s limitations.
Table 33
Major Findings of the Dissertation Study
Topic

Learning
Outcomes

Findings
1. In three different classrooms within an urban school district, after
instruction with an engineering-design-based science curriculum,
third-grade students expressed more ideas about the mechanisms
underlying physical phenomena than they had at preinstruction.
2. The students improved at the scientific inquiry practices of
controlling variables, making observations explicit, and reporting
empirical regularities, and at the same time they exhibited effective
engineering practices of design functionality, design parsimony,
and design explanation.
3. Despite these overall gains, there were variations in learning
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1.
2.
3.
Learning
Environments

4.

1.

2.
Methodology
3.

outcomes across the three classrooms.
Eleven patterns of interaction emerged as occurring with differing
frequencies across the three classrooms.
The engineering aspect of the curriculum was central to five of the
11 patterns of interaction.
Each classroom uniquely customized its enactment of the Design a
Musical Instrument curriculum, but in all three customizations,
students showed scientific reasoning, inquiry practices, and design
practices that were very impressive for their grade level.
The patterns of interaction consistently observed in the two
learning environments with especially positive outcomes served
four common purposes for students: (a) giving individual students
extended opportunities to develop scientific ideas, (b) facilitating
written and pictorial expression of scientific ideas, (c) ensuring
design constructions met design requirements, and (d) specifying
clear roles for students to play in the learning community.
As a measurement instrument, the clinical interview protocol
featuring three musical instrument scenarios elicited a broad range
of both scientific ideas and inquiry practices from elementary
students.
The differing magnitudes of learning gains by classroom were not
aligned with my hypothesis that each classroom would exhibit a
unique kind of positive learning outcome.
The comparative case study approach, particularly when facilitated
by the representational tools of cross-case matrices and Venn
diagrams, enables researchers to study the relationship between the
characteristics of learning environments and the attributes of
learning outcomes.

Discussion of Learning Outcome Findings
Learning outcome finding #1: In three different classrooms within an
urban school district, after instruction with an engineering-design-based
science curriculum, third-grade students expressed more ideas about the
mechanisms underlying physical phenomena than they had at preinstruction.
In other words, an enacted engineering-design-based (EDB) science
curriculum contributed to elementary-school students’ understanding in a
particular discipline of science, the physics of sound. Furthermore, even teachers
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with minimal training in engineering (one three-day workshop) could enact the
curriculum in such a way that this student outcome was achieved.
This finding is important first because of how it compares to prior research
on design-based science curriculum. There is limited existing literature that gives
evidence of EDB science curriculum impacting elementary-school students’
conceptual ideas in physical science. Although several researchers have laid out
powerful, theoretically supported arguments for how technological design affords
science learning (e.g., Dewey, 1900/1959; Kolodner, 2006; Penner et al., 1998;
Roth, 2001a), and programs of research have shown clear science concept
knowledge gains by middle-school and high-school students participating in
design-based science curricula (Fortus et al., 2004; Kolodner et al., 2003; Roth,
2001a) evidence of young students learning domain-specific science concepts
through design activity is sparse in the empirical research literature.
For example, in Roth’s (1996a) study of fourth- and fifth-graders
participating in a civil engineering unit, students discovered many innovative
strategies for building strong and stable towers out of common craft materials, but
there is scant evidence that they abstracted these strategies to reason about the
nature of force in general. This follows from the fact that the teachers did not
have specific learning objectives about forces, stability, or strength. Their goal
instead was for students to come to identify and find solutions to their own set of
issues related to designing and building structures, and the students ended up
focusing on strengthening component materials, constructing fixed joints, and
incorporating triangular braces. In a later study by Roth (2001a) of a mechanical
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engineering simple machines unit, sixth- and seventh-graders were found to be
able to initiate and sustain, without teacher guidance, small-group discussions
about important science concepts including force, friction, and mechanical
advantage. However, these were middle-school students, three to four years older
than the students in the present study.
Another example of promising but limited evidence of young students
learning science through design comes from Penner and colleagues’ work with
first- through third-graders designing and evaluating models of the elbow. These
researchers (1997) describe strong gains in first- and second-graders’ modelevaluation abilities and also discuss (1998) third-graders’ “engagement” in
investigating the relationship between force and load attachment point. However,
Penner et al. (1998) acknowledge that there is no evidence that the students were
abstracting general scientific principles of leverage.
Thus, the results of the present study strengthen the evidentiary base that
elementary-school science can be successfully carried out through engineering
design. Penner et al. conclude their 1998 report with the cautionary note that
“engaging children in generating effects may be a hook to get them involved in
the reasoning process; however, considerable effort and ingenuity are necessary to
develop children’s understanding of scientific inquiry as an orientation toward
understanding the causal mechanisms behind the effects” (p. 439). The students
and teachers in the present study apparently had the necessary “effort and
ingenuity,” since through their enactment of the Design a Musical Instrument
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curriculum, they were able “to use the children’s design to bridge to a study of
mechanism” (Penner et al., 1998, p. 439).
The finding of substantial gains in students’ scientific reasoning in the
present study is also important because of how it compares to prior research on
children’s ideas about sound. The existing literature on children’s conceptions of
sound found even middle-school students’ ideas to be less sophisticated than
those of the elementary-school students at postinstruction in the present study.
For example, Eshach and Schwartz (2006) frame middle-school students’
descriptions of sound as lacking internal consistency; Asoko et al. (1991) likewise
found that students of many ages construct different explanations of sound
production for different sound producers. By contrast, in the present study many
students expressed consistent mechanisms for sound production, as well for
transmission and pitch, across the various contexts of the instruments they
explored in-class as well as in the three distinct interview scenarios. Partly,
Eshach and Schwartz’s finding (2006) of inconsistency, as well as a similar
finding by Lautrey and Mazens in a separate study of younger students (2004),
stem from their characterization of students’ ideas as sometimes but not always
fitting into a “substance” schema (Reiner, Slotta, Chi, & Resnick, 2000) for
abstract physics concepts. The results of the present study confirm that students
sometimes treat sound as a substance, and sometimes as a process; but in
agreement with Gupta, Hammer, and Redish (2010), I view this flexible treatment
of sound to be in line with the practice of expert scientists, and sophisticated and
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productive for the students in terms of deepening their understanding of the
phenomena.
Specifically on the topic of sound transmission, Eshach and Schwartz
(2006) found eighth-grade students to use the word “waves” to describe
propagating sound incorrectly as a substance that traces a sinusoidal path without
interacting with the medium, rather than to refer to the vibratory motion of
particles. Treagust and colleagues (2001) also found that if their science text does
not focus on the transfer of vibration from object to medium, then middle-school
students do not mention the vibrating medium, even after three weeks of
instruction. In contrast, at postinstruction, 16% of the musical-instrumentdesigning elementary students in the present study characterized sound travel as
the propagation of vibrations through a medium, and another 20% described an
active role played by the medium of sound transmission. Concerning sound
production, Driver, Asoko, and colleagues (1994) report that upper elementary
students often state the term “vibrations” to explain the presence of sound but do
not reveal understanding of the term’s definition, whereas at postinstruction in the
present study, the students expressed accurate causal explanations for sound that
appropriately included the term “vibrations” 56% of the time.
Finally, in terms of pitch, the results of this study broaden the literature on
children’s conceptions of the physical world, which to date had made limited
mention of students’ ideas about the pitch of sounds. The music education
literature does suggest that the inability to hear the difference between high and
low pitches can present a challenge for some children’s conceptual learning about
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pitch (Campbell, 2005). Also, Watt and Russell (1990) report that early
elementary students focus on material type rather than object size when
explaining pitch. However, these two studies represent the extent of research
findings related to conceptions of pitch. Thus, a new contribution is made by this
study’s findings that third-grade students can not only differentiate the pitches of
fairly “rustic” sound producers (rubber bands, string), but can also reason
accurately about the physical causes of pitch, including not just object size but
also object tension and vibration speed.
Finally, the changes in ideas about sound expressed by Ms. Newton’s, Ms.
Boyle’s, and Ms. Hooke’s students are noteworthy because of the particular type
of scientific reasoning they embody. In particular, over the course of the Design a
Musical Instrument unit, these mainly third-grade students shifted toward
proposing complex physical processes to explain several phenomena related to
sound: its production, transmission, and pitch. In other words, the students moved
toward consistently reasoning about the mechanisms for sound. Because it
enables students to explore their own intellectual power, Hammer (1995) suggests
that this kind of thinking is an important part of science education:
There are excellent reasons for believing that the development of a
sense of mechanism should be a valuable aspect of scientific
inquiry. Students and physicists have rich stores of causal
intuitions; reasoning about the causal structure of a situation can
help them tap these resources. (p. 422).
A sign that one is developing a sense of mechanism is the search for
causal, underlying processes (Russ et al., 2008), and this study’s young musical
instrument designers were certainly conducting such a search. According to
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Piaget (1930), a person possesses a mechanistic understanding of causality when
he or she finds it important to identify mechanisms of motion transfer between
each component in a chain of action. In this study’s postinstruction interviews, as
students described the sequence of events from pulling on a string, to releasing it,
to its vibrating, to the surrounding air vibrating, they were indeed identifying the
means of motion transfer from one element of sound production to the next.
Gupta et al. (2010) have recently re-explained mechanism as “analyzing a
phenomenon into component parts, establishing relationships among the parts and
with their environment, and determining processes that allow chained reasoning”
(p. 305). Ms. Boyle’s students’ treatment of pitch especially represented this
sense of mechanism: they analyzed musical instruments to identify their soundproducing components, established the physical attributes of those components
(e.g., big and heavy) and thought about how those attributes would affect their
ability to vibrate (e.g., a big object takes a long time to move back and forth), and
chained this reasoning with the observations made in class of visible vibration
speed and audible pitch (e.g., low-pitched objects vibrate slower than highpitched objects).
In summary, this learning outcome finding suggests that it may be easier
for students to reason about the mechanisms of sound when they are engaged in
musical instrument engineering challenges than when they are engaged in other
kinds of activity related to sound. The evidence for this suggestion stems from
the above comparison of the results of this study to those of previous studies of
students’ ideas about sound.
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The teachers’ feedback about their experience with the Design a Musical
Instrument curriculum also supports the proposal that musical instrument
engineering may be a particularly effective way to promote students’ reasoning
about the science of sound. In informal “member checking” interviews (Creswell
& Miller, 2000) after the completion of the unit, all three teachers reported that
they felt pleased with how the unit had gone in their classroom, and that they
judged their students to have met or exceeded the science learning objectives set
out for them. That is, they perceived their students’ learning outcomes quite
positively. I shared with each teacher the preinstruction and postinstruction
distribution of their students’ ideas across the 18 categories of ideas about sound,
and each teacher responded with satisfaction but not surprise. They had already
perceived their students to have made adequate gains in understanding, so while
my characterization of the shift toward more sophisticated ideas confirmed their
positive perceptions, they were not particularly interested in the exact set of
categories I presented. This means that my evaluation of student learning was
similar to but at greater depth than the teachers’ evaluation of student learning.
Because I studied the student interview responses in detail and was interested in
more specialized categories of ideas than the teachers were, this difference in
depth of analysis was to be expected.
Learning outcome finding #2: Over the course of an EDB science
curriculum, third-grade students from three urban classrooms improved at
the scientific inquiry practices of controlling variables, making observations
explicit, and reporting empirical regularities. They also exhibited effective
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engineering practices of design functionality, design parsimony, and design
explanation.
The present study’s enacted EDB science curriculum enabled students to
engage successfully in engineering design while at the same time becoming more
skilled at some aspects of scientific inquiry. This finding is important because it
shows that the integration of engineering and inquiry is possible in K-5
classrooms, despite the fact that so many existing curriculum, standards,
scheduling, and assessment documents treat engineering and inquiry as separate
streams of activity. The interview data do indicate that students in this study did
not show gains on all aspects of scientific inquiry, as they might have if they had
participated in a teaching sequence that involved explicit discussion of and
reflection on inquiry processes (e.g., White & Frederiksen, 1998). Nevertheless,
even without that explicit discussion, in parallel with participating in engineeringdesign-based activity, students improved their skills at implementing three
important inquiry practices: controlling variables, making observations explicit,
and noticing empirical regularities. As the present study reveals, engineering
design activities in the K-5 classroom need not be perceived as mutually exclusive
with inquiry learning.
A major limitation of this finding is that there is only class-level evidence
that gains in inquiry practice co-occurred with effective design practices. That is,
the rank-order of average inquiry-practice gain by class was Ms. Boyle, Ms.
Newton, Ms. Hooke, and the rank-order of average design-practice achievement
by class was also Ms. Boyle, Ms. Newton, Ms. Hooke. Analysis (not presented in
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this report) of individual students’ design-practice achievement with their inquirypractice gains did not reveal a significant correlation between design practices and
inquiry practices on an individual-student level. This was likely due to a ceiling
effect within my methods for measuring design practices. In future work we
would want to look for individual-level correlation between inquiry-practice
learning and design-practice learning.
However, though the evidence could be strengthened by future work, the
fact remains that as a group, these elementary-school classes improved at certain
inquiry practices while also showing achievement in engineering design. A
previous study conducted to characterize children’s models of experimentation as
either the “science” approach or the “engineering” approach sheds some light on
this outcome (Schauble, Klopfer, & Raghavan, 1991). In this study, half of the
fifth- and sixth-graders were first given a practical, or engineering-biased task that
emphasized achieving an outcome, and were then given an understanding, or
science-biased task that emphasized identifying causes and effects. The other half
of the participants were given the tasks in the reverse order. The authors
hypothesized that the “engineering” model of experimentation, meaning
experimenting for the purpose of producing a desired effect, may be
“developmentally prior to the more analytic form of thinking involved in
scientific inquiry” (p. 860). They found that the first group of students, who
began with the outcome-focused (engineering-biased) task, improved more at
controlling variables and making inferences about causal variables over the course
of the study than those students who began with the cause-effect-focused
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(science-biased) task. Schauble and colleagues conclude that this may have been
because the engineering-biased task “provided an easier entry point, with a more
focused and recognizable goal” (p. 877). Likewise, in the present study, the
students may have improved at aspects of inquiry on the post-interviews because
during instruction they had been working through a series of outcome-focused,
engineering-model tasks, and these earlier tasks prepared them for the later
understanding-focused, science-model tasks of the interview.
Although Schauble et al. (1991) set up a dichotomy between the “science”
and “engineering” models of experimentation, they acknowledge that this is an
oversimplification because in reality, “both kinds of exploratory behavior may at
different times characterize the activities of both professional engineers and
scientists” (p. 860). In a very recent report proposing a conceptual framework for
new science education standards, the NRC (2010) recognizes this same overlap
between engineering (outcome-oriented) exploration and science (understandingoriented) exploration. In their framework, recognizing the need to integrate the
teaching of science, technology, engineering, and mathematics, they place
engineering as a domain alongside the natural sciences. Justifying this choice,
they write:
The line between applied science and engineering is a diffuse one.
This interplay of science and engineering makes it appropriate to
place engineering and technology as part of the science framework
at the K-12 level. In this way, students can see better how science
and engineering apply to real world problems, and have
opportunities to apply their scientific knowledge in engineering
design problems when this linkage is made. (pp. 1-11 to 1-12)
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This assertion is supported by the behavior of the musical-instrumentdesigning students in the present study, who engaged in serious investigation and
sustained reasoning about scientific principles of sound while attempting to
perfect the performance of each musical instrument that they built. Science and
engineering, though distinct enterprises that can be characterized as having many
differences (see Lewis, 2006; NRC, 2010), can also be practiced in parallel with
each other by the same individual. Interestingly, this claim stands in contrast to
the message sent by the organization of earlier science education frameworks
documents (e.g., AAAS, 1993; NRC, 1996), which relegated standards of learning
related to “the designed world” or “science and technology” to the back of the
book, completely isolated from standards of learning related to scientific inquiry.
Learning outcome finding #3: Despite overall gains, there were
variations in learning outcomes across the three classrooms.
Before proceeding, I wish to reiterate that the learning gains discussed
here are a complex function of student abilities, classroom practices, and
environmental factors not controllable by the teacher. While the choices made by
the teachers did influence their students’ learning, the teachers made those choices
in light of their students’ beginning abilities and of the constraints of their broader
school context (e.g., daily schedule, testing demands, instructional support
appointments). The teachers’ choices were also influenced by the kinds of
supports and suggestions provided by the curriculum materials; where the
teachers or students struggled, it was likely because the curriculum was not
supportive enough.
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Nonetheless, in terms of science ideas, in Ms. Newton’s and Ms. Boyle’s
classrooms, but not in Ms. Hooke’s classroom, there were significant increase in
proposing mechanisms for sound transmission and pitch (in all classrooms, there
was a significant increase in proposing mechanisms for sound production). In
terms of inquiry-practice learning, a majority of students in Ms. Boyle’s
classroom, but not in Ms. Newton’s and Ms. Hooke’s classrooms, controlled
variables and made explicit observations of vibration at postinstruction (in all
classrooms, a majority of students at postinstruction reported empirical
regularities). In terms of design-practice learning, a majority of dyads in Ms.
Hooke’s room exhibited design novelty, but most of their novel features were not
useful, and only in Ms. Boyle’s and Ms. Newton’s room did a majority of
students exhibit design parsimony (in all classrooms, a majority of students
exhibited functional design and accurate explanation of design). The Venn
diagram in Figure 28 depicts the learning outcomes that were examined and
displays which outcomes occurred in which classrooms.
This finding of variation in learning outcomes means that Ms. Newton’s
and Ms. Boyle’s learning environments were more generative of gains in
reasoning about mechanisms and of effective design practices, and that Ms.
Boyle’s environment was more generative of gains in certain inquiry practices.
Therefore it is reasonable to attempt to identify – as I do below – the particular
characteristics of Ms. Newton’s and Ms. Boyle’s environments that may have
enabled more students to access the learning opportunities provided by the EDB
curriculum. This work is important because the characterization of the
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environments that exhibited more reasoning about mechanisms, inquiry practices,
and design practices will provide new information about how to better support all
elementary-school teachers and students in participating productively in EDB
science curricula.

Ms.
Newton

Ms.
Hooke

Ideas: Gain in mechanisms of production
Ideas: MA standard for transmission
Inquiry: Empirical regularities
Design: Functionality
Design: Explanation

Ideas: Gain in mechanisms of transmission
Ideas: Gain in mechanisms of pitch
Ideas: MA standard for production
Design: Parsimony
Ideas: MA standard for pitch
Inquiry: Control of variables
Inquiry: Observations of vibration

Ms. Boyle
Note: Except for those with the term “gain,” all entries refer to attributes that were exhibited by a
majority of students in the classroom at postinstruction. (MA standards of learning defined by the
Massachusetts Dept. of Education Science Framework, 2006: 1) Standard for production:
Recognize that sound is produced by vibrating objects. 2) Standard for transmission: Recognize
that sound requires a medium for travel. 3) Standard for pitch: Relate rate of vibration to pitch.)

Figure 28. Classroom-level learning outcomes in science ideas, inquiry practices,
and design practices.

The classroom-level variation in learning outcomes suggests that there
were differences in the instructional dynamic within each classroom. Defined by
Ball and Forzani (2007), the instructional dynamic consists of the overlapping
interactions among teachers, students, content, and environment during any
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instruction. Processes of interpretation are central to these interactions, as
“teachers interpret and represent subject matter to students, who interpret their
teachers, the content, and their classmates and then respond and act. In turn,
teachers interpret their students” (Ball & Forzani, 2007, p. 530). In addition to
interpreting one another, teachers and students also interpret their environment
and its components. All of this interactive interpretation results in an “enacted,”
or taught curriculum that is necessarily different from the “intended,” or written
curriculum (Remillard, 2005). Although Ms. Hooke, Ms. Boyle, and Ms. Newton
all used the same intended curriculum, each of them interacted with it differently
and thus each group of students experienced a distinct enacted curriculum. Then,
each group of students interacted in a unique way with the content and
environment of their distinct enacted curriculum, and thus created even more
differences among the three classrooms in terms of opportunities for learning.
The class-level variation in learning outcomes provides evidence that these
interactions took shape differently in each classroom.
Specifically considering the relationship between curriculum and teacher,
Ball and Cohen point out five “intersecting domains” which teachers must “work
across” as they enact curriculum (1996, p. 7):
•

Their ideas about what students bring to instruction and how students
learn

•

Their own understanding of the content of the curriculum

•

Their choice of tasks, models, and instructional resources such as texts

•

The intellectual and social climate of the student group
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•

The wider community and policy context.

In the present study, all five of these domains of the teacher-curriculum
relationship were certainly important elements of the teachers’ decision-making.
Thus these domains may all have contributed to the variation in student learning
outcomes. In my subsequent investigation of the three classrooms’ science
learning environments, the notions of teacher-curriculum relationship, intended
versus enacted curriculum, and instructional dynamic are all influential.

Discussion of Learning Environment Findings
Learning environment finding #1: Eleven patterns of interaction
emerged as occurring with differing frequencies across the three classrooms.
These 11 patterns occurred more frequently in Ms. Newton’s and Ms.
Boyle’s classrooms than in Ms. Hooke’s.
Within the EDB science learning environments, there were repeated and
observable types of interactions among students, teachers, and tools that were
related to the design of musical instruments and the scientific study of sound. It is
important to clarify that I am reporting on the results of a qualitative approach to
analyzing learning environments. I describe the co-occurrence of interaction
patterns and student outcomes, but not the results of any statistical analysis of
association between learning environment codes and learning outcome measures.
My analytical strategy fits within the qualitative research paradigm: from an
original list of 49 learning environment characteristics derived from research
literature, I refined the coding results to a set of 11 patterns of interaction that
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encapsulate the teaching and learning activities observed in this study’s three
classrooms. Certainly, this set of patterns is not exhaustively descriptive of
learning environments. Other researchers who study learning environments may
identify other important patterns of interaction among teachers, students, and
tools. A particular goal of this study was to distinguish among three classrooms,
and thus its analysis was aimed at identifying the patterns that occurred with
different frequencies across the classrooms. The 11 kinds of interaction presented
in Chapter 5 and discussed here comprise a limited set that was especially useful
in distinguishing the three particular classrooms participating in this study.
Here I discuss the evidence that the 11 patterns of interaction identified in
this study are indeed related in some way to student learning about the science of
sound. My claim is based on the ability of these patterns to differentiate the three
learning environments from each other. In lessons about sound production, I
observed nearly all of these patterns in all three learning environments, and
students in all three environments made significant gains in reasoning about
mechanisms for sound production. By contrast, during lessons about sound
transmission and pitch, I observed all of the patterns consistently only in Ms.
Newton’s and Ms. Boyle’s learning environments, and only the students in these
two environments made significant gains in reasoning about mechanisms for
sound transmission and pitch. Therefore, I claim that these patterns may be
“markers” of lessons where student thinking was consistently oriented toward
physical mechanisms. Although I cannot claim causality, I argue speculatively
that these patterns have a relationship with the students’ gains in scientific
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reasoning. The Venn diagrams (see Figure 29) illustrate how the three learning
environments and lesson topics are differentiated by the 11 patterns.

Figure 29. Similarities and differences across learning environments and science
sub-domains.

Analysis by scientific sub-domain. During lessons focused on sound
production, the sub-domain where the three groups of students made equivalent
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gains, the three learning environments’ patterns of interaction were most similar
to each other. Nine patterns were commonly enacted across the three classrooms:
(#1) open-ended questioning, (#2) extended follow-up questioning, (#3) creation
of public texts, (#4) problematizing phenomena, (#5) embodying ideas with
artifacts, (#6) connecting ideas to the final design challenge, (#7) sharing of prior
knowledge, (#9) specification of acceptable journal work, and (#10) private
conversations about journal inscriptions. The co-occurrence in all three
classrooms of these patterns and significant learning gains suggests that these nine
patterns may be supportive of student reasoning about sound production.
In the sub-domain of sound transmission, Ms. Newton’s and Ms. Boyle’s
students made significant gains in reasoning about mechanism, and Ms. Hooke’s
students made substantial but not significant gains. During lessons focused on
sound transmission, the three learning environments (LEs) had in common five
patterns of interaction: (#1) open-ended questioning, (#2) extended follow-up
questioning, (#3) creation of public texts, (#5) embodying ideas with artifacts, and
(#9) specification of acceptable journal work. Only the LEs of Ms. Newton and
Ms. Boyle featured the patterns of (#4) problematizing phenomena and (#7)
sharing prior knowledge. In addition, only Ms. Boyle and Ms. Hooke continued
to (#6) make connections to the final design challenge and (#10) hold one-on-one
conversations with students about journal inscriptions.
Despite these greater differences in learning environment (LE)
characteristics for the sound transmission lessons, a majority of each of the three
groups of students still reached basic grade-level goals for understanding sound
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transmission by the end of instruction. Thus, basic learning in this sub-domain
may have been enabled by the common, continued patterns of (#1) open-ended
questioning, (#2) extended follow-up questioning, (#3) public texts, (#5)
embodying ideas with artifacts, and (#9) clear instructions about journal work.
In the sub-domain of pitch, Ms. Newton’s and Ms. Boyle’s students again
made significant gains in reasoning about mechanism, but Ms. Hooke’s students
did not. During lessons focused on pitch, the three LEs had in common only three
patterns of interaction: (#2) follow-up questioning, (#3) creation of public texts,
and (#5) embodying ideas with artifacts. On the other hand, in the LEs of Ms.
Newton and Ms. Boyle, four more patterns were commonly enacted: (#1) openended questioning, (#4) problematizing phenomena, (#7) sharing of prior
knowledge, and (#9) specification of acceptable journal work. Additionally, Ms.
Boyle continued the pattern of (#10) private conversations about journal work,
and Ms. Newton continued (#6) to make connections to the final design challenge.
Again, notwithstanding these meaningful differences between the LE of
Ms. Hooke and the LEs of Ms. Newton and Ms. Boyle, a majority (55%) of Ms.
Hooke’s students shifted at postinstruction into a more sophisticated category of
ideas about pitch, even if not into the mechanisms category. In addition, some of
Ms. Hooke’s students (15%) still achieved grade-level objectives for
understanding pitch by the end of curriculum enactment. Therefore, it is possible
that student reasoning about pitch was enabled by the common practices of (#2)
follow-up questioning, (#3) creating public texts, and (#5) embodying ideas with
physical artifacts.
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Analysis by classroom. Over the course of the unit, three of the 11
patterns were always present in every classroom: (#2) follow-up questioning, (#3)
public texts, and (#5) embodying ideas with physical artifacts. Four patterns were
found frequently in both Ms. Newton’s and Ms. Boyle’s LE, but only minimally
in Ms. Hooke’s LE: (#1) open-ended questioning, (#4) problematizing
phenomena, (#7) sharing prior knowledge, (#9) specifying journal work. Two
additional patterns of interaction were found in only Ms. Newton’s or Ms. Boyle’s
LE: unique to Ms. Boyle’s LE was the pattern of (#8) students responding to their
peers’ ideas, which was enacted in every lesson, and the pattern of (#11)
providing “sentence-starter” cues for students’ journal work was unique to Ms.
Newton’s LE, where it was enacted consistently throughout the unit.
As a result, I argue that Ms. Newton’s and Ms. Boyle’s learning
environments offered unique affordances for scientific reasoning. That is, their
learning environments fostered similar conceptual learning gains but through
distinct means.
Ms. Newton consistently provided “sentence-starter” cues that helped her
students begin their written journal inscriptions (#11). Additionally, her LE had
much higher rates than the other LEs of (#2) extended follow-up questioning and
(#5) ideas embodied by physical artifacts. These were the distinct affordances for
scientific reasoning offered by Ms. Newton’s learning environment. Ms.
Newton’s students had opportunities to consider scientific mechanisms through
scaffolded journal writing, prolonged one-on-one exchanges with the teacher
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during whole-class discussions, and the abundant use of physical artifacts to
situate scientific meaning-making.
The unique affordances of Ms. Boyle’s learning environment, on the other
hand, included the cultural norm of students responding to each other’s ideas (#8)
and Ms. Boyle’s consistent practice of conversing privately with students about
the ideas they inscribed in their journals (#10). I propose that peer-to-peer
evaluation of ideas and one-on-one exchanges with the teacher during journal
work sessions provided Ms. Boyle’s students with additional opportunities to
practice reasoning about mechanisms.
Importance of the patterns. The finding of 11 patterns of interaction
within this study’s classrooms is important because it suggests a set of
pedagogical strategies for future enactment of elementary-school EDB science
curricula. Here I attempt to explain how each of the patterns of interaction may
have functioned as an affordance for students’ scientific reasoning – a support for
sophisticated reasoning about physical mechanisms. As summarized in Table 34,
each pattern provided a different pathway through which students could develop
their scientific ideas.
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Table 34
Possible Pathways of Support for Learning

Pattern of interaction
Conducted by the teacher
Posing of open-ended
scientific questions
(#1)
Prolonged follow-up
exchange with single
students (#2)
Publicly-displayed texts
keep record of ideas
(#3)
Problematizing
phenomena (#4)
Specifying acceptable
journal work (#9)
Providing cues for
students’ written work
(#11)
Enacted by the students
Students publicly share
prior knowledge (#7)
Students respond to each
others’ ideas (#8)

Possible pathway of support for reasoning

LE of
greatest
incidence

Focuses students on the aspects of a
phenomenon that might be productive
objects of inquiry
Gives individual student opportunity to
develop ideas about phenomenon; model
for other students
Identifies the important ideas in the
conceptual field; may support cognitive
residue
Indicates that there is an unresolved
scientific problem
Removes uncertainty about what to do so
that students can focus on expressing
their thoughts
Clarifies for students the kind of idea
generation they are doing (e.g., how,
what, why, or for what reason)

Boyle &
Newton

Helps students to make explicit their own
intellectual resources and exposes their
peers’ ideas as an additional resource
Fosters the development of collective ideas
across many students

Boyle &
Newton

Enabled by engineering-design context
Ideas embodied with
Identifies a tangible artifact that can
physical artifacts (#5)
represent the essence of a student’s
scientific idea; may support cognitive
residue
Ideas connected to final
Articulates the usefulness of a scientific
design challenge (#6)
idea for the student’s personal success
One-on-one exchange
Gives individual students guidance in
about journal
deepening their ideas about phenomena
inscriptions (#10)

Newton

Boyle &
Newton
Boyle &
Newton
Boyle &
Newton
Newton

Boyle

Newton

All
Boyle

One way to organize the 11 patterns is by whether the teacher, student, or
engineering design context was the primary enabler of the pattern (see Table 34).
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I begin by considering the affordances of each of the teacher-enabled and studentenabled patterns of interaction.
Teacher support of reasoning. In the first group of patterns, teachers
either expanded or limited the extent to which phenomena were open for
consideration. In some cases, it was productive for students to be exposed to new
directions of thought. When this happened, a pattern of interaction acted as an
affordance for idea generation – a “resource in the environment” that enabled
broader thinking by students (Greeno, 1998, p. 9). In other cases, it was helpful
for students’ thinking to be narrowed in some way. When this happened, a
pattern of interaction acted as a constraint – a regularity of classroom practice that
helped students “anticipate outcomes and participate in trajectories of interaction”
(Greeno, 1998, p. 9).
The first emergent pattern of interaction was teachers’ posing of openended scientific questions (#1). This pattern supported students’ reasoning by
suggesting where they should focus their thinking. Previous research has shown
how challenging it is for teachers to practice effective questioning (Roth, 1996b).
But in this study, when a teacher posed an open-ended scientific question, she
revealed the aspects of a phenomenon that she thought would be productive
objects of inquiry. The class as a whole benefited from this guidance because it
sustained their reasoning on one topic for longer durations. A previous study
(Hogan, Nastasi, & Pressley, 2000) similarly found that teacher-led discussions
led to deeper scientific reasoning than student talk alone (though student talk was
more exploratory and generative of broader ideas).

234

Second, the pattern of prolonged follow-up exchange with single students
(#2) offered one individual at a time an extended opportunity to develop his or her
ideas about a phenomenon. At the same time, the back-and-forth between the
teacher and student provided for the other students in the class a model of idea
development. In this way, the teacher was one step away from engaging in the
cognitive apprenticeship form of modeling (Collins, Brown, & Newman, 1989),
which involves the explicit externalization of cognitive processes. In this study,
the teachers did not explicitly verbalize their thought processes, but by posing an
extended series of questions to one student, they gave the other students a
sequence of inquiry and explanation to compare to the questions and ideas they
were (hopefully) formulating in their own minds.
The third teacher-conducted pattern was the creation of public texts to
record collective learning (#3). This pattern likely supported student reasoning in
two ways. By the teacher’s choice of what to record, it indicated which ideas
have priority in the conceptual field. In addition, the public texts themselves may
have supported cognitive residue (Bell & Winn, 2000) that facilitated students’
thinking about the science of sound even when the students were not in the
presence of the actual texts. In other words, the pattern of creating public texts
augmented the likelihood that students would return to previous ideas. The public
texts were also one manifestation of the teachers’ serious efforts to “provision the
classroom with scientific tools, materials, and activities designed to make the
structure and big ideas of the domain visible to students” (Rosebery, Ogonowski,
DiSchino, & Warren, 2010, p. 351).

235

Next, the pattern of problematizing phenomena (#4) sent the message to
students that there was an unresolved problem still waiting to be considered.
Problematizing involves making it clear that the cause and effect within a
phenomenon cannot be taken for granted. Engle and Conant (2002) found the
problematizing of subject matter to foster fifth grade students’ disciplinary
engagement in an environmental science unit on species classification. This
practice of making causes and effects non-trivial is especially important for the
study of invisible concepts such as sound, which children often assume are nonproblematic. Another science domain in which problematizing is important is the
study of the nature of matter. For example, students benefit from being asked
how they would construct a measure of matter’s length, area, or volume, rather
than having standard measures “presented as simple procedures to be learned and
mastered” (Smith et al., 2006, p. 33).
The fifth pattern conducted by the teachers was the specification of what
counts as acceptable journal work (#9). When teachers clearly framed journal
assignments for students, they removed uncertainty about what to do so that
students could focus on expressing their thoughts rather than on worrying about
the form of expression. This pattern could be understood as a form of the
cognitive apprenticeship method of coaching, which “consists of observing
students while they carry out a task and offering hints,… reminders, and new
tasks aimed at bringing their performance closer to expert performance” (Collins
et al., 1989, p. 481). The teacher’s goal was for students to maintain journals that
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contained forms of expression similar to those in journals kept by professional
engineers.
Finally, the teacher-conducted pattern of providing cues for students’
written journal work (#11) was supportive of reasoning because it clarified the
kind of idea generation (e.g., how, what, why, or for what reason) in which
students were to be engaged. In other words, it eased students’ struggles with
written expression so they could expend their effort instead on idea generation. It
was a form of scaffolding, which “requires the teacher to carry out parts of the
overall task that the students cannot yet manage,” and a “kind of cooperative
problem-solving effort by teacher and student in which the express intention is for
the student to assume as much of the task on his own as possible, as soon as
possible” (Collins et al., 1989, p. 482).
Student support of reasoning. Two of the 11 patterns were enacted
primarily by students (albeit with the support of their teachers). The first of these
was the public sharing of prior knowledge (#7). This pattern supported reasoning
because it facilitated students’ explicit recognition of their own intellectual
resources. It also introduced students to the range of their peers’ ideas. Further, it
enabled teachers to diagnose the need for exploration and clarification of specific
concepts. Numerous studies have shown the positive impact on learning of
eliciting prior knowledge (e.g., Chin, 2007; Duschl, Schweingruber, & Shouse,
2008; Gallas, 1995; Minstrell & van Zee, 2003; Posner, Strike, Hewson, &
Gertzog, 1982).
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The second student-enacted pattern was responding to each other’s ideas,
as opposed to directing responses only to the teacher (#8). This pattern enabled
the students to assist each other in developing ideas. By fostering the
development of collective ideas across many students, it made possible a more
sophisticated level of reasoning (reasoning about mechanisms) than afforded by
teacher-student dialogue alone. When students responded to each other’s ideas,
they moved their class beyond teacher-initiated, recitation-based interactions
(Mehan, 1979). They were instead practicing a kind of “intellectual role taking”
that had been established as a social scientific practice in their classroom
(Herrenkohl, 2006).
Learning environment finding #2: Notably, the engineering aspect of
the curriculum was central to five of the 11 patterns of interaction that
distinguished the learning environments from each other. Engineering
design constructions were central to two of the patterns (#5 and #6), and
engineering journals were central to three of the patterns (#9, #10, #11).
This finding suggests that in the enactment of EDB science curriculum,
the ability of a learning environment to leverage the affordances of engineering
design constructions and journals may be related to positive science learning
outcomes. This finding is important because it confirms that the mere presence of
a design challenge is not sufficient to motivate science learning gains. Instead,
continued incorporation of design constructions into classroom activity is
necessary for gains to be observed. This finding is also important because it
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confirms and extends previous findings on the positive impact of students’
science notebooks (e.g., Shepardson & Britsch, 2001).
Here I consider how each of the last three patterns of interaction may have
functioned as an affordance for students’ reasoning.
Engineering-design support of reasoning. One pattern enabled by the
engineering-design context of the Design a Musical Instrument curriculum was
the embodiment of scientific ideas with physical artifacts (#5). This pattern
supported reasoning by identifying for students a tangible artifact that could
contain or represent the essence of an idea. The musical instrument engineering
artifacts became tools to think with and created new spaces for class discussion
and sense-making, just as the civil engineering artifacts did in Roth’s study of
design-based science in a fourth-/fifth-grade classroom: “Emerging artifacts
constitute a focus and backdrop for students’ discursive activities of talking,
pointing, and gesturing, that allow them to make sense of each other’s utterances
and to negotiate shared meanings in the face of ambiguity” (Roth, 1996a, p. 157).
After playing this collective sense-making role, the physical artifacts may have
later shifted to serve the purpose of amplifying students’ thinking via cognitive
residue (Bell & Winn, 2000). This means that a sort of cognitive “imprint” of the
artifact supported intellectual activity about the science of sound even when the
artifact itself was no longer present.
The second pattern specific to the engineering-design-based nature of
instruction was the connecting of scientific ideas to the unit’s overarching design
challenge (#6). These connections – between science investigation and
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engineering challenge – articulated the utility of a scientific idea for the students’
personal success. Thus, they served as an affective motivator for reasoning
carefully about the mechanisms of sound. This is similar to what Kolodner
(2006) had in mind when she described technological design problems as source
of motivation and opportunities: “Constructing working physical objects gives
students the motivation to learn, the opportunity to discover what they need to
learn, the opportunity to use science and to reason scientifically” (p. 229).
The Design a Musical Instrument curriculum unit incorporated Engineer’s
Journals as a tool for students because personal record-keeping is an important
part of professional engineers’ practice. Enabled by these engineering journals
was the pattern of private one-on-one exchanges between teacher and student
about the student’s written and pictorial inscriptions (#10). This pattern supported
reasoning because it gave the student an opportunity to deepen his or her thinking
with tailored guidance from the teacher. In their work with middle-school
students studying physical science through engineering challenges, Sadler and
colleagues (2000) recognized that designs on paper could embody conceptual
reasoning as much as designs in three dimensions. In the present study, the
engineering journals were a place to represent “on paper” ideas about design in
text and in drawings. When teachers made these writings and drawings the object
of private conversation with individual students, they coached them, in cognitive
apprenticeship fashion (Collins et al., 1989), to recognize and evaluate their own
conceptual models of sound.

240

Learning environment finding #3: Each classroom uniquely
customized its enactment of the Design a Musical Instrument curriculum, but
in all three customizations, students showed scientific reasoning, inquiry
practices, and design practices that were very impressive for their grade
level.
In research on curriculum enactment, there are a range of perspectives
regarding what counts as “ideal” curriculum use. In Remillard’s (2005) review of
conceptions of curriculum use, she encapsulates these perspectives into four
major categories: “following or subverting,” “drawing on,” “interpreting,” and
“participating with.” At one extreme is the positivist view, also called the
“fidelity of implementation” perspective, that the most desirable outcome is one
in which the classroom practices of the teacher exactly match the plans outlined in
the teacher’s guide, which comprises an ideal, fixed representation of the
curriculum. In other words, the intended curriculum as described in the teacher’s
guide represents the gold standard for teacher behaviors, and this gold standard is
in fact possible to achieve. At the other extreme of Remillard’s ontology of
curriculum-use perspectives is the sociocultural view that the teacher and the
planned curriculum form a participatory relationship, such that the ideal
enactment of any curriculum is customized to each teacher-curriculum
relationship. This “participatory” perspective on curriculum use gives much less
authority to the written curriculum, and thus it stands in contrast to the fidelity of
implementation perspective. Researchers who adopt the participatory perspective
(e.g., Brown, 2002) interpret the planned curriculum materials as only a set of
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artifacts or tools with which the teacher collaborates in order to design the enacted
curriculum. Characteristics of the teacher, of the students, and of the curriculum
materials influence this collaboration.
My analysis of learning environments is aligned with the latter,
participatory view of curriculum use. None of the three teachers in this study
enacted the curriculum exactly as suggested in the Design a Musical Instrument
teacher’s guide, and none exhibited classroom practices exactly like the other’s.
However, the students in all classrooms achieved a comprehensive set of learning
outcomes, including reasoning about the mechanisms of sound production,
performing an increased number of inquiry practices, and demonstrating
successful engineering design. Thus, the customized curriculum realized by the
participatory relationship (Remillard, 2005) of each teacher and her teacher’s
guide was rich with affordances for her students’ learning. Put another way, this
means that multiple learning environment configurations can enable broad access
to the opportunities afforded by EDB science curricula.
This finding of the customization of the curriculum is important because it
provides evidence that the successful enactment of an EDB science curriculum
will not look the same in all classrooms. For example, even Ms. Newton and Ms.
Boyle, the teachers whose students showed especially impressive outcomes,
differed substantially in their approach to questioning students. Curriculum
developers and classroom evaluators should be open-minded to multiple styles of
teacher-curriculum interaction and student-curriculum interaction.
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Learning environment finding #4: Despite the differences between the
two learning environments with especially positive outcomes, there were also
important commonalities. The patterns of interaction observed consistently
in these two learning environments served four common purposes for
students:
a) Gave individual students extended opportunities to develop
scientific ideas
b) Facilitated written and pictorial expression of scientific ideas
c) Ensured design constructions met design requirements
d) Specified clear roles for students to play in the learning
community
To arrive at this finding, my analysis involved drawing from the research
literature on what elementary students need for successful science learning and
grouping the 11 patterns of interaction according to the purposes they served for
the students. Table 35 illustrates how this meta-analysis uncovered four common
purposes of the 11 patterns. These four purposes are further discussed below.
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Table 35
Purposes Served by the Patterns of Interaction
Patterns from classrooms with
more positive outcomes
(#1) Open-ended questioning
(#2) Extended follow-up
questioning

Organizing ideas from
previous research
Knowledge building;
revoicing;
heteroglossia

(#4) Problematizing phenomena
(#3) Recording collective ideas
with public texts
(#9) Specifying acceptable journal
work

Journaling to
connect “worlds”;
writing to model
dialogue

(#10) One-on-one consultations
about journal work

Common purposes served
by the patterns

Gave individual students
extended opportunities to
develop scientific ideas

Facilitated written and
pictorial expression of
scientific ideas

(#11) Providing cues for students’
written work
(#5) Embodying ideas with
artifacts
(#6) Connecting to final design
challenge

Testing and iterating
on design

(#7) Sharing prior knowledge

Intellectual and
social role-taking

(#8) Students responding to peers'
ideas

Ensured design
constructions met design
requirements

Specified clear roles for
students to play in the
learning community

Scardamalia and Bereiter’s (2006) model of knowledge building can
extend our understanding of the first part of this finding, that one major purpose
of the patterns of interaction observed in this study was to give individual students
extended opportunities to develop scientific ideas. In a knowledge building
community, students collaborate to generate descriptions and explanations of
phenomena, and then their primary task is to evaluate these ideas and constantly
improve them. This is necessarily a collective process. The teacher plays the role
of facilitator who provides access to the symbolic and technological tools that will
help the students build and evaluate the knowledge of the community. Although
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Ms. Newton’s and Ms. Boyle’s learning environments did not meet all of the
criteria for classification as a true knowledge building community, they did reflect
the knowledge building emphasis on extended idea generation and development
by students. In knowledge building communities, these ideas are publicly shared
so that anyone can revise any idea at any time. Likewise, Ms. Newton and Ms.
Boyle consistently created public texts as a record of their class’s collective
knowledge about sound.
Rosebery and colleagues (2010) suggest that a fundamental step in
deepening the discourse of the elementary science classroom is to recognize and
value heteroglossia, which refers to the multifarious voices that children with
different life experiences contribute to science conversations. During the Design
a Musical Instrument unit, teachers demonstrated their respect for heteroglossia
through the strategy of revoicing (Forman & Larreamendy-Joerns, 1998), when
they re-articulated a student’s idea with slightly altered phrasing and checked with
the student that the restatement was accurate. The teacher’s revoicing of student
ideas showed that she had heard the student, that she had attempted to make sense
of what the student had said, and that she valued the student’s thinking enough to
ensure that she understood his or her intended meaning. Revoicing also recruited
other students’ attention to their classmate’s idea. Thus, in summary, revoicing
made visible and valued the heterogeneity of student ideas about sound.
The second claim of this finding is that the patterns of interaction observed
in this study served the purpose of facilitating written and pictorial expression of
ideas. Students did their writing and drawing mainly in their engineering
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journals, and their task of expression was facilitated by public texts posted in the
classroom, sentence starter prompts, private conversations about journal
questions, and guidance on what counted as acceptable journal work. Once the
students produced these inscriptions, the journals then served as a tool that
assisted the students in connecting both (a) the “experienced world” of their lives
outside the classroom and (b) the “investigative world” of the musical instrument
explorations to (c) the scientific questions posed by the curriculum unit
(Shepardson & Britsch, 2001). The journals may also have eased the cognitive
effort required to use the results of the musical instrument investigations when
planning a course of action for the final design challenge.
Pea (1993) asserts that learning is fundamentally a conversational process
in which negotiation of meaning and appropriation of others’ discourse are
necessary acts. Therefore, in order for students to learn science, the science
teacher must provide access to scientific discourse, and students must converse in
science in order to learn science. If writing is a model for conversation (Olson,
1996), and conversation is essential for science learning (Pea, 1993), then the
writing and drawing exercises in engineer’s journals can be seen as models of the
ongoing dialogue between student and teacher, and between student and fellow
students. The production of written and drawn representations may have served
to reorganize the ideas to which students were exposed during teacher-student and
student-student conversations.
The third claim within this finding is that the patterns of interaction
observed in this study ensured that students’ design constructions met the stated
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design requirements. The patterns of referencing the final design challenge and
embodying scientific ideas with physical artifacts (which were often design
constructions) both contributed to the successful completion of the engineering
design challenges. Other researchers (Benenson, 2001; Kolodner et al., 2003;
Sadler et al., 2000) have argued that conducting tests of student design
constructions – in other words, ensuring that constructions meet requirements – is
fundamental to students’ learning science from design. This argument is
supported by the present study, since the two classrooms that showed greater
scientific reasoning gains were also the two classrooms in which 100% of final
constructions functioned as specified by the requirements.
The fourth major purpose served by the patterns of interaction observed in
this study was to specify clear roles for students to play in the learning
community. These roles dictated not only the cognitive tasks that students should
be conducting, but also the strategies for social interaction that students should
use to share their cognitive efforts. For example, Ms. Boyle’s students knew that
they were expected not only to determine whether or not they agreed with a
classmate’s claim about sound transmission through water, but also to express
their level of agreement by making one of three silent hand gestures. Similarly, in
investigating the impact of assigning “intellectual roles” to fourth-grade students
during science instruction, Herrenkohl and Guerra (1998) found that that it was
necessary to dictate the “participant structure,” or social roles, as well:
It was necessary to reorganize the participant structure guiding whole
class interactions to facilitate a shift in student engagement. Combining
guidance on the social as well as intellectual level proved to be a more
effective way to encourage student engagement than providing the
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cognitive piece alone. (p. 467)
Interestingly, in addition to concluding that students benefited from both
intellectual and social guidance, Herrenkohl and Guerra (1998) also observed that
teachers’ practices changed when students had specific participant structures to
follow during whole-class science discussions. The teachers in these classrooms
were able to spend more time “mediat[ing] and monitor[ing] collective
understanding within the classroom,” while the students took responsibility for
the task of “initiating discussion patterns that coordinated theories and evidence”
(p. 467). In the present study, Ms. Boyle’s students had the most clearly defined
intellectual and social roles; the pattern of peer evaluation of ideas (#8) was
unique to her classroom. was thus better able than Ms. Newton or Ms. Hooke to
track the progress her class was making on reasoning about the science of sound,
and thus better able to foster her students’ thinking about mechanisms.

Discussion of Methodological Findings
Methodological finding #1: As a measurement instrument, the clinical
interview protocol featuring three musical instrument scenarios elicited a
broad range of both scientific ideas and inquiry practices from elementary
students.
The primary tool used in this dissertation to assess ideas about sound and
practices of inquiry was a clinical interview that posed three hands-on scenarios.
Students played and analyzed a xylophone, constructed a musical instrument out
of strings and hooks, and made predictions about the sounds created by variously
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stretched rubber bands. In response to the interview questions about these soundproducing devices, the students expressed a broad range of ideas about sound
production, sound transmission, and pitch. They also demonstrated processes of
scientific inquiry such as conducting experimental procedures, reporting
observations, making speculations about physical causes, and recognizing
empirical regularities.
Compared to the measurement instruments used in previous studies of
children’s conceptions of sound, the set of scenarios posed in this study generated
ideas about a broader set of sub-domains within the discipline of acoustics: sound
production, sound transmission, and pitch. Other researchers, including Watt and
Russell (1990), Asoko and colleagues (1991), and Mazens and Lautrey (2003,
2004) have also included musical instruments and other sound-producing artifacts
in their interview-based assessment tools. However, their interviews did not elicit
ideas about pitch, and they generated only a limited set of categories of ideas
about sound production and transmission. In the work of Mazens and Lautrey
(2003) and of Eshach and Schwartz (2006), this limitation was due to the
researchers’ theoretical focus on differentiating between substance and process
ontologies. In contrast, in this dissertation, the classification of student ideas was
informed by the literature but also emerged from the students’ own expressions.
This resulted in six categories of ideas within each of three sub-domains, and it
highlighted that we need to look beyond the substance-process dichotomy when
characterizing student thinking about physical unseens. Furthermore, this
dissertation’s clinical interview instrument was unique in its ability to capture a
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wide range of scientific ideas about sound while simultaneously capturing
processes of scientific inquiry related to the science of sound. Thus by posing
three performance scenarios, each involving a novel musical instrument, this
study’s clinical interview tool was able to obtain student characteristics that are
not usually assessed.
Methodological finding #2: The differing magnitudes of learning gains
by classroom were not aligned with my hypotheses, based on observations
and experiences in these classrooms in prior years, that each classroom
would exhibit a unique kind of positive learning outcome.
Based on two previous years as an informal participant observer in their
classrooms, I expected that Ms. Newton’s students would excel at science concept
recall, Ms. Boyle’s students would excel at deep reasoning, and Ms. Hooke’s
students would excel at design constructions. Instead, greater gains in science
reasoning co-occurred among the same groups of students with greater gains in
inquiry practices and more effective engineering design practices.
This refutation of my hypothesis means that even though my initial
observations of the learning environments were informed by classroom
observation protocols, those observations were not sufficient to predict learning
outcomes in detail.
This finding is important because it leads to a methodological suggestion
about classroom observation. It suggests that if one wants to predict learning
outcomes from learning environment characteristics, then classroom analysis
should be guided by a research-based but locally-tested protocol. Analysis can
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begin with a generic observation protocol, but researchers must be open to adding
and removing categories for the local context. While some classroom observation
protocols include over 100 categories, in this dissertation study the research
question was ultimately addressed through 11 patterns of interaction. Thus the
customization of protocols is important. In other words, a classroom observer
interested in thick description should approach a priori protocols only as a
starting point. As noted by Yackel and Cobb, who have produced seminal works
on the characteristics of productive mathematics learning environments and the
classroom practices within them, it is a major challenge to “make sense of the
complexity of classroom life” (1996, p. 458).
Although they do not self-identify as grounded theorists, Yackel and Cobb
take a perspective similar to that of grounded theory (Glaser & Strauss, 1967) in
analyzing classroom practice, and the findings of the present study affirm the
value of approaching a classroom-based data corpus from the perspective of a
grounded theorist. In general, the goal of the grounded theory approach to
qualitative research is to use data to explain theoretically the behavioral variation
among people dealing with the same basic social problem (Glaser, 1978). When
strictly using the grounded theory approach, the researcher must set aside all
theory and results from previous work, and attend only to the themes that can be
abstracted from the current data. Thus, a truly “grounded” theoretical
explanation requires the generation of new theoretical propositions rather than the
verification of existing theory.
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Because its analytical tools were informed ahead of time by a substantial
body of theoretical and empirical work, rather than being built entirely from the
“ground” up, the present study would not be strictly considered a grounded theory
research endeavor. However, I did have the goal of explaining the “behavioral
variation” among three groups of people – Ms. Newton and her students, Ms.
Boyle and her students, and Ms. Hooke and her students – as they faced the same
“basic social problem” of learning about the science of sound through musical
instrument engineering. As do grounded theorists, in this research I relied heavily
on the strategy of constant comparison, which entails comparing each bit of newly
coded data with all other data that have been given a similar label (Glaser &
Strauss, 1967). Constantly comparing similarly-coded data segments enables the
researcher to define the theoretical properties of each category – its range,
dimensions, conditions, consequences, and so on. I engaged in constant
comparison despite having an a priori set of learning environment characteristics
with which to code the data. I found the need to revise these coding categories for
the local context of these three Design a Musical Instrument classrooms.
Methodological finding #3: The comparative case study approach,
particularly when facilitated by the representational tools of cross-case
matrices and Venn diagrams, enables researchers to study the relationship
between the characteristics of learning environments and the attributes of
learning outcomes.
A comparative case study is an empirical inquiry that investigates and
compares at least two instances of a contemporary phenomenon within its real-life
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context (Yin, 1984). It features in-depth descriptions and analyses of a bounded
system (Miles & Huberman, 1994; Stake, 1978), and it necessarily relies on
multiple sources of evidence (Yin, 1984). In this dissertation, I followed the
typical comparative case study strategy of constructing complete case records, or
packages of data from single cases (Patton, 1990), and then moving up a level of
abstraction to across-case explanation-building (Yin, 1984). With the aid of
across-case data displays (Miles & Huberman, 1994), I made conjectures about
the relationship between patterns of interaction observed during lesson enactment
and patterns of learning observed from pre/post assessments. I then checked my
conjectures against the single-case narratives (case stories) of curriculum
enactment. When the conjectures did not hold up against the case stories, I
revised them. The conjectures were eventually refined into the explanations that
attempt to account both for the learning in the three single cases and for the crosscase variation.
Throughout this process, two data display tools were particularly useful
for cross-case description and explanation, and I recommend them to other
researchers.
First, adapting a classic technique suggested by Miles and Huberman
(1984), I constructed cross-case matrices with three components: (a) patterns of
interactions listed by row, (b) classroom and lesson topic listed by column (three
classrooms and three topics resulted in nine columns), and (c) the patterns’
presence/absence and relative frequency of occurrence indicated by the size of
cell marker. This matrix display allowed me to see variations in the learning
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environment within a single classroom over the course of the curriculum unit, and
at the same time it revealed variations across the three classrooms for each lesson
topic and for the overall unit.
The second data display tool that was useful in this dissertation was the
Venn diagram. Although considered a simple and non-technical representational
device, the Venn diagram was particularly suited to this study because it easily
represents three cases, and because a series of Venn diagrams can be displayed
adjacent to each other. This means that in a single display, I could show both
commonalities and differences between the classrooms, and I could show how
these commonalities and differences changed over the course of the curriculum
unit (i.e., for the three different lesson topics).

Study Limitations
Here I consider the aspects of this study that limit the implications and
generalizability of its findings. I discuss limitations due to three factors:
theoretical decisions, sampling methods, and measurement and data analysis.
Theoretical limitations.
Due to the particular theoretical stance I have taken in this dissertation,
certain key aspects of learning outcomes and environments were captured, while
others were not investigated. First, in terms of exploring student ideas about
sound, the categories I constructed to classify ideas were not the only categories
that could have possibly been used. My choice of categories for describing
students’ ideas was based on the triangulation of (a) scientific texts on sound, (b)
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previous studies on students’ conceptions, and (c) the expressions produced by
students in the interviews themselves. Under a different paradigm, I could have
constructed categories that focused on the form of the students’ arguments (e.g.,
McNeill, 2008; Toulmin, 1958), for example, or on the type of language that they
used (e.g., Rosebery et al., 2010). Either of these perspectives would have
provided a different set of information about changes that occurred in student
ideas over the course of the curriculum enactment.
Second, my theoretical stance also limited the information uncovered
about students’ inquiry practices. There are several frameworks for studying
inquiry abilities that could have been feasibly applied to this study’s data, and
each would have emphasized different aspects of students’ practices. I used
Chinn and Malhotra’s (2002) framework because it comprehensively considers
both aspects of inquiry related to designing experiments and aspects related to
drawing conclusions.
Third, in terms of investigating students’ engineering design practices, I
constrained my view of those practices to include only functionality, parsimony,
novelty, and explanation of design. I chose not to incorporate models of the
engineering design process, which typically include abilities of problem
identification, planning, and testing, into my framework for assessing design
practice. I made this choice because it was outside the scope of this study to
observe every student dyad over the course of their entire musical instrument
design endeavor. Thus this study does not provide information about elementary
students’ development of engineering design process skills.
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Finally, in exploring curriculum enactment via lesson videos, I worked
from a learning environment perspective, informed by theory on activity systems
and enacted curriculum. Therefore I focused on the web of interactions among
the teacher, students, and tools, and I considered the relationships among these
entities to be participatory. My learning environment perspective led me to
search for a particular set of characteristics as I analyzed lesson videos. Although
I added emergent codes to the a priori set, the emergent codes were also bound by
my learning environment perspective. In summary, my theory-based coding
scheme constrained the observations I made of each classroom. Had I situated
myself as a conceptual change researcher, a discourse analyst, or even a grounded
theorist, the results of my lesson video analysis would have had a different focus.
Sampling limitations.
The second group of limitations has to do with sampling methods, that is,
with the individuals and data sources included in this study.
First of all, this study was designed as a comparative case study with only
three classrooms participating as cases. These cases were not randomly selected
nor were they purposefully sampled for maximum variation, so we cannot
generalize from this study’s findings to all third-grade classrooms even in the
school district where this study took place. Additionally, though I took care to
collect identical data from each classroom and analyze those data identically, I
could not control for the differences between the political and structural contexts
of the three classrooms. I cannot say exactly how these differences influenced the
study results. For example, one unique feature of Ms. Boyle’s classroom context
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is that it included both fourth-graders and third-graders. The fourth-grade
students were different from students in Ms. Hooke’s and Newton’s classes not
only because they were older and had completed one more year of schooling, but
also because they were in their second year of working with their teacher. They
were “veterans” in Ms. Boyle’s classroom, and they affected the learning
environment interactions by passing on norms of behavior to Ms. Boyle’s new
third-grade students, in a distinctly different fashion than how norms are taught to
students when all are new at the same time. An additional example of a noncontrollable difference in classroom context is that Ms. Newton had three special
education students who were included only for science and social studies lessons
and who brought with them a special education teacher or aide. Therefore not
only were there additional students present for Ms. Newton’s science lessons
compared to her regular lessons, but there were also additional adults.
Another limitation due to sampling methods is that because not all
students granted interview consent, and a limited amount of time was made
available for interviews, I did not interview every student in each classroom. This
means that the data derived from the interviews may not be representative of the
entire classroom. However, in each classroom, the sample of interviewed
students included both boys and girls as well as both high-achieving and lowachieving students (as described by the teacher), so I can be relatively confident
that the range of ideas and practices observed in the interviews was similar to the
range of ideas and practices of the class as a whole.
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The sample of lessons that I videotaped and analyzed also had limitations.
I was present only for the portion of the school day designated for science lessons,
and although I asked teachers to fill me in on any science-related discussions that
occurred at other times of the day, I cannot be sure they did so. Also, I did not
have access to at-home or extracurricular experiences that may have influenced
students’ ideas and practices. In addition, because videotaping of science lessons
began only with the first lesson of the Design a Musical Instrument curriculum, I
could not observe the genesis of each classroom’s science learning environment.
I do not know what the teachers and students did in previous lessons to establish
(or fail to establish) the norms of their classroom community.
Finally, a major limitation of the sample included in this study is its lack
of comparison group. Because all three classrooms used the same intervention, I
cannot say whether this engineering-design-based science curriculum is more or
less effective than any others in promoting learning. In other words I cannot
make causal claims about the overall effectiveness of the Design a Musical
Instrument curriculum. Rather, I have described how, in three different
classrooms, this curriculum unfolds into three different science learning
environments.
Nevertheless, in a related investigation of engineering-design-based
science, Marulcu (2010) conducted a quasi-experimental comparison study in
which he measured science content performance of students participating in our
research program’s curriculum unit on simple machines as well as the
performance of students participating in an inquiry-based simple machines
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curriculum taught by a very skilled inquiry science teacher. Comparing the
performance of the two groups, he found greater gains among the engineeringdesign-based students. Thus I can hope that this would be the case for our sound
unit, as it was for our simple machines unit.
Measurement and data analysis limitations.
A third set of limitations are related to the instruments and analytical
methods used to measure learning outcomes and environments.
Clinical interviews comprised the data source for measuring changes in
student ideas about sound. One way in which the interview tool could be seen as
limited is that the preinstruction and postinstruction protocols were very similar.
The physical appearance of the string and rubber-band instruments was changed,
but the phrasing of the prompts was kept the same. The similarity of the pre/post
tasks was intentional in order to ensure that both interviews measured the same
underlying construct, but it could be argued that this choice made it possible for
the memory effect to enhance students’ post-interview performances. However,
there is evidence that the memory effect was not a substantial factor: at postinterview, few student responses (only 17%) were classified into the same
categories as they had been classified into at pre-interview. Another aspect of the
interview tool that might be considered a limitation is that it allowed students to
respond only through oral expression and manipulation of artifacts; it did not
allow for expression via writing or drawing, even though these had been frequent
modes of expression for the students during instruction. It is possible that some
students may have expressed different ideas about sound if they had been able to

259

use other representational systems. One final limitation of the interview tool is
that it was used to measure student ideas only immediately before and after
curriculum enactment. Thus it did not provide information about students’ longterm retention of conceptual knowledge.
The clinical interviews also comprised the data source for measuring
inquiry practices. Specifically, the students’ performances on the string-and-hook
scenario were analyzed for the inquiry practices they demonstrated. The
limitation of this measurement strategy is that the interviews were likely
perceived by the students to be primarily about their ideas about sound, as they
were not explicitly told that the interviewer wanted to find out about their
approach to conducting experiments. If this had been stated explicitly, the
students may have framed the string-and-hook task as a science experiment, and
thus may have exhibited different strategies for inquiring about sound. Previous
work, such as that by Schauble and colleagues (1991), has shown that how the
task is framed by the educator influences the choices students make about
procedures, variables, inferences, and so on.
This study’s methods for measuring students’ engineering design practices
could also be strengthened. I chose to explore only design practices that were
manifested through the students’ presentations of their design constructions.
Therefore the set of design practices that could be examined was constrained by
the limited scope of the curriculum unit’s musical-instrument design challenge. If
I had been able to observe each dyad’s design process, there are other design
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practices I could have studied, such as problem definition, brainstorming of
solutions, representation of intended solution, and conducting of engineering tests.
Next, considering the measurement of learning environment attributes, one
limitation concerns the relationship between environments and outcomes. This
study’s results do not allow me to distinguish the learning environment patterns
related to scientific conceptual learning from those related to inquiry or design
learning. This limitation exists because high achievement in inquiry and design
occurred in the same classrooms where high achievement in conceptual learning
occurred. Additional classrooms, producing a wider distribution of learning
outcome profiles, would be needed to draw conclusions about the patterns of
interaction specifically related to each type of learning outcome.
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Chapter 7. Conclusion

The findings discussed in Chapter 6 have implications for the work of
elementary educators, curriculum designers, and researchers. This dissertation
has also raised many questions for future exploration. In this concluding chapter,
I describe these implications and directions for future work, but first I comment
on what the findings of this study suggest about the value of engineering-designbased (EDB) science instruction.
Although it does not provide the level of proof of a controlled
experimental design, this study demonstrates in detail the impressive student
outcomes that can occur in elementary classrooms using EDB science curriculum.
For the students in this study, the power of the EDB approach stemmed from its
ability to create rich opportunities for three kinds of activities: deep reasoning
about how things work (i.e., thinking about mechanisms), sustained
experimentation with physical materials and their effect on observable
phenomena (i.e., scientific inquiry), and authentic planning and construction of
physical artifacts to meet specific requirements (i.e., engineering design). As they
participated in an EDB science curriculum centered on musical instrument design,
these elementary students thought about the mechanisms of sound, engaged in
scientific inquiry about existing sound-producing devices, and succeeded in
engineering their own functioning musical instruments. They also contributed to
lively whole-class discussions, produced sophisticated drawing and text to express
their scientific ideas, and collaborated with other students in bringing design ideas
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to fruition. The EDB approach is a powerful mode of elementary school science
instruction.
Of course, there are challenges to providing science instruction through
engineering design. For one, the scientific concepts that seem evident to the
curriculum developer and teacher may not emerge for the students. One reason
for this discrepancy is that if students are given enough time and materials, they
can complete many engineering design problems through trial and error methods
only. In addition, some design problems are solvable based only on prior
knowledge of already existing artifacts. For example, students might design
successful miniature guitars based on the appearance of real guitars they have
seen in photographs. To deal with these threats to science learning, students’
trial-and-error discoveries and intuitive experiences with design should be
articulated and formalized. The curriculum should emphasize reflection on why
design constructions succeed or fail.
A second challenge of EDB science instruction is that of facilitating
lessons where there are always multiple “right answers” and multiple paths to
arrive at each answer. After a class session in which each student has created a
different design construction, achieving closure around a science idea requires the
teacher to determine quickly how to apply her own science knowledge to the
unpredictable creations of students, and then to transition students from physically
manipulating materials to cognitively operating on ideas. For instance, when
helping students articulate how their musical instrument constructions create
sounds with different characteristics, teachers need their own firm understanding
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of how physical variables affect pitch and volume. To address this challenge of
EDB science instruction, curriculum materials should provide a means for
teachers to develop their science understanding as well as strategies for how to
apply it to the particular engineering activities their students will be completing.
Finally, EDB science instruction can be difficult simply because of the
time constraints of the elementary school schedule. Many EDB units require a
substantial time commitment, since instruction that weaves back and forth
between design endeavors and inquiry explorations can take longer than
instruction focused on only one kind of activity. For example, the teachers who
enacted the Design a Musical Instrument curriculum for this study found that
sometimes they had to allow students to make final touches to their musical
instruments during free-choice period, or to complete their engineering journal
work during language arts block. Another way to deal with this challenge would
be to consider narrowing the breadth of the elementary science curriculum in
order to increase its depth.
Acknowledging the special challenges described above, I argue that the
benefits of EDB science curricula for student outcomes make worthwhile the
extra considerations associated with implementing EDB curricula. As
demonstrated by the students and teachers in this study, the integration of design
and inquiry can provide a deep, rich set of experiences for children to draw upon
when conducting scientific reasoning and constructing scientific knowledge.
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Implications for Teaching
The implications of this study for elementary science teaching are
encouraging. First, they call for confidence in elementary teachers’ versatile
abilities. The results of this study have shown that elementary teachers with no
academic preparation in engineering can successfully incorporate it into their
teaching. Therefore they should be encouraged to consider introducing
engineering as a context for science instruction.
Moreover, certain recommendations can be made for how educators go
about enacting EDB science curriculum. First of all, in elementary school,
productive use of engineering journals appears to be central to the teaching and
learning processes of engineering-design-based science. To use an engineering
journal productively means to make within it inscriptions of prior knowledge,
records of investigations of artifacts, and plans for solving design problems. To
support students in using their journals in this way, teachers can be specific about
what counts as acceptable journal work, provide sentence-starter cues, and consult
privately with students about their journal inscriptions. In addition to scaffolding
journal work, elementary teachers of science through engineering should establish
expectations not only for students’ intellectual work but also for their social roles.
In other words, teachers should outline both cognitive and participant structures
for their students. Doing so will enable the teacher to spend more time
monitoring the class’s collective understanding and thus to adjust instructional
activities to best develop that understanding. Finally, although the teachers in this
study had no academic background in science or engineering, they did attend a
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three-day professional development workshop on the Design a Musical
Instrument curriculum, and they also received in-classroom assistance from an
undergraduate student during their first year of curriculum enactment. Also, this
study was the third time they were enacting the curriculum. Experience and
supports such as these may be important to teachers’ successful incorporation of
engineering into their science instruction.

Implications and Future Work for Curriculum Design
In this study, I found that certain supportive patterns of interaction
occurred infrequently during a portion of the unit in one of the classrooms. Since
nearly all the supportive patterns did occur at some point during the unit in this
classroom, this finding suggests a weakness of the curriculum materials, not an
inability of the teacher or students to enact these patterns. It is the responsibility
of elementary engineering-design-based science curriculum materials to provide
resources that prepare teachers to participate actively with the curriculum.
Curriculum developers, in other words, should see their role as guiding
elementary teachers in constructing effective science learning environments,
throughout the entire curriculum unit. These resources should develop teachers’
understanding of the classroom patterns of interaction and cultural norms that
have been shown to support students’ scientific reasoning and their inquiry and
design practices. In addition, curriculum materials should communicate clearly
how students benefit from the consistent enactment of these patterns from
beginning to end of unit. When teachers understand these patterns and norms,
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they can become even more effective customizers of EDB science curriculum. In
some cases, without additional resources, the interactive relationship between
teachers, curriculum, and students naturally accomplishes a learning environment
with many opportunities for scientific reasoning and inquiry and design practice.
However, this does not happen naturally in all classrooms. Thus EDB curriculum
programs should take responsibility for supporting teachers and students more
thoroughly in their interaction with curriculum materials.
The finding that many supportive learning environment patterns were
mediated by engineering tools implies that within EDB science curriculum
guides, opportunities to use engineering constructions and journals to develop
scientific ideas should be pointed out explicitly. In addition, EDB science
curriculum guides should provide templates for public texts in which teachers and
students record collective knowledge building, and should emphasize the
importance of these texts for student learning.
Recognizing that different groups of teachers and students will construct
unique learning environments, curriculum designers should take care to highlight
the features of the curriculum that should be held constant across enactments –
that is, the features that are most important for any customization to be
productive. This study shows that for the Design a Musical Instrument
curriculum, those important features include giving students extended
opportunities to develop scientific ideas, facilitating their written and pictorial
expression of those ideas, specifying their intellectual and social roles, and
supporting them in meeting the engineering design requirements.
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In terms of future work for curriculum designers, much could be learned
from introducing small changes to existing EDB curricula and then studying the
impact of those changes. For the Design a Musical Instrument curriculum, I
propose experimenting with a series of adaptations:
•

Focus on journaling. This study’s findings affirm the supportive role
played by individual student journals in EDB science instruction, and
therefore lead to the question of whether a collective version of an
engineering journal could provide even more support for student
learning. A “big-book” version of a completed Engineer’s Journal
would serve as a representation of a professional engineer’s work and
provide a text for the entire class to analyze collaboratively. This idea
is inspired by the big-book version of a scientist’s notebook that
Hapgood and colleagues (2004) used with second graders studying
force and motion. The fictitious engineer’s journal would model the
way an engineer might pose questions about scientific phenomena in
order to find a solution to a design problem.

•

Focus on scientific explanation. “Reasoning about mechanisms”
emerged as a major theme of this study even though the curriculum
does not explicitly emphasize this approach to scientific explanation.
This suggests that if a focus on particular modes of scientific
explanation were added, the students might make even more progress
in reasoning about mechanisms. To test this idea, regularly scheduled
“science talks” (Gallas, 1995), with specified student roles
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(Herrenkohl, 2006), could be framed as an integral part of EDB
instruction. These talks would be driven by the goal of generating a
collective scientific explanation of how a design construction
functions. In addition to the explanation-focused science talks, the
students’ EDB journals would be enhanced to include scaffolded
prompts for scientific explanations.
•

Focus on understandings of scientific inquiry. Because this study
found improvements on only a limited set of inquiry practices, the
curriculum could be modified to provide for more explicit
opportunities to discuss and engage deliberately in scientific inquiry
(e.g., White & Frederiksen, 1998). Teachers would facilitate
conversation about what counts as a scientific question, what questions
are better answered with investigations versus experiments, what
makes for a good explanation, and what counts as evidence.

Implications and Future Work for the Research Community
For the educational research community, this dissertation has implications
for the study of both elementary science learning outcomes and science learning
environments. It demonstrates first of all that Chinn and Malhotra’s (2002)
framework for inquiry process abilities can be adapted for use as a tool to analyze
interviews with elementary students. More importantly, it can be adapted for
tasks that lean more toward the engineering model of experimentation than the
science model (Schauble et al., 1991). That is, the inquiry process framework
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applies both to outcome-focused tasks in which students are working for a
particular effect, as well as explanation-focused tasks where students are
identifying causes and effects.
In terms of investigating elementary students’ design practice learning,
this study illustrates that even without collecting data on their processes of
engineering design, a partial set of students’ design practices can still be
measured. Using data from design products rather than from design processes, I
was able to measure design functionality, parsimony, novelty, and explanation.
However, this was a substantially limited framework for studying students’
engineering design practices. Future work should attempt to fill in missing details
about student practices that can only be observed during the design process, such
as problem definition, planning, and testing.
Several other questions related to students’ science and design learning
outcomes remain to be answered. The scope of this study necessitated at times a
birds’-eye-view of student outcomes, where individual student outcomes were
collapsed into collective classroom profiles. Therefore, one direction for future
work would be to investigate more deeply the changes occurring for individual
students using the Design a Musical Instrument curriculum. This work could
involve expanded study of student trajectories through the development of case
studies of student dyads, purposely sampled for maximum variation.
Microgenetic analysis of student thinking during the curricular intervention would
allow us to pinpoint when and by what mechanism the observed pre/post changes
occurred for each individual student. In developing these case studies, driving
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questions could include (a) how do the characteristics of students (their
dispositions, abilities, prior knowledge, and so on) interact with the characteristics
of their learning environment to cause variations in individual learning, and (b)
what is the relationship between conceptual, inquiry, and design learning within
individual students? There is also room to explore students’ long-term retention
of conceptual knowledge, inquiry practices, and design practices, as well as their
application of these practices and knowledge to other scientific contexts. For
example, does a student’s increased mechanistic reasoning about sound lead to an
increase in her mechanistic thinking about other phenomena?
There is also work to be done in teasing out the relationship between
engineering design activity and scientific thinking and learning. This dissertation
was not able to uncover whether (a) engineering design activity simply motivates
the development of reasoning and inquiry practices, (b) engineering cognitively
precedes scientific thinking and practice, or (c) successful engineering design is
enabled by scientific thinking and practice. This is similar to the question
addressed by Schauble and colleagues (1991) on how students’ experimentation
abilities are influenced by framing an interview task as either explanation-oriented
or outcome-oriented. However, it expands on Schauble et al.’s question by
considering the influence of explanation-oriented and outcome-oriented
challenges spread throughout an entire instructional sequence.
Also in the realm of investigating learning outcomes, a question that
remains is whether there are other scientific domains besides sound in which the
construction and testing of engineering artifacts promote reasoning about physical
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mechanisms. Exploring this question would require the study of other EDB
curricula. However, it would be a productive line of work because it would shed
light on whether engineering activities in general promote a sense of mechanism
among students, or whether only specific engineering problems contribute to
reasoning about mechanisms.
Moving on to research on science learning environments, many of the
important learning environment patterns identified in this study dealt with the
ways in which ideas were taken up and acted upon. Therefore, this dissertation
suggests that our framework for thinking about learning environments should be
expanded to consider students’ and teachers’ treatment of ideas. In particular,
when we examine learning environments, we should attend to how teachers and
students carry out the activities of problematizing, evaluating, revoicing, and
embodying ideas.
In terms of future research on engineering-design-based learning
environments, one important task is the theoretical modeling of these learning
environments. The activity systems perspective could provide the framework for
such modeling (e.g., Barab et al., 2002), and discourse analysis is one tool that
could be used to analyze more deeply the interaction patterns with the
environments. Through discourse analysis, we could determine the ratio of
teacher utterances to student utterances; this may be one of the many additional
factors to include in the learning environments model. Future modeling work
could explore various approaches to representing the collective learning of the
class, beyond simply computing an aggregate of individual students’ learning.
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Concluding Summary
When beginning this research effort, I hoped to be able to paint a portrait
of science instruction where young students learn to construct functional design
products whose behavior they can investigate and explain scientifically. In the
end, the data revealed that indeed, nearly all of this study’s third- and fourth-grade
students constructed fully functional musical instrument artifacts of their own
design. The data also revealed that as a group, when these students investigated
musical instrument artifacts, their practices of inquiry improved; and when these
students explained musical instrument artifacts, their ideas about sound shifted to
include proposals for mechanisms underlying physical causes and effects.
However, data analysis also uncovered that the students’ engineering
design achievements, their scientific inquiry improvements, and their reasoning
gains varied in their magnitude across the three participating classrooms.
Explorations of the curriculum enactment video revealed that the interactions of
teacher, students, and tools took shape differently in each classroom.
Consequently, three distinct engineering-design-based science learning
environments were created. In one of the two learning environments that showed
especially impressive outcomes on the measures of interest in this study, I found
the unique affordances of scaffolded journal writing and prolonged teacherstudent exchanges during whole-class discussions. The other of these two
environments provided the unique affordances of peer evaluation of ideas and
teacher-student consultations about journal inscriptions.
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Despite these unique affordances within two classrooms, students from all
three classrooms made similarly significant gains in reasoning about sound
production. Correspondingly, during the lessons on sound production, there were
four key similarities among all three learning environments. The interactions of
teacher, students, and tools served the common purposes of giving students
extended opportunities to develop scientific ideas, facilitating their written and
pictorial expression of those ideas, specifying their intellectual and social roles,
and supporting them in meeting the engineering design requirements. Therefore,
just as it is the nature of the engineering enterprise for multiple effective solutions
to arise from any one design problem, this research suggests that it may be the
nature of engineering-design-based science instruction for multiple supportive
learning environments to arise from any one curriculum.
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Appendix A. Curriculum Alignment with Learning Standards
Related National, State, and District Learning Standards
Design a Musical Instrument
Learning Objectives
By the end of this module, students will be able
to:

National AAAS Benchmarks
4.F.2nd Grade
- Things that make sound vibrate.
National Science Education Standards

1) Recognize that vibrations are responsible for
the production of sound
2) Explain how sound vibrations are transmitted
through solid, liquid, and gas mediums
3) Distinguish between high pitched and low
pitched sounds
4) Indicate that pitch is determined by the speed
of vibrations
5) Indicate that volume is determined by the size
of vibrations
6) Discuss the effect on pitch of changing the
length, tension, or thickness of a vibrating object
7) Predict if a sound would be reflected,
absorbed or transmitted through a given medium

Content Standard B: Position and Motion of
Objects (K-4)
- Sound is produced by vibrating objects. The pitch
of the sound can be varied by changing the rate of
vibration.
State Frameworks
Grades 3-5, Strand 3: Physical Science
- Identify the basic forms of energy (light, sound,
heat, electrical, and magnetic). Recognize that
energy is the ability to cause motion or create
change.
- Give examples of how energy can be transferred
from one form to another.
- Recognize that sound is produced by vibrating
objects and requires a medium through which to
travel. Relate the rate of vibration to the pitch of the
sound.

8) a) Explain that sound is a form of energy
b) Explain that the amount of energy is
determined by the size of the vibrations

District Science Benchmarks

9) Combine different materials, shapes, and
structures to design and build sound-makers with
many different volumes and pitches

Sound Learning Standards, Grade 3
- Recognize that sound is produced by vibrating
objects and requires a medium through which to
travel. Relate the rate of vibration to the pitch of the
sound.

10) a) Define engineering design as the process
of creating solutions to human problems through
creativity and the application of math and
science knowledge.
b) List and explain the following steps of the
engineering design process:
i. Identifying a problem
ii. Researching possible solutions
iii. Picking the best solution
iv. Building a prototype
v. Testing the prototype
vi. Repeating any steps needed to improve
the design

Sound Benchmarks, Grade 3
- Begin to understand that sound is a form of energy.
- Demonstrate that sound is produced by vibration.
- Begin to recognize that sound can travel through
solids, liquids, or gases, but no through completely
empty space.
- Describe how to change the pitch of a vibrating
string.
- Predict which metal bar when hit will produce the
lowest and the highest pitches.
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Appendix B. Curriculum Content Analysis
Learning Objectives
Students will be able to:

Lesson Title

Overview

1
How can we
make different
sounds?

Students are introduced to the design
challenge of creating LEGO instruments.
Then, in a “mini-design challenge,” they
explore how to make different sounds with
only two objects (a plastic cup and plastic
spoon). The primary goal of this lesson is for
students to improve their ability to recognize
and articulate what they notice about different
sounds and how the sounds are produced.

Combine different materials,
shapes, and structures to design
and build sound-makers.

2
How can we
make sturdy
instrument
frames?

Students practice using LEGO materials to
build sturdy frames for musical instruments.
They explore the different roles LEGO beams,
plates, axles, connector pegs, and bushings
play in holding LEGO structures together.
Specifically, students are challenged to build
LEGO triangles and rectangular prisms
(boxes).

Combine different shapes and
structures to design and build
frames for sound-makers.

3
What makes a
drum make a
sound?

Students make LEGO drums by adding balloon
membranes to their LEGO triangles. Then,
they observe vibrating drum membranes by
sprinkling sugar on the membrane and
watching the sugar bounce up and down. They
perform the vibration observations for both
loud and quiet sounds.

4
What do sound
vibrations
travel
through?

5
How does size
affect pitch?

This lesson expands on what students learned
in Lesson 3 about the importance of vibrations
to sound. The focus of the investigation shifts
from the source of sound vibrations to the
transmitter of sound vibrations. Students
continue to use the LEGO drums built in the
previous lesson to explore the transmission of
vibrations through air (gases), solids, and
liquids. They also build pan pipes to prepare
for the investigation to be conducted in Lesson
5.
This lesson is the first of two that focus on the
pitch of sound. Students explore the effect of
length and thickness on pitch by building a
two-string guitar with a rubber band and a
LEGO frame. The strings have different
thickness to allow students to observe the
effect of thickness on pitch. They use connector
pegs as guitar frets, which allow them to vary
the length of the guitar string without
changing its tension.
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Recognize that vibrations are
responsible for the production of
sound.
Indicate that volume is
determined by the size of sound
vibrations.

Explain how sound vibrations are
transmitted through solid, liquid,
and gas mediums.

Indicate that pitch is determined
by the speed of vibrations.
Discuss the effect on pitch of
changing the length or thickness
of a vibrating object.

Lesson Title

Lesson Overview

6
How does
tension affect
pitch?

This lesson is the second of two that focus on
the pitch of sound. Students explore the effect
of tension on pitch by building a one-string
guitar with a rubber band, LEGO frame, and
LEGO motor. They wind one end of the rubber
band around an axle attached to the LEGO
motor. The motor allows them to vary the
tension of the guitar string without changing
its length or width.

7
What happens
to sound
before it
reaches our
ears?

Students build a LEGO rattle, or maraca, and
measure its noise output with a LEGO NXT
sound sensor. They investigate what happens
when they muffle the maraca with their hands.
The hand muffler activity is intended to help
students explore how sound can be absorbed,
reflected, or transmitted as it travels away
from its source.

8
How can we
make one
instrument
with three
pitches?

9
What can we
do to make
high, medium,
and low
pitches?

Students design and build their own LEGO
instruments. They use what they have learned
by building the previous ‘research’
instruments. However, their instrument must
be a new invention, and it must play at least
three different pitches. Students will be asked
to demonstrate these instruments by using
them to play a song for the class.

Students complete posters that explain how
their instrument makes at least three different
pitches. Then, the culminating event of the
module is an engineering design expo in which
students demonstrate their instruments and
explain the design features that produced the
three different pitches.
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Lesson Learning Objectives
Students will be able to:
Indicate that pitch is determined
by the speed of vibrations.
Discuss the effect on pitch of
changing the tension of a
vibrating object.

Predict if a sound will be
reflected, absorbed, or
transmitted through a given
medium.
Explain that sound is a form of
energy.

Combine different materials,
shapes, and structures to design
and build sound-makers with
many different volumes and
pitches.
Define engineering design as the
process of creating solutions to
human problems through
creativity and the application of
math and science knowledge, and
list and explain the steps of the
engineering design process.
Combine different materials,
shapes, and structures to design
and build sound-makers with
many different volumes and
pitches.
Define engineering design as the
process of creating solutions to
human problems through
creativity and the application of
math and science knowledge, and
list and explain the steps of the
engineering design process.

Appendix C. Interview Protocol

Phase
Define

Prompts*
A1) What does the word pitch mean to you?
A2) I am going to make two pitches. You tell me which is a high pitch and which is a low pitch.
(make low and high pitch with programmed NXT) Clarify if necessary with repeat or
asking about first or second pitch.
A3) I am going to make two more sounds. You tell me whether they have different pitches, or
whether there is something else that is different about them. (make loud and soft, same
pitch, with programmed NXT)

Discuss

B1) Now imagine you have a piece of rubber material that is thin and flexible. You hit it with a
stick to make a sound. You decide you want the sound it makes to have a higher pitch.
B2) What is one of the ways you could change the rubber material to make it have a higher
pitch?
B3) Do you have any other ideas for ways you could change the rubber to change its pitch?

Design

Begin by revealing two boards, each with three hooks
and one nylon string, in identical positions. Strings
should be of identical thickness and length.
You can pull these strings against the nails and make
different sounds.
(Demonstrate). Your job is to show me different ways to
make a high and a low pitch. First, show me and tell me
how you would make the high pitch and the low pitch.
Then you can make the pitches.
C1) Which will be high? What will make it have the
higher pitch?
C2) Which will be low? What will make it have the lower pitch?
(Allow participant to pluck strings.)
C3) Which is high? Which is low? (If different answer than before:) What makes this one
actually have the lowest/highest pitch?
C4) Are there any other ways you can use these two set-ups to make a high pitch and low pitch?
C5 – C8) Now remove one of the original boards, and reveal a board with a thinner string.
Repeat prompts C1-C4.

C9) If tension does not come up, remove all but one board, and prompt: Show me how you
would use only one set-up to make a high and a low pitch.
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Diagnose

(Show two fixed, stretched rubber bands of the same tension and width but different lengths)
D1) Would these have pretty much the same pitch, or different pitches?
D2) Which one would have the highest pitch? Why? What makes it (have the higher/lower
pitch)?
D3) Which one would have the lowest pitch? Why? What makes it (have the higher/lower
pitch)?
(Allow student to pluck bands)
D4) Now listening to them, which one has the highest pitch? Which one has the lowest pitch?
D5) Why do you think this one actually has the lowest pitch or the highest pitch?
(Show two fixed, stretched rubber bands of the same tension and width, but placed at different
heights on the nails)
D6 – D10) Repeat prompts D1-D5

(Show two fixed, stretched rubber bands of the same width and length, but at different tensions)
D11 – D15) Repeat prompts D1-D5
* Note: After initial prompt and response, interviewer tailors additional follow-up prompts to each
participant.
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Appendix D. Bar Graphs Showing the Distribution of Ideas About Sound

Figure D1. Distribution of students’ ideas about sound production before and after
curriculum enactment (npre=86 interview performances; npost=93 interview performances).
All three classes are combined.

Figure D2. Distribution of students’ ideas about sound transmission before and after
curriculum enactment (npre=82 interview performances; npost=90 interview performances).
All three classes are combined.
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Figure D3. Distribution of students’ ideas about pitch before and after curriculum
enactment (npre=89 interview performances; npost=93 interview performances). All three
classes are combined.
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Appendix E. Interview Responses by Individual Students

Table E1
Coded Interview Responses by Ms. Newton’s Students

Name
Adam

Donald

Ethan

Eduardo

Julio

Kayla

Kristy

Layla

Sean

Talia

Tessa

Scenario
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands

Sound
Production
Category
Pre
Post
5
6
5
6
2
6
6
5
3
6
4
5
6
6
5
6
4
5
3
5
5
2
6
4
3
3
5
4
6
4
3
3
6
3
3
3
3
3
3
2
2
5
6
2
4
5
6
4
6
4
6
4
6
4
6
6
6
3
6
4
4
3
6

Sound
Transmission
Category
Pre
Post
1
3
1
3
1
1
1
6
1
6
1
4
1
6
6
1
3
1
2
1
4
1
2
4
1
1
1
1
1
1
1
1
1
1
1
1
3
1
1
1
1
1
1
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4
3
3
3
3
3
3
1
1
1
6
6
6
3
3
4
3
3
3

Pitch
Category
Pre
Post
1
2
1
4
2
3
1
2
1
4
2
4
1
6
3
2
6
1
2
3
5
3
3
1
3
4
3
1
2
4
2
2
2
3
1
4
3
2
1
4
1
2
1
4
1
4
2
2
2
2
3
6
1
3
2
3
4
3
1
4
1
3
2
5

Table E2
Coded Interview Responses by Ms. Boyle’s Students

Name
Alex

David

Harrison

Jacob

Karisa

Stephen

Joshua

Tina

Tyson

Scenario
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands

Sound
Production
Category
Pre
Post
6
6
6
6
6
6
6
6
6
6
6
6
5
6
3
6
4
6
6
6
2
6
6
6
4
6
3
6
3
6
5
6
4
6
5
6
3
5
3
4
2
2
6
6
5
6
3
6
4
6
6
6
4
6

Sound
Transmission
Category
Pre
Post
1
5
1
5
1
5
3
3
3
3
5
1
3
3
1
5
1
6
1
6
3
5
2
5
1
5
1
5
3
1
3
6
3
6
3
3
3
1
2
1
4
3
4
6
3
5
6
6
6
6
6
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Pitch
Category
Pre
Post
5
6
6
2
6
6
2
4
2
4
6
3
2
2
5
4
2
6
2
6
2
6
2
3
2
2
5
4
2
6
5
6
2
4
2
3
5
6
5
6
5
6
5
2
5
4
6
6
2
2
3
6
2
6

Table E3
Coded Interview Responses by Ms. Hooke’s Students

Name
Abdul

Alec

Alissa

Brett

Dylan

Lisa

Luc

Rosie

Rena

Sara

Jen

Scenario
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands
Xylophone
Strings
Rubber Bands

Sound
Production
Category
Pre
Post
4
3
3
3
1
3
4
5
2
6
4
6
4
4
4
4
4
4
4
5
3
3
4
5
4
6
3
6
3
6
3
5
3
6
3
3
3
3
4
1
2
5
3
4
1
3
4
3
4
6
4
6
5
3
3
6
1
3
4
3
1
4

Sound
Transmission
Category
Pre
Post
1
5
1
1
1
1
3
3
1
3
1
3
1
3
1
4
1
5
1
5
1
5
1
3
1
2
1
2
1
1
1
1
1
1
5
5
1
5
1
1
1
1
1
1
1
5
4
3
4
5
4
3
1
3
1
2
1
1
2
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Pitch
Category
Pre
Post
1
2
1
3
2
3
2
2
2
2
2
3
1
5
3
2
6
3
2
6
5
5
2
6
5
5
2
2
3
3
1
2
1
2
3
3
1
1
2
2
2
2
2
2
2
2
3
2
6
2
3
2
6
1
2
2
6
6
2
2
2
1
2
3

Appendix F. Lesson Time Analysis by Class
Table F1
Time Spent per Lesson, by Class
Lesson
Sound Production
#1 (Introduction)
#3 (Elaboration)
Total of #1 and #3
Sound Transmission
#4 (Introduction)
#7 (Elaboration)
Total of #4 and #7
Pitch
#5 (Introduction)
#6 (Elaboration)
Total of #5 and #6

Duration of lessons (min)
Ms. Newton
Ms. Boyle*
Ms. Hooke
57
91
148

77
62
139

39
42
81

57
78
135

61
90
151

46
85
131

77
85
162

117
42
159

71
38
109

* Not including the "organize materials" minutes at the beginning of Ms. Boyle's lessons,
since pre-lesson organization minutes were not included in the timelines for Ms. Newton
and Ms. Hooke.
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Appendix G. Learning Environment Characteristics by Lesson
Table G1
Frequencies of Learning Environment Characteristics by Classroom and Lesson

Learning Environment Characteristic

Code

Production Lessons
1 - Introduction
3 - Elaboration
Ms. Ms. Ms. Ms. Ms. Ms.
N
B
H
N
B
H

Sound Transmission Lessons
4 - Introduction
7 - Elaboration
Ms. Ms. Ms. Ms. Ms. Ms.
N
B
H
N
B
H

Pitch Lessons
5 - Introduction
6 - Elaboration
Ms. Ms. Ms. Ms. Ms. Ms.
N
B
H
N
B
H

Activity sequencing
Activity/goal shift

AS1/12

7

9

9

11

11

10

11

11

11

14

13

13

9

12

13

12

7

7

Teacher-posed open-ended question
Ask follow-up question of individual
student
Pose quiz-like question with correct
answer
Re-voice student idea

TR2

15

12

14

14

13

6

22

22

10

15

20

13

13

19

7

12

6

0

TR22

14

25

13

17

13

7

25

5

5

10

14

4

19

12

2

22

8

1

TR3
TR4

4
38

0
48

1
28

23
53

25
44

14
23

18
38

11
33

11
26

10
38

13
37

22
37

16
37

16
44

8
13

15
36

4
9

13
14

Demonstrate with physical artifact

TR5

9

12

9

13

8

3

13

4

5

22

11

4

25

17

13

9

10

4

Assist with physical artifacts

TR6

0

1

0

7

11

12

9

16

17

15

12

29

13

21

25

5

7

9

Mention final design challenge
Comment on engineering design
process
Assist/prompt with inscribing in
journal

TR8

4

4

1

2

0

0

1

1

0

0

3

1

3

0

1

2

0

0

TR88

0

4

2

1

2

1

1

1

1

0

4

0

1

0

0

4

0

0

TR11

2

12

6

6

4

15

2

5

16

7

10

8

0

1

2

6

0

4

TR12

3

13

2

3

5

2

0

6

8

1

4

2

0

3

1

0

2

0

TR15

4

3

1

5

3

3

3

5

0

4

7

5

7

7

2

6

4

0

Respond orally to teacher question
during whole-class

SR3

49

75

44

79

80

31

86

8

50

72

85

71

60

65

25

70

22

22

Problematize a phenomenon

SR8

0

0

1

2

6

0

2

68

2

2

4

2

1

4

0

1

0

0

First-time student speaker

Stud0

14

17

13

15

18

7

14

16

10

13

18

11

11

16

8

14

9

8

Teacher roles

One-on-one conversation about
ideas inscribed in journal
Problematize a phenomenon
Student roles
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Same student speaker as previous
Different student speaker from
previous

StudR

15

20

8

27

15

12

48

13

8

17

24

11

23

11

1

29

5

2

StudN

18

36

18

31

40

9

33

31

21

26

23

37

20

29

5

27

0

6

N1D

1

1

0

0

2

0

2

6

0

0

3

0

0

5

4

0

2

1

N1F

0

0

7

0

6

5

9

5

16

2

4

9

1

0

5

0

6

2

Use of public written language
Use of public vocab list

IR2
IR3

5
0

16
0

12
0

4
1

12
11

0
4

5
0

1
4

0
2

6
6

5
3

2
6

13
0

7
2

6
0

8
0

3
0

2
0

Use of "sentence starter" prompts

IR6

3

0

0

5

0

0

2

0

0

2

0

0

2

0

0

1

0

1

Refer to engineer's journal

IN5

5

12

8

5

4

11

10

6

14

14

6

14

5

9

11

7

4

17

Introduce new science idea

IN6

17

23

12

27

41

16

33

35

17

25

38

32

22

35

13

23

10

12

Introduce new process/skill

IN7

3

8

9

4

3

3

1

1

2

5

12

10

5

5

6

4

3

4

Instructions on LEGO use

TT1

0

3

7

6

4

3

3

5

3

13

15

7

20

18

30

9

11

12

Physical construction mediates
small-group talk about
content/phenomena

TT6

5

4

6

10

6

6

5

3

2

6

9

6

17

12

9

6

3

12

Classroom norms
Students orally respond to others
Students respond without being
called on
Instructional inscriptions

Informational resources

Technological tools
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Appendix H. Three Learning Environment Case Stories
The Case of Ms. Boyle’s Science Learning Environment
1. Sound Production Lessons in Ms. Boyle’s Classroom
In this section I consider a narrative description of how Ms. Boyle and her
students enacted the curriculum unit’s two lessons on sound production.
According to the curriculum teacher’s guide, the question of how sounds are
produced is to be introduced in Lesson 1 of the unit and elaborated upon in
Lesson 3. In brief, the objectives of Lesson 1 are for students to understand the
unit’s overarching design challenge and to gain experience producing and
describing as many sounds as possible with very simple materials (a plastic cup
and spoon). In Lesson 3, the main objective is for students to construct and
investigate a miniature drum in order to recognize that vibrations are responsible
for the production of sound. In the investigation, students place grains of sugar on
the drum’s surface and observe what happens when the drum is played softly and
forcefully. Because the analysis of lesson videos indicated that the characteristics
of Ms. Boyle’s learning environment were similar across both lessons, I consider
Ms. Boyle’s introductory sound production lesson (Table 1) in detail, and the
elaboration lesson only in summary.
Table 1
Lesson 1 Timeline for Ms. Boyle’s Classroom
Time
(min) Activity
0
9
13
19
29
41
45
63
81
86

Assign partners and journals for unit
Introduce exploration question (Hot Cross Buns on the
recorder)
Share exploration question responses
Write/draw individual responses
Introduce grand design challenge
Cup-and-spoon investigation
Share and record cup-and-spoon findings
Complete “already-know/need-to-learn” page in journal
Review vocabulary
End of Lesson 1

Configuration
Teacher-led discussion
Whole-class discussion
Whole-class discussion
Student independent work
Teacher-led discussion
Student dyad work
Whole-class discussion
Student independent work
Whole-class discussion

Lesson 1. Ms. Boyle began Lesson 1 by assigning students to their new
“science partnerships,” which she had carefully composed according to students’
personalities and academic abilities, and by distributing and discussing the
Engineer’s Journals that students would use throughout the unit. She told the
students why she viewed the journal as an important tool.
Ms. Boyle:

While we’re studying this wonderful science unit which you’re going to
really enjoy, it’s one of my favorite ones, on sound, you’re going to have
something here that’s called an Engineer’s Journal…. It’s a very
important piece of our work together, on this unit, and you need to take
very good care of it. The biggest reason that we use this is because all
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engineers, and you can ask Kristen because she is an engineer, they use
journals all the time. They have to keep track of their ideas, and their
experiments, and their progress. And that’s just what you are going to be
doing.

At nine minutes into Lesson 1, Ms. Boyle began to introduce the key
science question for the day by playing a short song on a recorder (a simple pipelike wind instrument, borrowed from the music teacher). Before she began to
play, however, she told the students that afterwards she would ask them to share
their ideas about how the recorder’s sound was produced - what was happening to
make the sound?
Ms. Boyle:

I want you to think, I want you to concentrate on the sound that I’m
making with this instrument. And specifically, I want you to tell me what
is happening to make the sound. So, say that question with me before I
begin. “What is happening to make the sound?” That’s what you need to
be thinking about. (Plays Hot Cross Buns; students applaud.) Thank you.
But, the question, what do you think was happening to get that sound?
I’m gonna take two thoughts and then I’m going to direct your attention
to something similar to this. So two thoughts from two different people.
What do you think was happening to make that sound? And even if
you’re not somebody who’s raising their hand, you know you need to pay
attention, school listening looks to the person who’s talking.

For the next six minutes, students expressed their thoughts and responded
to their classmates’ thoughts on the recorder’s sound production. Their ideas
focused mostly on the motion of Ms. Boyle’s fingers, but one student, Peter,
suggested that there was air inside the recorder, and then another student Karen,
expanded on that idea to say that the air “kind of vibrates” inside the recorder.
Ms. Boyle did not evaluate these student ideas, but rather revoiced each one after
it was expressed, and then summarized the set of ideas after hearing several of
them. She also coached students to use nonverbal hand signals to indicate whether
or not they agreed with each idea.
After this whole-class discussion, the students read Lesson 1’s
“exploration question” in their journals, which was the question they had just
been discussing as a whole class: how do instruments make sounds? They spent
10 minutes sharing further with their science partners and writing and drawing
their individual responses. As they worked, Ms. Boyle made occasional
suggestions about journal work in general.
Ms. Boyle:

Let me give you an important reminder, that it’s very important to try and
label your drawing so that it makes sense to other people…. I have some
good artists in this classroom, but I’m not looking for art, I’m looking for
answers…. If you’re finished, double check your work, for capitals,
punctuation, make sure you’re saying exactly what you want to say.

The next activity of Lesson 1 was the introduction of the unit’s grand
engineering design challenge. Ms. Boyle used a big poster to display the
requirements of the challenge (Figure 1), and after explaining the challenge, she
moved over to a graphical poster of the engineering design process and led an
interactive discussion about the key steps in the process. She emphasized its
iterative nature, explaining that just as they were never finished with the writing
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process after only one rough draft, an engineer was never finished with
engineering design after creating only one prototype.
Ms. Boyle:

You’re gonna get to design an instrument and actually build it. So, this is
your challenge, or I call it your problem. Your problem is that you need
an instrument for the class band.… You’re going to form a little band,
and the instruments that you’re gonna use for the band are the ones that
you’re going to design and build…. So every challenge has to have rules
or objectives that you have to meet. Objectives is a fancy word for goals
that you have to meet. So (pointing to poster) number one it has to be
sturdy. It has to pass a drop test and can hold strings or a membrane. Has
three different pitches. If you don’t know what a pitch is, that’s okay,
you’ll learn about it. They’re high, medium, and low. And, can actually
play a song.

Figure 1. Poster presenting the unit’s overall engineering design challenge.
After introducing the unit’s overall challenge, Ms. Boyle moved on to the
investigation of the day, which was to explore the sound-producing capabilities of
a simple plastic cup and spoon. Ms. Boyle called this task, “a little experiment,
your first research ever on sound.” She constrained the task by requesting that
each student dyad discover three different sounds that could be made with just the
cup and the spoon, and she gave a rationale for conducting this investigation.
Before students started exploring, she pointed to the public data table they would
later fill in together.
Ms. Boyle:

This is a way that we’re going to gather some information about how to
make sound, or how sound is made, so that you can better understand
it….We’re going to talk about the object that made the sound, what action
caused it, and then words that we would use to actually describe that
sound.

As they worked on the investigation, students informally shared their
findings with Ms. Boyle, who continuously walked around the classroom and
visited with groups. At 45 minutes in to the lesson, after five minutes of
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independent work with the cups and spoons, Ms. Boyle called for the students’
attention and began facilitating their reporting.
Ms. Boyle:

So what object made the sound, and that’s a noun, right? Like a marker or
a pencil or a desk, that’s a noun. What action caused the sound? Tapping,
rubbing, jumping, yelling, those are action words, right? And last of all,
how would you describe that sound, give me some words that help us
understand that sound, okay. Sasha and Karl? Can you show us one of
your sounds?

In the 18 minutes of whole-class discussion that followed, students talked
specifically about the parts of the cup and spoon they used and the manner in
which they used them to produce a unique sound.
Jacob:
Alex:
David:
Eric:

Rubbing the spoon on the ridges.
…
Um, when you put the spoon in the cup, and then you kind of like pretend
you’re scrambling an egg.
Sort of like going up and down the sides.
…
Um, putting the back of the spoon and rubbing it on the inside, like
you’re stirring, really fast.

To describe their sounds, some students used typical adjectives like “high”
or “quiet,” while others used unconventional descriptors like “small” or
“grinding.” Still others relied on figures of speech: “sounded like a small drum”
or “sounds kind of like this egg beater, a hand egg beater.” Ms. Boyle orally
revoiced each report given by a student and recorded it in the appropriate column
on the public data table (Figure 2). She then asked if other students wanted to
amend the dyad’s description of their sound: “Anybody else want to add to that?
Or say, maybe, I’m not sure I agree?”

Figure 2. Poster-size data table created by Ms. Boyle and students for the cupand-spoon investigation.
Ms. Boyle had chosen to conduct the cup-and-spoon investigation
immediately after introducing the unit’s grand engineering design challenge,
before having students reflect on their initial ideas for that design challenge.
Now, at 63 minutes in to the lesson, she returned to the grand challenge. The
second journal page for the unit provided an adaptation of a “KWL” exercise
(What I Know, What I Want to Know, What I Learned). Instead of a formal KWL
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table, this page gave students space to write about the science ideas they already
knew that would help them with their design of an instrument, and the science
ideas they needed to learn.
Ms. Boyle:

Take about 5 minutes or so, share your ideas with your partner, and I
want you to write those ideas down…. (Visits with three different student
dyads as the work on this task.) I want to help you out a little bit, cuz I
see some people still a little stuck. So, a few science ideas that I’ve seen,
and don’t write this down if you don’t know it, but something as simple
as “I already know how to use LEGOs,” and they think that’s gonna help
them. If you think you know how sound is made, then you can put that
down.

For the last five minutes of the 85-minute Lesson 1, Ms. Boyle facilitated
a brief vocabulary discussion. “Let’s go over a couple of important vocabulary
words that you are actually gonna end up with on your word study cards and for
homework.” She moved to the classroom science vocabulary display, and for each
of the words engineer, musical instrument, sound, she held up a card displaying
the word, asked students to volunteer to define the word, and asked follow-up
questions to expand the definition.
Summary of Lesson 3. In Lesson 3, the ideas about sound production that
had been introduced in Lesson 1 were refined and expanded. Ms. Boyle and her
students’ enactment of Lesson 3 began with a vocabulary discussion, in which
Ms. Boyle asked volunteers to define key vocabulary terms from the previous and
current lesson. They reviewed the words frame, triangle, rectangle, and
membrane. Next, students followed along while Ms. Boyle introduced the science
question for the day, “How does a drum make its sound? How do you know?”
Students spent seven minutes inscribing their individual responses in their
journals, and then they discussed the ideas as a whole class for another four
minutes. Ms. Boyle then used the journal’s “Today’s Challenge” page to give
instructions for building and investigating miniature LEGO-and-balloon drums.
The students read along silently, and Ms. Boyle repeated some of the instructions
in her own words to ensure their understanding. For twenty minutes, students
worked in their dyads to stretch balloon membranes over their triangular frames
and investigate how the resulting drums produced sound. Ms. Boyle placed a
small amount of sugar on the top of each drum, and the students observed what
happened as they played their drums in various ways. After conducting the
investigation and writing and drawing about their observations, the students
shared their discoveries orally. Ms. Boyle facilitated this eight-minute discussion.
School ended for the day, and in the next science class, Ms. Boyle concluded
Lesson 3 by asking students to help her create a poster-sized graphical organizer
of the relationship between vibration size and sound volume (Figure 3). This basic
sequence of activities carried out in Lesson 3 (Table 2) set the precedent for the
flow of activities in most of the remaining Design a Musical Instrument lessons in
Ms. Boyle’s classroom.
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Figure 3. Poster-size organizer of main ideas from Lesson 3.
Table 2
Lesson 3 Timeline for Ms. Boyle’s Classroom
Time
(min)
0
2
5
6
13
17
20
25
40
48
49
54
64

Activity
Organize science materials
Review vocabulary
Introduce exploration question
Write/draw individual responses
Share exploration question responses
Instructions for building and investigating
Build drums
Investigate drums
Share observations
End of class session (break)
Organize for science
Review vibrations/volume/energy relationships with
poster-size graphical organizer
End of Lesson 3

Configuration
Student dyad work
Whole-class discussion
Teacher-led discussion
Student independent work
Whole-class discussion
Teacher-led discussion
Student dyad work
Student dyad work
Whole-class discussion
Student dyad work
Whole-class discussion

2. Sound Transmission Lessons in Ms. Boyle’s Classroom
The following section describes how Ms. Boyle and her students enacted
the curriculum unit’s lessons on sound transmission. The curriculum teacher’s
guide indicates that the topic of sound transmission is to be introduced in Lesson
4 and elaborated upon in Lesson 7. In Lesson 4, the primary objectives are to
explore how the vibrations of a drum can be transmitted through solid, liquid, and
gas and to build a miniature pan pipe for later use. The main objective of Lesson 7
is to build a miniature maraca and use it to investigate the absorption and
reflection of sound, with the aid of an electronic volume meter.
Table 3
Lesson 4 Timeline for Ms. Boyle’s Classroom
Time
(min) Activity
0

Introduce new vocabulary

Configuration
Whole-class discussion
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2
3
14
21
24
28
30
37
58
61

Introduce exploration question
Write/draw individual responses
Share exploration question responses
Introduce investigation of sound travel
Experiment with drums on desks
Share observations
Instructions for investigating and building
Draw representations of sound travel, build pan
pipes, and investigate drum-in-water
Wrap-up discussion of sound travel
End of Lesson 4

Teacher-led discussion
Student independent work
Whole-class discussion
Teacher-led discussion
Student dyad work
Whole-class discussion
Teacher-led discussion
Student dyad work
Whole-class discussion

Lesson 4. In Ms. Boyle’s classroom, Lesson 4 (Table 3) began with a twominute discussion of the terms wind instrument and percussion instrument, which
were two new vocabulary words for the lesson. Ms. Boyle stopped short of
discussing the definitions of the words medium, transmission, gas, liquid, and
solid, which were also listed as Lesson 4 vocabulary. She said instead, “Just keep
these words rumbling around in your head, because we’re gonna learn what those
words are while doing our investigation.” Then, to transition to the exploration
question for Lesson 4, Ms. Boyle oriented the students back to the engineering
design process.
Ms. Boyle:

Remember, we’re still researching, right, we’re not ready to make our
instruments, correct? That’s our big challenge, is to make an instrument.
We’re not ready for that part. We’re still researching. So today, we’re
gonna research something else with our drums….Alright, so please turn
to page 4-1, and we’re gonna talk about what our big science question for
today’s lesson is.

Students read the exploration question, “How does a musical instrument’s
sound get to our ears?” They spent 10 minutes discussing their ideas with their
partners and writing and drawing in their journals. During this time, Ms. Boyle
spoke one-on-one with students, sometimes helping them convert their oral
expression into a written inscription, and sometimes simply asking them about an
inscription she found interesting or in need of more detail. When the amount of
chatter in the classroom indicated that all students had finished recording their
ideas, Ms. Boyle coached them in sharing and listening to each others’ ideas.
Ms. Boyle:
Karl:
Ms. Boyle:
Karl:
Ms. Boyle:
Harrison:
Ms. Boyle:
Karisa:
Ms. Boyle:

How does sound get from this musical instrument to our ears?
I think it, it, makes the (inaud) sound.
It makes what?
Wind sound.
It makes wind sounds? And then it comes to your ear? Okay, alright.
Harrison?
I think it, the vibration, echoes, and it, and it gets to your ear.
So you think that echoing is part of hearing the sound? Okay. Karisa?
Like, the sound travels to your ear by air, so like, (inaudible), the
vibrations come to your ear (inaudible).
Okay, so you think that air is an important part of hearing the sound?
Okay, alright. Eric?
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Eric:
Ms. Boyle:

Eric:
Ms. Boyle:
Alex:

Ms. Boyle:

Uh, I, I wrote the same thing, but because, well, basically, when it’s air,
it spreads everywhere so everybody can hear it. So it doesn’t go in a
certain line. It goes out everywhere.
So it doesn’t just go in like a straight line to your ear, is what you’re
saying? That because there’s air everywhere it spreads out, so
everybody could hear it.
Yeah.
Okay, very interesting, very interesting. Does somebody want to add to
Eric is saying? Alex?
I don’t want to add, but I kind of, mine is kind of like Karisa’s, but when
you hit the membrane of the drum, it vibrates, and then that makes
sound waves, and the air carries the sound waves everywhere, so it’s
kind of like Karisa, and Eric.
Okay, so you’re saying that the vibrations make a sound, and the sound
is carried to our ears by air.

One notable feature of this whole-class discussion is the students’
reference to each others’ ideas. Karl, Karisa, and Harrison each made a unique
contribution to the discussion, about wind, echoing vibrations, and air,
respectively. But then Eric and Alex recognized that their thoughts overlapped in
some ways with those previously voiced. Thus, Eric started by saying he “wrote
the same thing,” before he added a new idea about sound spreading out
everywhere. And Alex clarified that he was not adding a new idea, but rather reordering and clarifying so that what he shared was “kind of like Karisa, and Eric.”
This acknowledgment of and direct response to other students’ ideas was a
hallmark of whole-class talk in Ms. Boyle’s classroom. Related to this important
student norm was Ms. Boyle’s practice of revoicing each idea shared by a student.
She did not simply repeat students’ words verbatim, but rather prefaced her
restatement with a phrase like “so you’re saying” or “so you’re thinking,” and
then summarized the idea in her own words. By doing so, she modeled for the
students how to listen to others’ ideas and make sense of them in one’s own mind.
Alex’s response to the Lesson 4 exploration question triggered a critical
episode for the development of a concept of sound transmission is Ms. Boyle’s
classroom. From previous experience teaching young students about sound, Ms.
Boyle was concerned with the casual use of the phrase “sound wave.” She had
found in the past that when students used this phrase, they envisioned a
substantive material passing invisibly through space, and this sound-wave
substance seemed plausible to them as a means for sound travel, so they were not
motivated to think more deeply about how sound is transmitted from producer to
receiver. Accordingly, when Alex mentioned sound waves, Ms. Boyle jumped at
the chance to problematize the term.
Ms. Boyle:
Alex:
Ms. Boyle:

Students:
Ms. Boyle:

But you’re also adding something there called sound waves, that it
actually carries sound waves to our ears?
Yeah.
Okay. You know, I actually, I think I wanna interject here, and say, and
I, cuz I’ve seen this on a couple other people’s things, about sound
waves. Who’s heard the word sound waves before?
(All raise their hands.)
Okay. Um, this is gonna shock you a little bit, but guess what? There
really isn’t any such thing as sound waves.
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Tyson:
Ms. Boyle:

Stephen:
Ms. Boyle:

Kristen:
Ms. Boyle:
Students:
Ms. Boyle:

That’s only in cartoons and stuff, right?
Yeah. And I was just kind of checking in with Kristen about this, I was
like, yeah, how would we describe that to, how do I describe that to my
students, because we’ve heard that word so often, that we think, well of
course, I mean it makes sense, it sounds like it works, right? Okay? And
when we talk about vibrations that move back and forth, and I bet that
makes you think even more, oh yeah, sound waves, totally. But sound
waves really don’t exist, okay.
Why?
There isn’t an actual little wave that’s invisible (tracing sine wave
through air) that’s flying through the air to your ear. That’s not the way
it works. Now, that’s okay, if you thought that, because a lot of people
think that, alright, but I want you guys to be really awesome scientists
and know that actually doesn’t exist, and that the word waves comes
from other descriptions. Is that what you would call it?
Sometimes we can use the word wave to describe a pattern of
movement, so sound does move in a special way that scientists like to
describe as a wave.
That’s a great way to put it….The pattern of, the way that sound moves.
Does that make sense to people?
(Nodding.)
Now, does that mean, that if you put down sound waves on your sheet,
that you just don’t know anything? No, it doesn’t mean that at all. All
this was asking, what do you think and what do you know, and that’s
important and valid, because that’s where we start from, right?

The next phase of Lesson 4 in Ms. Boyle’s classroom was a ten-minute
investigation of sound travel through solid material. The students retrieved their
miniature drums from Lesson 3, and Ms. Boyle asked them to predict whether
they would be able to hear their drums through their desks. She noted that she saw
“a couple thumbs down. I see more people saying I’m, I could be persuaded either
way. That sounds good. Well let’s try it, okay.” Students took turns pressing an
ear against one edge of the desk as their partner played the drum at the opposite
edge. They found that when listening through an ear pressed against the desk,
they could hear the drum’s sound more loudly than when listening through the air.
They shared these observations in a brief whole-class discussion. Only after
discussing that air was a type of gaseous matter and the desk a type of solid matter
did Ms. Boyle return to the vocabulary term “medium.” She prompted, “So air,
which is a gas, and the desk, which is a solid, they’re both, what?” As she pointed
to the word card, students yelled, “Mediums!” and Ms. Boyle concluded, “We
have to have that medium to hear the sound.”
At 30 minutes in to Lesson 4, Ms. Boyle took the stage and gave
instructions for the next phase of the lesson, which would consist of three
activities going on in parallel. One dyad at a time would work with Ms. Boyle to
listen to their drum through water. Students at their seats would work on drawing
a representation of sound travel through gas, liquid, or solid (their choice of one
medium) and then building with their partner a miniature pan pipe for the next
lesson. Before inviting the first dyad to the water table, however, Ms. Boyle again
asked the class to make a prediction.
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Ms. Boyle:
Students:
Alex:
Ms. Boyle:
Jabar:
Ms. Boyle:

Justin:
Ms. Boyle:
Students:
Peter:
Tyson:
Students:
Ms. Boyle:
Justin:
Ms. Boyle:
Jabar:
Ms. Boyle:

Now, I have another question for you, another question. Do you think
that sound can travel through water?
(Many at once, yelling) Yes! Yeah!
Sometimes.
Anybody think no?
Actually (raises hand and waits).
And Alex, I love how you’re, you’re kind of like, you’re like on the
fence, you’re like, uh, I think there might be times, you’re saying
sometimes. So you’re kind of in that middle.
Yeah, sometimes becauseWho else is saying “yes,” you know, or you think, 100%, sound can
travel through water?
(Only a few raise their hand.)
Not all sounds.
Yeah, not all sounds.
(Many talking at once.)
I can hear that people want to give some ideas here. What do you think,
Justin?
Like, it might be, um, I agree with like Tyson and Peter, not all sounds
can travel through liquid.
Not all sounds, okay. Okay, what do you think? Jabar?
…If you go to the aquarium, sometimes they put submarines, like
submarines in the water, um, and they actually beep and make sounds.
Alright, well let’s test it out, just to be sure. Because some people think
sometimes. Some people might be thinking yes. Some people might
actually be secretly thinking no and saying yeah, I’m just gonna agree
with everybody else cuz I don’t know. And that’s okay.

Ms. Boyle facilitated each dyad’s investigation of sound travel through
water in the same way. As the dyad approached the water table, she asked the
students for their individual predictions of whether they could hear sound through
liquid. Then, in turn, each student held the drum under water and tapped it as the
other student stood nearby and said whether or not they could hear the drum this
way (they never could). Ms. Boyle then pointed out the water/air barrier, and gave
the listener a stethoscope. She explained that putting the probe end of the
stethoscope into the water was like putting your ears into the water. One student
held the stethoscope probe under water at one end of the tank while the other
student played the drum under water at the opposite end. After each student had a
chance to listen through the stethoscope as the drum was played under water, the
dyad concluded their visit to the water table by answering Ms. Boyle’s question,
“So, can sound travel through water?”
It took 20 minutes for all nine dyads to conduct the drum-in-water
investigation. Afterwards, for the last three minutes of the lesson, Ms. Boyle led a
brief wrap-up discussion with the entire class. Students volunteered to share what
they had discovered about sound travel through solid, liquid, and gas, and then
Ms. Boyle incorporated the pan pipes into the conversation, eliciting the students’
ideas about how the pan pipes produced sound. Their responses included ideas
about air, vibration, and energy, as well as the relationship between straw length
and pitch. This revealed that the students had made many self-directed
observations of these new instruments, without any direction whatsoever from
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Ms. Boyle. Observing and articulating what they noticed about materials and
phenomena was a norm for the students in Ms. Boyle’s classroom.
Summary of Lesson 7. The elaboration lesson for the topic of sound
transmission, Lesson 7, followed Ms. Boyle’s typical activity flow for Design a
Musical Instrument lessons. She and her students discussed vocabulary,
responded to the exploration question independently and publicly, built a maraca,
investigated the volume of the sound transmitted from the maraca, shared their
observations, and reviewed key concepts (Table 4). What differentiated this
lesson slightly from previous lessons was that additional time was spent on
defining vocabulary (nine minutes), independently responding to the exploration
question (13 minutes), and giving instructions for the investigation (20 minutes).
The vocabulary for the lesson included the rather sophisticated terms reflection,
absorption, and transmission, and the students had many ideas about how to
define and provide examples of their meanings. The exploration question included
two parts, “What happens to the sound of a trumpet between the trumpet and the
audience?” and “What happens to the sound if there is a curtain between the
trumpet and the audience?” As the students composed their responses, Ms. Boyle
made a visit to each dyad to discuss their ideas privately. The investigation
instructions took extra time both because they were interrupted by a recess break
and because Ms. Boyle carefully demonstrated them step-by-step. She wanted to
ensure that students would be able to use the electronic volume meter effectively
and without egregious measurement error. Figure 4 depicts the class version of
the “energy pathway” diagram that Ms. Boyle and the students used to summarize
their learning and conclude the lesson.

Figure 4. Poster-size version of the sound energy diagram from Lesson 7.
Table 4
Lesson 7 Timeline for Ms. Boyle’s Classroom
Time
(min) Activity
0
7
16
17

Organize seats and materials for science
Introduce vocabulary
Introduce exploration question
Answer exploration question
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Configuration
Student dyad work
Whole-class discussion
Teacher-led discussion
Student independent work

30
35
38
48
57

Share answers
Introduce maraca building and investigating
Build maracas
Give investigation instructions
End of class session (break)

Whole-class discussion
Teacher-led discussion
Student dyad work
Teacher-led discussion

57
59
70
85

Student dyad work
Teacher-led discussion
Student dyad work
Whole-class discussion

92

Organize seats and materials for lesson
Investigation instructions
Conduct maraca investigation
Discuss maraca observations
Review energy diagram from journal; make class
poster version

97

End of Lesson 7

Whole-class discussion

3. Pitch Lessons in Ms. Boyle’s Classroom
Pitch is the final of three main conceptual areas addressed by the Design a
Musical Instrument unit. The curriculum intends for the question of how pitch is
determined to be introduced in Lesson 5 and elaborated upon in Lesson 6. The
goal of Lesson 5 is for students to build a miniature rubber-band instrument,
which they call a “guitar,” and explore how making changes to the rubber bands’
length and width affects their pitch. In Lesson 6, students use the same miniature
guitar, but they add a small computer and power source to control the tension of
the rubber bands. They explore the effect of tension on pitch. In the following
paragraphs, I will describe the introductory pitch lesson in detail but only
summarize the elaboration lesson. The results of video coding indicated that the
majority of the characteristics of Ms. Boyle’s learning environment were similar
across both pitch lessons.
Table 5
Lesson 5 Timeline for Ms. Boyle’s Classroom
Time
(min) Activity
0
10
22
27
34
34
42
65
87
87
89
117

Introduce pitch and exploration question
Write/draw individual responses
Share exploration question responses
Prepare for guitar building
End of class session (break)
Review sound transmission concepts
Build guitars
Investigate guitars
End of class session (break)
Organize for science
Share guitar observations
End of Lesson 5
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Configuration
Teacher-led discussion
Student independent work
Whole-class discussion
Student dyad work
Teacher-led discussion
Student dyad work
Student dyad work
Student dyad work
Whole-class discussion

Lesson 5. Lesson 5 began with another musical performance by Ms.
Boyle, who used a recorder to play notes of various pitches. Before doing so, she
gave a brief preface to the lesson.
Ms. Boyle:

Student:
Ms. Boyle:

We have been hearing a lot of times people saying, well, sometimes you
can hear the sound, sometimes you can’t, or sometimes the sound sounds
different, and that’s awesome because you’re leading us right in to what
we want to teach you next. Which is, a very important thing, and it has to
do with a vocabulary word which I’m gonna put up here, and it’s this:
pitch. And if you notice I put two arrows up there, one going up and one
going down, and you’ll learn why in just a moment.
Low pitch and high pitch!
Please don’t blurt out. So before you share what you know, I’m gonna
play something for you. I want you to listen to the sound that I make on
the recorder and tell me what you hear that sounds different.

In the subsequent discussion, the students generally agreed that some of
the recorder notes were “higher” and others were “lower,” and Alex expressed the
idea that the sounds were also “softer” and “louder.” Before ending the
conversation, Ms. Boyle played two simple notes, one clearly high-pitched and
one clearly low-pitched, and explicitly told the students which note was which.
She then introduced Lesson 5’s exploration question, “What makes different
sounds have different notes?”
The students worked on their responses in their journal for 10 minutes,
and then they shared them in a brief whole-class discussion.
Ms. Boyle:
Jason:
Ms. Boyle:
Janice:
Ms. Boyle:
Harrison:

Ms. Boyle:

Students:
Ms. Boyle:

David:
Ms. Boyle:

David:
Ms. Boyle:

So, what do people think? I’d like to hear from a couple people. Jason?
That the strings make them. On a guitar.
The strings help make the different notes. Okay. Anybody want to add
to that? Maybe they also used the example of a guitar? Janice?
I think the harder you push on the string, the higher the note gets.
You think maybe the way you push on the string or pull on the string
can change the sound of the note? Okay. Harrison?
I kind of agree with her, but I think that there’s fatter strings and there’s
thinner strings, and when you press on the fatter string, it makes a lower
noise.
So you’re saying that the bigger, the thicker the string is, the lower the
sound you’ll get, the lower the pitch. So that means the opposite, then,
that a skinny string would give us a high pitch sound?
(Most make silent “me-too” signals.)
I see some people giving me the nonverbal signal for me too, so I’m
glad to see that other people think that way as well. Anybody else have
something else they want to add, maybe a different instrument that they
used to help them understand this?
I didn’t use a different instrument, but I think it matters how tight they
are. If they’re tighter, the pitch is higher, and if they’re not as tight, but
if they’re still pretty tight, then um, then the sound’s lower.
Okay, so you think that tightness of the string makes the sound. Could it
be possible that it’s both, how thick a string is or how tight it is that
makes a sound?
Yes. (Other students make silent “me-too” signals.)
Anybody use a completely different instrument that they think would be
a good example here? … Karen?
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Karen:
Ms. Boyle:
Karisa:

I was just saying that I kind of disagree with David. I think the tighter a
string is, the lower it is.
… Did anybody use anything like a flute, or maybe even a drum?
Karisa, how about you? What are your thoughts about how with the
drum, how we can get different notes?
Like, it depends on where you hit the drum.

At this point in Lesson 5, only a few minutes remained before the end of
the school day. Ms. Boyle used the small window of time to display a sample of
the miniature rubber-band guitar (Figure 5) that the students would be building,
and to have students read the building instructions in their journals out loud with
their partners. When the students returned the next morning, Ms. Boyle eased
them back into the science unit by leading a review of what they had learned in a
previous lesson on sound transmission. This review took about eight minutes and
was structured by a chart-paper poster used to record and organize their findings.
When this was complete, Ms. Boyle and the students returned their attention to
Lesson 5’s topic, pitch. The students began a long, uninterrupted session of work
in their dyads. For the first 25 minutes of the session, the dyads all worked on
building their rubber-band guitars. As each dyad finished, Ms. Boyle directed
them privately to read the investigation instructions in their journals, follow the
steps to play and make observations of their guitars, and record their observations.
After another 20 minutes, it was time for to break for recess. During the entire 45
minutes of building and investigating, Ms. Boyle continuously moved around the
classroom. She assisted one dyad at a time with whatever aspect of their guitars
they were working on when she approached.

Figure 5. The miniature LEGO “guitar” constructed by each dyad in Lesson 5.
The guitars had been carefully designed by the curriculum developers to
isolate the variables of length, width, and tension. To allow width to be varied, the
guitar featured two rubber bands, one 1/4-inch in width and one 1/8-inch in width.
To explore the variable of length, students were to press the rubber band against a
raised bump on the LEGO-beam frame of the guitar, and pluck the portion of the
rubber band that remained free to move (Figure 6). In other words, they were not
to tighten or loosen the rubber band or change its position on the LEGO frame.
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Figure 6. From the student Engineer’s Journal, instructions for playing the LEGO
guitar.
However, because there was no pause for instructions or recommendations
on how to play the guitars, each dyad interpreted the written instructions (in their
journals) slightly differently. For example, Jacob and Stephen thought that the
instruction to make the rubber band “shorter” meant to move the left end of the
rubber band onto an axle (the black circles shown in Figure 6) closer to the fixed
right end. Although this procedure did shorten the sound-producing part of the
rubber band, it also drastically loosened it, causing Jacob and Stephen to hear a
lower-pitched sound instead of the higher-pitched sound produced when only the
length of a sound-producer is decreased.
Jason and Eric, the dyad next do Jacob and Stephen, noticed their unusual
guitar-playing technique and tried to persuade them there was an “easier” way.
Jason said, “Stephen, we got an easier way to do it. Not moving it, but bending,
like holding it down.” This was an example of students in Ms. Boyle’s classroom
taking it upon themselves to identify and solve problems with their technological
tools. In this case, Jacob and Stephen were not persuaded by Jason and Eric, and it
took several more minutes before Ms. Boyle moved near their table again and
realized what Jacob and Stephen were doing.
Ms. Boyle:

(Watching Jacob and Stephen move their rubber bands around on their
guitar frame) No, you don’t move them. On guitars, you don’t move the
strings. You hold them down. Did you guys skip that whole part? That
whole part, here (turns their journals to page 5-5), did you skip this? It
shows you how to play it. (Demonstrates how to change the length of the
rubber band.) Try it each one, and then that will help you answer the
questions. It makes a lot more sense when you do it that way. (Jacob and
Stephen immediately start erasing the observations they had already
recorded.)

School ended for the day after the 45-minute independent work session,
and when Lesson 5 was resumed the next day, Ms. Boyle began by displaying a
real acoustic guitar, pointing out its frets, and asking students find the analogous
“frets” (LEGO axles) on their miniature guitars. Then the students turned in their
journals to the guitar observations they had recorded during their independent
investigations. These observations were responses to forced-choice questions
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about how changes in length and width affect pitch and vibration speed. As the
students looked at their journal page, Ms. Boyle displayed the questions on the
overhead projector.
Ms. Boyle:

Okay, you learned some different things. So let’s go over these questions.
You guys help me get the correct answers for them, and then we’ll clarify
any questions or comments that people have. When did the rubber bands
have the highest pitch? Short length, medium length, or long length?
Remember that pitch is that ahhh (singing very high) and uhhh (singing
very low), right? That’s a difference in pitch. Which one was it?
Everybody’s hand should be up because everybody chose something, so
you should be ready to share your answers. Peter, what did you find?

Interestingly, for Peter, the student that Ms. Boyle chose to answer this
first question about length and pitch, the longest rubber band had sounded
highest-pitched. This provoked only a few of his classmates to make the “me-too”
agreement gesture. When Ms. Boyle asked if anyone thought that the shortest
length produced the highest pitch, many students vigorously gestured “yes!” Ms.
Boyle responded by retrieving the acoustic guitar again and playing one string at
its full length and shortest length. This did not convince Peter. Both his
classmates and Ms. Boyle attempted a few strategies to persuade him, but
eventually, she accepted Peter’s uncertainty and moved on.
Ms. Boyle:

Students:
Peter:
Ms. Boyle:
Peter:
Karen:
Peter:
Ms. Boyle:
Peter:
Karen:
Ms. Boyle:

Peter:
Ms. Boyle:
Kristen:
Ms. Boyle:

Peter:

(Plays the high E string on real guitar when at full length and when
stopped at the fret closest to the bridge, and points out two different
lengths.) So for number 1, the rubber bands have the highest pitch when
they are?
(Many at once) Short. Shortest.
Really?
Did you hear the difference? Were you listening?
The longer pitch sounded higher.
Look, I’ll show you (starts plucking her LEGO guitar).
It’s louder.
It’s louder, but is it a high pitch?
I think that’s a, with this (LEGO guitar), it’s sounds like it’s low.
It actually is kind of lower.
She’s gonna do one other string just do show you the difference.
(Kristen plays another acoustic guitar string at its longest length.) That’s
a low pitch, Peter. (Kristen plays string at its shortest length.)
See, it’s just a different tone, it sounds the same. It’s like, it’s a different
tone, but it’s the exact same med-, like-, it has a different pitch, butYes. So the same volume, Peter, yes, like, the string is gonna keep one
kind of general volume, kind of, but the pitch can change. Did you hear
thisWhen you used the word tone, Peter, and the word pitch means the same
thing.
They do. So can we see the pitch of the thickest string from longest to
shortest? (Plays low E string at its longest.) That’s when it’s longest.
This is when it’s shortest, Phi. (Plays low E string at its shortest) Did
you hear the difference?
I don’t know.
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Ms. Boyle:

Students:
Ms. Boyle:

So Peter, trust me and your classmates and Kristen when we say that
when it’s shorter, the pitch is higher. Pitch is different from volume.
Volume is how loud it can be…. Trust us on this, and I think the more
we go, you’ll get closer to it, and if you still don’t understand, you keep
asking, okay? Okay, so when the string is short, the pitch is?
(Many at once) Higher.
(Circles “short length.”) Don’t change what you have, because I want to
look over these and see what you know. If you didn’t understand it, I
want to see that.

As the class reviewed the rest of the journal page on length, width, and
pitch, the disagreements continued. Conversation among the students was
encouraged by Ms. Boyle. With the students’ persistent attempts to persuade each
other, the review of seven questions lasted almost 30 minutes. However, their
disagreements prompted quite sophisticated scientific argumentation and made it
clear that determining the relationship among size, pitch, and vibration speed was
an interesting scientific problem whose solution could not be taken for granted.
For example, consider the following exchange about whether a thick rubber band
vibrates faster or slower than a thin rubber band exemplifies this. (This exchange
took place when Ms. Boyle had been called out of the classroom and had asked
Kristen to take over the review of the journal page. Kristen attempted to use a
facilitation technique as similar to Ms. Boyle’s technique as possible.)
Kristen:

Tyson:
Kristen:
Students:
Kristen:
Students:
Kristen:
Tyson:

Kristen:

Tyson:
Peter:

Kristen:
Peter:
Kristen:

Let’s go to the next one. When the bands were the same length, which
rubber band vibrated the fastest? The thick rubber band or the thin
rubber band? Tyson?
Um, the thin rubber band.
The thin rubber band. How many people agree?
(Several “me-too” symbols, but not from everyone.)
How many people disagree? It’s okay if you do. You think that the thick
one went faster?
(Peter and one other student make disagree symbols.)
Okay, Tyson, would you explain how you determined that the rubber
band vibrated faster when it was thin?
Well, like usually how I like saw it move, since usually when you see it
like a string on the guitar, when you pull a thick rubber band, you can
see it vibrating for a long time, but the thin rubber band, you can see
vibrating for a short time.
Okay, so what Tyson is saying, I think, but correct me if I’m wrong, is
that he saw the thick rubber band vibrate for a long time, and he saw the
thin rubber band vibrate only for a short amount of time.
Yeah.
But, I kind of disagree with it. Because it’s kind of like if you have two
like race cars, and you push one really hard and then one really light,
and like, if you just because this is thicker, it means it’s like slower, and
the one that is vibrating more will last longer.
That is if you give them a different amount of push, right?
Yeah.
Let’s say that you give them the same amount of push, what happens?
Which one finishes first? (Pause for re-direction of student playing pan
pipe.) This is a really important discussion. So we’re trying to figure out
which one vibrates faster. And Tyson and Peter both have interesting
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ideas for us to consider. So Karen, what do you want to say?
Karen:
Kristen:

Karen:
Kristen:

Peter:
Kristen:
Jabar:
Kristen:

I was just thinking, um, this one turns into more of a blur. It turns into
more of a blur all over whenever you pluck it hard. And this one, only
the middle turns into a blur, so I think this one.
Okay, let’s do that again instead of saying “this,” can you say “skinny”
and “fat,” so we know what you’re talking about? Cuz this is a, might be
helpful for some people. Say what you said again, but use the words
skinny and fat.
The skinny one, when you pluck it, it starts blurring all over, except for
the very end, but this place, only the middle, like here to here is blurry.
So the fat one is less blurry, and you think that means the fat one is
going slower. The skinny one is going slower, the skinny one is more
like, more like, you know when cartoons and animations, they’re going
really fast, they’re kind of like a buzz across the screen, they’re going so
fast they’re a blur?
Like Roadrunner?
Like Roadrunner, yeah. Does that help you understand, Peter?
How bout Taz?
Tasmanian Devil? Yeah.

When the students had discussed all seven observation questions, it was
the end of the school day. Ms. Boyle chose to conclude Lesson 5 by summarizing
the intellectual work still to be done.
Ms. Boyle:

Now, it’s clear by going over this that we need a little bit more work with
this…. I’m afraid that we will not have time to do that in the next 15
minutes. But we will get to… another opportunity for you to see how the
guitar works. How the length of the string, long and short, and even the
thickness, thick and thin, how that makes a difference. Now, remember,
we’re not looking for volume. Volume is how loud or how soft something
can be. That’s different from pitch. So I want you guys to try and think
about that. And we will try and come up with, if we can, a way to help
people understand pitch.

In our de-briefing conversation after this lesson, Ms. Boyle shared with
me that she felt she had “made a mistake” in not demonstrating how to play the
LEGO guitars before having students conduct their investigations. She expressed
that she had become very confident in their LEGO building abilities, and this led
her to overestimate their abilities to follow the guitar-playing directions without
direct instruction. When Ms. Boyle enacted Lesson 6 the next week, she gave
more explicit instructions about using the miniature guitars. She carefully
demonstrated how students were supposed to have changed the length of the
rubber band, and she asked them to practice those steps again. When they came to
the task of exploring the effect of tension on pitch (the main task for Lesson 6),
she was also very clear in demonstrating how to adjust the guitar’s tension, and
she emphasized the importance of listening carefully to the sound after each
adjustment.
Summary of Lesson 6. The students spent the first 10 minutes of Lesson
6 (Table 6) writing and drawing their responses to the exploration question,
“Which would make a higher pitched sound, a loose rubber band or a tight rubber
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band? Why do you think so?” Ms. Boyle facilitated about four minutes of wholeclass discussion of their ideas, and then to transition to the investigation portion of
the lesson, she announced, “So we are going to test it out.” She demonstrated how
to adjust the tension of the rubber band by hand, and then reviewed the steps for
adjusting the length of the rubber band, as mentioned above. At 30 minutes into
the lesson, the students retrieved their LEGO computers and touch sensors and
followed Ms. Boyle’s oral step-by-step instructions for preparing to adjust the
rubber band’s tension by motor control. These instructions took about nine
minutes, and then students worked in their dyads to conduct the investigation of
tension and pitch as Ms. Boyle moved about the room to assist dyads privately.
After four minutes, all dyads had completed the task, and Ms. Boyle asked the
students to share what they had discovered. They were in unanimous agreement
(displayed via silent “me-too” hand gestures) that as the motor wound the rubber
band more tightly, both the pitch of its sound and the speed of its vibration
increased.
Table 6
Lesson 6 Timeline for Ms. Boyle’s Classroom
Time
(min) Activity

Configuration

0
4
5
13

Organize for science
Introduce exploration question
Write/draw individual responses
Share exploration question responses

Student dyad work
Teacher-led discussion
Student independent work
Whole-class discussion

17
39
43
46

Instructions for tension and pitch investigation;
review of procedure for changing length
Investigate tension and pitch of guitars
Share tension and pitch observations
End of Lesson 6

Teacher-led discussion
Student dyad work
Whole-class discussion
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The Case of Ms. Hooke’s Science Learning Environment
1. Sound Production Lessons in Ms. Hooke’s Classroom
This section includes a narrative description of how Ms. Hooke and her
students enacted the curriculum unit’s two lessons on sound production. Lesson 1,
the introduction lesson for sound production, features the cup-and-spoon
exploration. Lesson 3, the elaboration lesson, entails the drum-and-sugar
investigation. Similar to Ms. Boyle’s case, results of coding Ms. Hooke’s lesson
videos indicated that the basic features of her science learning environment were
the same in Lesson 1 and Lesson 3. Thus, Lesson 1 is described in detail as the
representative sound production lesson, and Lesson 3 is only summarized.
Table 1
Lesson 1 Timeline for Ms. Hooke’s Classroom
Time
(min) Activity
0
3
8
9
10
16
21
31
38
39

Configuration

Introduce exploration question (with a xylophone)
Write/draw individual responses

Whole-class discussion
Student independent work

Share partial exploration question responses
Introduce grand design challenge
Complete “already-know/need-to-learn” page in journal
Instructions for cup and spoon investigation
Cup and spoon investigation.
Share cup and spoon findings
Clean up
End of Lesson 1

Whole-class discussion
Teacher-led discussion
Student independent work
Teacher-led discussion
Student dyad work
Whole-class discussion
Student dyad work

Lesson 1. Lesson 1 (Table 1) in Ms. Hooke’s classroom started off with a
musical performance by Ms. Hooke. Much to the students’ delight, she played a
series of scales on a large xylophone borrowed from the school’s music room.
With the students suddenly attentive, she asked, “What did I just do?” As was the
norm for science discussions, several students went ahead and responded. Ms.
Hooke then asked a few follow-up questions that led her to the main exploration
question for Lesson 1.
Ms. Hooke:
Student:
Ms. Hooke:
Dylan:
Ms. Hooke:
Max:
Ms. Hooke:
Bobby:
Ms. Hooke:
Brett:
Ms. Hooke:

What did I just do?
Made sound.
I made sound, alright. What did I do to make that sound?
Banging on something
I was banging on something. Max, you said something different.
Hitting on something.
I was hitting on something. What else? What was I doing?
You was tapping.
I was tapping on something.
You were playing an, an instrument.
I was playing an instrument. (Plays xylophone again.) All the same
sounds?
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Alissa:
Ms. Hooke:

You're going higher, then it's getting lower.
It's going higher and lower. (Pauses to redirect student behavior.) So this
is today's question. Today's question is, how are sounds made? You're
gonna open up your journal…to part 1. You can talk with your partner,
but I want you to do your own journal.

One student read the exploration question out loud again, directly from the
journal, and then Ms. Hooke made some clarifications about the students’ task.
This was the students’ first encounter with the Engineer’s Journal, so she
provided both hints about how to construct a response as well as general
guidelines for journal work.
Ms. Hooke:

Student:
Ms. Hooke:

Now I just showed you, I just made sound one way. A few of you are
making sounds other ways right now…. Alright, so think about that. I
didn't ask anyone else to join in. Think about how we make sounds
everyday. You're gonna draw how that sound is made, and you're gonna
write about how that sound is made. So I want you to do both. If you
want to write about first, and then draw, that's okay with me. If you want
to draw first, and then-, it doesn't have to be the way I just made-, the
instrument.
Do we have to make an instrument here?
No, it can just be somebody showing a sound. Now the paper doesn't
need to make a sound. You have to somehow show me how that sound
is made. Did I just stare at the xylophone and the sound happened? No. I
had to do something to it. So think about that. It doesn't have to be the
sound I just made. It can be any sound. It could be a piano, good.
(Inaudible student question.) That was a good question, you and your
partner do not have to draw the same picture. Five minutes.

After the students had spent five minutes working in their journals, Ms.
Hooke asked them to share with the class only what sound they chose to use in
their responses. Quickly going around the room, students in turn said they
discussed a drum, an animal sound, a piano, an electric guitar, rain drops, a
monkey, a plane, a tapping noise, and feet stomping. Once this list of sounds had
been generated, Ms. Hooke moved on to introducing the overall engineering
challenge for the unit. She apologized that students would have to work on the
challenge in pairs rather than each build their own artifact. Then, holding up a
letter-size paper with a statement of the challenge printed on it, she read, “Design
and build a musical instrument that can play at least three different notes and be
part of a classroom band.” Immediately, the students began jumping up and down
and cheering. Ms. Hooke continued by pointing to a poster of the engineering
design process: “The process we have to follow is our design process.” She then
summarized the first two steps.
Ms. Hooke:

What’s our problem? To make that instrument that makes at least three
different sounds. So now we're gonna start asking ourselves some
questions, and we're gonna also start to imagine how we're gonna make
this instrument.

At this point, it was 10 minutes in to the lesson. Moving along exactly
with the student journal, Ms. Hooke asked the students to turn to the next page
and read its first question, “What science ideas do you already know that will help
you with your design?” After rephrasing the question, she requested that students
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answer in one or two sentences or “bullets.” A half-minute later, she told students
they could move on to the next question.
Ms. Hooke:

Alright, once you've answered that question, go to the next one…. What
science do you need to learn to help you with your design? Ah, what do
you still need to learn? A few of you have already asked me some
questions. Like what craft materials are we going to use? What are some
things that we're gonna have, cuz we're not gonna have, do you think I'm
gonna have metal to really give you? No. We could, but what do you
think you need to learn? What do you think you need to have to make
these instruments? Almost like a grocery list. What are you gonna need?
What are you gonna have to learn how to connect, how to put together?
This is what we're doing right now (points to the "Ask/Define the
problem" part of the Engineering Design Process poster).

As students wrote in their journals, Ms. Hooke distributed plastic cups and
spoons to prepare for the main investigation of the lesson. Students soon began
handling them, and Ms. Hooke stepped in to give instructions fo the investigation.
She summarized that the objective was to use the cup and spoon to make three
different sounds and then asked a student to read the more detailed activity steps
from the journal. Ms. Hooke’s poster-size data table for the investigation was
already hanging from the easel, and she used that to point out the three kinds of
observations that students needed to make.
Ms. Hooke:

Ah, observations. Now, it's not just gonna be playing and making noise.
You have to do some writing. A good engineer has to keep good notes.
What object made the sound? Now everyone has a cup and a spoon. But
what caused that sound? Where are you hitting the cup, how are you
hitting it?... Then, try to describe the sound. Is it making a high sound or a
big sound? Is it making a low sound or a soft sound? Or a medium sound?
So as you make, first you're gonna explore for awhile. But then pause,
and start being, okay, I'm gonna hit the cup this way, what happened,
what sound did I make? So you have to fill in the three boxes. Your boxes
look almost like mine. And then we're gonna come together in 10 minutes
at the most to fill in the class chart.

The students immediately focused in on their task. For their first
experience conducting a science exploration with their partners, they worked
together quite harmoniously. Ms. Hooke moved around the room and asked dyads
privately about their cup-and-spoon noises and about the notes they were making
in their journals. At two points during the 10-minute work session, she announced
to the entire class that they should pause, put the cups and spoons down, and take
time to record how they made their sounds.
To facilitate the students’ sharing of their findings, Ms. Hooke asked one
dyad at a time to demonstrate one cup-and-spoon sound, identify the specific
actions and components of the cup and spoon required to make the sound, and
describe whether the sound was higher or lower than the previous one. She
recorded each of these responses on the poster-size data table (Figure 1).
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Figure 1. Class data table for Lesson 1’s cup-and-spoon investigation.
As seen in Figure 1, the words “high” and “low” ended up being the only
descriptors that were used. This may have occurred because the first dyad
described their sound as “low,” and when Ms. Hooke was prompting the second
dyad to state a descriptive word for their sound, she phrased her prompt as, “Can
we compare those sounds?” (emphasis added). This triggered the use of the
comparative adjective “higher,” and from then on, students lobbied to be chosen
to share their sound by excitedly claiming it was even higher than the previous
sound.
Ms. Hooke:
Alec:
Rosie:
Brett:
Ms. Hooke:
Bobby:
Ms. Hooke:
Jen:
Ms. Hooke:

Would you like to share one way you made a sound?
We banged it…. [It was] low.
…
Back and forth.
Yeah, like hitting a wall.
Okay, how would you describe that sound?... Alec, do your sound. Do
your sound, Rosie. Can we compare those sounds?
His is higher, his is higher!
…
Who thinks they had a high, real high sound? Jen?
By putting it upside down and tapping.
Alright, let’s listen. (Jen makes her sound.) Alright, stop. Do your sound,
Brett. And do you sound, Alec. Of those three sounds, which one do you
think is the lowest, which one do you think is the highest?

The end of the school day approached quickly, but the students had been
able to share six different sounds. Thus Ms. Hooke concluded the lesson at this
point. She reminded students that she considered their recording work in the
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journals very important, and told them that tomorrow morning she would check
again to make sure they had completed the pages from Lesson 1.
Summary of Lesson 3. To introduce the exploration question for Lesson
3 (Table 2), Ms. Hooke had the students close their eyes and visualize a drum
making a sound. She suggested that the students, “Draw what you are visualizing,
and write about it.” The students spent three minutes responding in their journals
to the question, “How does a drum make its sound?” There was time for one
student to share her response with the whole class and answer a few follow-up
questions from Ms. Hooke before the activity shifted to preparing for drum
building. Ms. Hooke announced, “Today we’re gonna have actually a research
part of our [unit]. We’re gonna get our triangles, and you’re gonna get a balloon.”
After she demonstrated how to stretch the balloon membrane over the triangular
frame, the students got to work in their dyads on strengthening their triangle
structures and adding the balloon top. Ms. Hooke circulated around the room and
assisted those who were struggling with building. Whenever a dyad completed its
drum, she placed a small pile of sugar on the drum membrane and encouraged the
students to start observing what happened to the sugar when they tapped their
drum in various ways. After about five minutes of this open-ended investigation,
Ms. Hooke requested that the students begin recording their observations at the
prompts provided in their Engineer’s Journal. She again walked around the room
to assist students one-on-one with this new task of writing and drawing about
observations.
At about 30 minutes in to the lesson, Ms. Hooke called the students’
attention and facilitated students’ sharing their discoveries. This discussion was
focused and productive; the students were eager to dicuss what they had noticed
about the drum membrane and sugar. Ms. Hooke recapped the key points by
reiterating that the harder they hit their drums, the louder they sounded, and the
farther the sugar jumped. After a break for the end of the school day, Lesson 3
concluded with another recap of the drum-and-sugar and five minutes of
independent work on the final reflection prompt in the student journal: “What
does the sugar show you about how your drum makes sound?” Ms. Hooke
provided students with an outline for their response: “Just two sentences, one
about when we hit it soft, one about when we hit it hard.”
Table 2
Lesson 3 Timeline for Ms. Hooke’s Classroom
Time
(min) Activity
0
1
4
5
8
17
22
29

Introduce exploration question
Write/draw individual responses
Share exploration question responses
Instructions for drum building
Build drums
Investigate drums
Record observations
Share recorded observations
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Configuration
Teacher-led discussion
Student independent work
Whole-class discussion
Teacher-led discussion
Student dyad work
Student dyad work
Student independent work
Whole-class discussion

33
34
37
42

End of class session (break)
Review of drum investigation
Finish investigation reflection in journals
End of Lesson 3

Teacher-led discussion
Student independent work

2. Sound Transmission Lessons in Ms. Hooke’s Classroom
In the following paragraphs, I describe how Ms. Hooke and her students
enacted the two lessons intended to address sound transmission. The introduction
lesson, Lesson 4 (Table 3), involves experimentation with the transmission of the
drums’ sounds through solid, liquid, and gas. In Lesson 7, the elaboration lesson,
students build maracas and measure their volume output when played normally
and when muffled. I present the introduction lesson in detail and briefly
summarize key aspects of the elaboration lesson.
Table 3
Lesson 4 Timeline for Ms. Hooke’s Classroom
Time
(min) Activity
0
2
5
8
10
15
29
34
35
35
38
46

Introduce vocabulary and exploration question
Writing/drawing individual responses
Introduce and organize for sound-travel investigation
Experiment with drums on desks
Instructions for investigating and building
Build pan pipes; investigate drum-in-water
Summarize drum-in-water investigation
Clean up
End of class session (break)
Review of states of matter
Draw representations of sound travel
End of lesson

Configuration
Whole-class discussion
Student independent work
Teacher-led discussion
Student dyad work
Teacher-led discussion
Student dyad work
Teacher-led discussion
Student dyad work
Whole-class discussion
Student independent work

Lesson 4. The first task of Lesson 4 in Ms. Hooke’s classroom was to
discuss potentially difficult vocabulary words. Pointing to a piece of chart paper
with the words related to the states of matter already listed, Ms. Hooke asked the
students, “What’s a solid?”, “How about a liquid?”, and “How about gas? That’s a
little harder.” After each question, several students contributed definitions and
examples. States of matter had been a second-grade science topic, so many were
eager to show what they remembered. After hearing from a few students for each
word, Ms. Hooke wrote the textbook definition on the chart paper. Also, without
requesting student input, she also provided the definition of the term “medium.”
The brief vocabulary overview led to the exploration question for the
lesson: “What we’re gonna do today, right now, let’s look at today’s challenge
question. How does a musical instrument… get from the instrument to your ear?”
Ms. Hooke then added, “How is it transmitted? How does it travel?” She
reminded the students that in the previous lesson, they had made drums and had
seen how they “made” the sound. Now the question was, “How does it travel,
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how does it get there?” The students began making inscriptions in their journals,
and Ms. Hooke clarified that although this was not “an art lesson,” each response
should include both a picture and words.
There was more chatter than usual as the students composed their
exploration question responses, and Ms. Hooke seemed to take this as a sign that
students were ready to continue with the lesson. She announced, “Everyone
already discovered that sound is traveling through the air,” and transitioned
immediately to asking students to predict whether the drum’s sound could also
travel through their desks. She then moved on to the instructions for conducting
the investigation.
Ms. Hooke:

I know a few of you are already making good predictions. But do you
think, when we put our drum on our desk, and we beat it, and we put our
ear on our desk, will we hear the sound?
Off-camera student: Yes!
Ms. Hooke:
How many people think that the sound will be transmitted through the
solid? Alright, this is what you're going to do. You're gonna put your
instrument at one end of the desk, and you're gonna put your ear at the
other end of the desk. And your partner's gonna beat the drum, and
you're gonna listen. And then switch, so you beat the drum, and your
partner listens. But you know what, once we start doing this, we can't
talk. Cuz it's hard to do this when other sounds are going on. I'm going
to be quiet. And I want you to be quiet….One, two, three, go ahead.

It took just two minutes for all students to have a turn at pressing an ear
against the desk and listening for the sound of the drum. Ms. Hooke asked for
their attention, and without prompting, a few students could not resist sharing
what they had discovered.
Ms. Hooke:
Sara:
Ms. Hooke:

Alright. Has everyone had a turn? Alright, eyes on me again.
When you hit it hard, it makes the noise louder.
Ah, okay, so we also found out that if you banged it louder, you got a
louder noise. Alright. Some peopleMax:
If you put your drum under the desk, and tap it, you can still hear it.
Ms. Hooke:
Okay, but now, if I, that's also a good question, now if you put it in there
(the desk) what else are you getting, so it's going through a solid, and it's
going through a --?
Off-camera student: A liquid!
Ms. Hooke:
Air, it's going through air. It's in the air, too, isn't it. So it's going
through both. If you do that, it's actually going through both. So now
we've done, we know it goes through air, we know it's going through a
solid. What's the only thing left?
Abdul:
Gas.
Ms. Hooke:
Gas. Well, gas is the air.
Students:
(Many at once) Liquid!
Ms. Hooke:
Liquid, alright. And we're gonna do that experiment today. But this is
gonna be a different kind of research. I'm only gonna be calling one
person or one group at a time to do this experiment. We're actually
gonna put our drums in some water.

Having introduced the investigation of sound travel through liquid, Ms.
Hooke took a quick poll of students’ predictions for whether they would be able
to hear the drum beat through water. Nearly all raised their hands for “yes,” and
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none volunteered that they predicted “no.” Next, Ms. Hooke explained the
building task that students would work on at their seats while she was stationed at
the water table: “You’re actually gonna make a pan pipe.” She displayed the tape
and drinking straws that would be needed and pointed out the journal page with
pan-pipe building instructions. She held up a sample pan pipe, which had five
straws of different lengths, arranged from shortest to longest. This inspired some
sophisticated thinking on Brett’s part, and Ms. Hooke praised him for this
thinking. She called attention to his ideas in an interesting exchange that
exemplified her desire for each student to experience success in science.
Brett:
Ms. Hooke:

Brett:
Ms. Hooke:
Brett:
Ms. Hooke:

Ms. Hooke, the smallest one you blow is lower? And if it's the highest
[longest straw], it's um, higher.
(To the whole class) Oh, I already have some predictions going on….
Alright, Brett makes some really, Brett’s having a really good lesson
today, I'm really proud of him today. You know what, some people need
to listen, because I’m only gonna do this once. Alright, Brett, you want
to tell 'em the prediction you made?
Like if you go on, like, one of the lower ones?
The smaller?
Yeah, the smaller one, and blow it, it's lower, but if you blow on one of
the taller ones, it's like, higher.
Ah, higher, alright. He's already talking about other words like pitch.
Alright? Not so much volume at that point. Alright, and that's gonna be
the next word that we learn a little bit about.

The next 15-minute phase of Lesson 4 consisted of investigating sound
transmission and constructing pan pipes. Each of the eight dyads spent about one
minute at the water table with Ms. Hooke. With each dyad, Ms. Hooke played the
drum under water at one end of the container while one student held the
stethoscope probe under water at the other end and listened. Ms. Hooke asked that
student, “Could you hear it?”, the student answered affirmatively, and then his or
her partner took a turn with the stethoscope. Meanwhile, at their seats, the
students dove wholeheartedly into their pan-pipe building. The sample pan pipe
that Ms. Hooke had clipped to the blackboard became a central, defining artifact
in this activity; each student held their own pan pipe up to the sample as a test for
whether theirs was “correct.” They were not shy about pointing out errors in the
classmates’ pan pipes. For example, Dylan noticed that Rosie’s straws were not
arranged evenly across the top of her pipe. He exclaimed, “You made it wrong!”
When Rosie did not respond, he pointed to the tops of her straws and said again,
“You made it a little bit wrong. You should have it be the same.” About half of
the students had finished their pan pipes by the time all dyads had visited the
water table. At this point, Ms. Hooke focused her attention on the students who
were struggling with some aspect of the construction. Her assistance enabled the
rest of the students to complete the task.
When the pan pipes had been put away and Ms. Hooke had most of the
students’ attention again, she took the opportunity to pose a “what-if” question
about the sound-through-water investigation. This thought experiment was
predicated on the assumption that a bigger container of water would affect the
pitch or volume of the drum itself. Ms. Hooke’s attempt to problematize a feature
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of the experiment is an example of the opportunities for deep reasoning that
occurred in her classroom’s science learning environment.
Ms. Hooke:

Students:
Ms. Hooke:
Sara:
Brett:
Ms. Hooke:
Brett:
Ms. Hooke:
Brett:

One thing I noticed while people were at the water: A lot of people said
that it was actually a loud sound they heard through the water. (Not all
students are sitting. Some are playing pan pipes; some are walking
among the desks.) Look at the container I had. I want you to make a
prediction. What if I used that blue container over there (a bigger one)?
What if I used the bathtub? Would the sound change?
(Many at once) Yes! Yeah!
Why?
It will get more lower.
Because it's a different shape!
There will be more water there, more space that the sound has to travel
through.
Ms. Hooke, if you play it in a bigger container, it's just gonna be, um,
higher.
You think it's gonna be higher in a bigger container.
And if it's smaller, it will be lower.

Brett especially took advantage of this opportunity, as he extended his idea
about the pan pipe’s mechanics to the situation Ms. Hooke now posed. For Brett
at this moment, larger size was associated with “higher” sounds. (The terms “high
pitch” and “low pitch” had not been formally defined in Ms. Hooke’ class yet, so
it is unclear whether Brett means higher pitched or louder in volume when he says
“higher.”)
After a break for the end of the school day, Lesson 4 continued with a
review of the investigations the students had conducted on the drums’ sound. Ms.
Hooke’s goal for this review was for the students to list the three mediums that
they had proved could transmit sound: the solid desk, liquid water, and gaseous
air. It also served as a preface to the final Engineer’s Journal exercise for Lesson
4, to produce a pictorial representation of sound travel through one medium. In
giving this assignment, Ms. Hooke defined it more specifically than the journal
instructions, which read only, “Pick one of the following mediums: solid, gas, or
liquid. Draw a picture AND write sentences to explain how sound travels through
that medium.” As shown in the excerpt below, Ms. Hooke transformed the
assignment from an explanation task into a reporting task.
Ms. Hooke:

Dylan:
Ms. Hooke:

Sara:

Through that medium. So you can pick either one that we did. We've
done air, we've done water, and we've done solid. So really, right now,
quickly, draw a picture and write, explain what you're drawing, about
how that sound moved through the medium, through that medium,
alright.
What's a medium?
What's a medium? Solid, liquid, or gas. We just did, we did all three
experiments in the last few days, so right now, we just didn't get to this
part, alright, sort of like a little review. Think of what we did.
Remember you put your (puts hand to ear), what did we do when we put
our ears to the desk? What did we do when we put the salt (sugar)
(gestures as if tapping drum note this was activity for different lesson)?
What did we when I, in the water?
Can we draw Ms. Newton, and like hearing her [through the wall that
separates the rooms]?
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Ms. Hooke:

Well we really didn't do that experiment. Explain one of the things we
did do. I used that as an example, but we really didn't do that as an
experiment.
Rosie:
Is air a gas?
Brett:
Do we have to, like, do we have to draw a picture of what we did?
Ms. Hooke:
Just draw-, oh, Rena asked a nice question, how do we draw air? How
can we draw that the sound is, travel-?
Off-camera students: Ooh, wigglies. Squigglies!
Ms. Hooke:
Wigglies. (Tracing wavy line through air with her hand) You know how
sometimes in cartoons you see something like that, you can do that,
that'll be fine.
Brett:
Ms. Hooke, um, do we have to draw what we did?
Ms. Hooke:
Yeah, it has to be one of the experiments that we did, one of the research
assignments that we did, yes.

One important exchange within this excerpt was Ms. Hooke’s response to
the inevitable query, “How do we draw…?” Rena’s question, about how to depict
air, might have sparked great scientific argumentation about the nature of air as
well as the nature of sound. However, the question was instead used as an
opportunity to scaffold the drawing task for students.
Lesson 4 concluded with this exercise of drawing the sound travel
investigations. The outcome of this final activity was the class’s collective
recounting of the evidence they had gathered to prove that each state of matter
could transmit the sound of their drums.
Summary of Lesson 7. In Ms. Hooke’s classroom, the elaboration lesson
on sound transmission began with Ms. Hooke’s presentation of the exploration
question, which asked what happens to a trumpet’s sound between the trumpet
and the audience, and what changes when a closed curtain is placed in the middle.
While the students worked on inscribing answers to the question, Ms. Hooke
directed many recommendations and clarifications at the whole class, in response
both to questions asked by students and to issues Ms. Hooke noticed in their
journal inscriptions. After allotting six minutes for the students’ independent work
in their journals, Ms. Hooke directed their attention to the chart paper easel, where
she has listed science vocabulary terms (Figure 2). Although she had already
written definitions on the chart paper, she asked the students to volunteer their
own definitions and examples. They spent the majority of this vocabulary session
on the verbs absorb, reflect, and transmit.
After the vocabulary discussion, the class moved on to maraca building.
Ms. Hooke specified that the students should use mostly beams and plates for
their maracas, should begin by building a flat bottom for the maraca’s box, and
should keep their maracas small in size. As the student dyads constructed their
maracas, Ms. Hooke provided ample hands-on assistance. Maraca construction
went smoothly and took about 20 minutes. After this, Ms. Hooke again reviewed
the vocabulary words reflect, absorb, and transmit by having the students use
them in the context of describing the sound of the maracas. After breaking for the
end of the school day, Ms. Hooke returned to Lesson 7 with a third discussion of
the words absorb, reflect, and transmit. As she explained in the lesson de-briefing,
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these words concerned her because she perceived them to be above her students’
reading level.
The final phase of the lesson was the investigation of the maraca’s volume
level when played normally and when muffled. Ms. Hooke explained the
procedure for the investigation, and then she helped the students carry it out as a
whole class, using only one maraca and one digital volume sensor. For each data
collection trial, one student dyad operated the maraca and the sensor. Two extra
trials were added so that each student dyad had an opportunity to collect and
record data. (In total, the class conducted four “normal maraca” trials and four
“muffled maraca” trials.) After this whole-class data collection, Ms. Hooke
facilitated the students’ completion of the sound energy diagrams in their journals.
Finally, the lesson concluded with a review of pitch, through exploration of the
pan pipes built in Lesson 4. The students universally agreed that the longest straw
of the pan pipe produced the lowest pitch. Ms. Hooke directed the students to
sketch their pan pipes and label the pitches in their journals, and she drew a
sample sketch with labels on the chalkboard.
Table 4
Lesson 7 Timeline for Ms. Hooke’s Classroom
Time
(min)

Activity

Configuration

0

Introduce exploration question

Teacher-led discussion

5

Answer exploration question

Student independent work

11

Introduce vocabulary

Whole-class discussion

16

Give building instructions

Teacher-led discussion

19

Build maracas

Student dyad work

41

Review vocabulary

Whole-class discussion

44

End of class session (break)

44

Review vocabulary

Whole-class discussion

49

Introduce maraca investigation

Teacher-led discussion

54

Conduct maraca investigation as a class

Teacher-led discussion

64

Complete and discuss energy diagram

Whole-class discussion

74

Observe pan pipes

Whole-class discussion

85

End of lesson 7

327

Figure 2. Vocabulary words and definition for Lesson 7, on sound transmission.
3. Pitch Lessons in Ms. Hooke’s Classroom
The third aspect of the science of sound explored during the Design a
Musical Instrument unit is pitch. Lesson 5 is the lesson that introduces the topic of
pitch through the construction and investigation of a miniature rubber-band-andLEGO instrument called a “guitar.” In Lesson 6, the topic of pitch is elaborated
by adding a small computer and power source to control the tension of the guitar’s
rubber bands. In this section, I tell the story of Lesson 5 in Ms. Hooke’s
classroom (Table 5) and give a brief overview of how Ms. Hooke and her students
enacted Lesson 6.
Table 5
Lesson 5 Timeline for Ms. Hooke’s Classroom
Time
(min)

Activity

Configuration

0

Introduce pitch and exploration question

Teacher-led discussion

1

Write/draw individual responses

Student independent work

2

Instructions for guitar building

Teacher-led discussion

11

Build guitars

Student dyad work

36

End of class session (break)

36

Review of volume/vibration concepts

Teacher-led discussion

40

Instructions for guitar investigation

Teacher-led discussion

43

Investigate guitars

Whole-class discussion

58

Answer observation questions in journal

Student independent work

63

Review guitar observations

Whole-class discussion

71

End of Lesson 5
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Lesson 5. As in Ms. Boyle’s classroom, Lesson 5 in Ms. Hooke’s
classroom began with a musical instrument demonstration. To formally introduce
the concept of pitch, Ms. Hooke played two notes on a xylophone and asked the
students to listen for the difference between the notes. Immediately, Max and
Bobby responded that the notes were different in pitch, and that the “big one” was
low and the “small one” was high. Ms. Hooke took this as a sign that the students
were ready for the lesson’s exploration question.
Ms. Hooke:

You’re already starting to hear a difference. That’s a difference in pitch.
So let's look at the question that we have here. What makes different
sounds have different notes? There was a sound on the xylophone, but
what made it have a different sound? Why did they have a different pitch?
So answer that question really quickly. What made that same sound have
a different note? What made it different?

Swiftly, the activity shifted to a presentation by Ms. Hooke on the
engineering task for the lesson, building a miniature “guitar” out of LEGO pieces
and rubber bands. Students had been working on the exploration question for only
about one minute when this activity shift occurred. Before turning to the building
instructions for the LEGO guitars, Ms. Hooke projected a photo of a real acoustic
guitar on the overhead projector. As she did so, she reminded the students that
their final design challenge would be to design a new musical instrument. But
today they would be building guitars.
Ms. Hooke:

Well, who remembers the grand design challenge? We're gonna be
making, what? An instrument that plays three different sounds, and
you'll be able to use it as a class band. Today we are gonna make
guitars. A lot of you already saw the sample one yesterday. (Holds up
LEGO guitar) This is what we'll be playing to see how the strings of the
guitar, and how the frets, which is another vocabularly word over there,
the frets, these are the frets of the guitar. And I'm gonna show you a real
guitar (displays photo of acoustic guitar on overhead projector). The
frets are these lines. How many people, I think Brett said he played the
guitar, anyone else?

Students:
Ms. Hooke:

(A few raise their hands.)
So these are the frets, this is where your fingers-. Everyone pretend they
have a guitar right now in their hand. Everyone pretend. Which hand
does-, so you have this hand (mimicking strumming), and up here you
see… them moving their fingers and holding the strings down
(mimicking pressing different frets). So those frets are the way the guitar
changes its sound, holding them down. So this (holding up LEGO
guitar) is gonna show us how holding down different strings will make a
different sound….
Off-camera student: Are we gonna make our guitars look like that (pointing to photo of
real guitar)?
Ms. Hooke:
No, your guitar's gonna look like this (holding up LEGO guitar). We're
gonna make it in a few minutes. It is hard, it is going to be hard.

Ms. Hooke warned the students that guitar building would be difficult
most likely because of her past experiences with the curriculum unit. In previous
years, students had taken much more time to complete the construction of their
guitars than had been anticipated. In an attempt to facilitate the construction
process, the next thing Ms. Hooke did was review the guitar building instructions
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one at a time. She did this before the students retrieved their materials. She used
the overhead projector to display each page of building instructions from the
student journal, and the students followed along while she read the steps out loud
and pointed to the corresponding parts of the sample LEGO guitar.
At 11 minutes in to the lesson, Ms. Hooke distributed the LEGO kits and
the students began stepping through the building instructions. Each dyad followed
Ms. Hooke’s advice to first set out all the pieces that would be needed for the
guitar. Ms. Hooke visited with one group at a time, helping them find pieces and
reassuring them that matching colors were not essential. This piece-finding
procedure took some time, but it allowed the building steps to proceed more
smoothly later on. Twenty-five minutes after passing out the kits, it was time to
break for the end of the school day, but nearly all dyads had finished building
their guitars. Ms. Hooke looked tired from providing constant one-on-one
building support, but she was also pleased that the building activity had fit into
one class session. Sounding relieved, she said, “A lot less problems than I
expected!”
On the next day, Ms. Hooke chose to begin the investigation portion of
Lesson 5 with a physical demonstration of sound vibrations and volume. She used
a protruding ruler as a noisemaker and asked students to compare its sound and
vibration when struck forcefully to its sound and vibration when struck lightly.
The purpose of this review was to differentiate volume from pitch, and to press
students to use the terms “loud” and “soft” distinctly from the terms “high” and
“low.” Although many students appeared to be engaged by and to follow the
discussion surrounding this ruler demonstration, the concepts of volume and pitch
remained slightly confused in their responses to Ms. Hooke’s questions.
Ms. Hooke:

(Holding a ruler off the edge of a stool positioned at front of room)
Listen again. First and second, I don't want words like that. I want you
to try to use-, let's try it again. (Pauses to redirect student behavior.)
Thank you. Let's try it again. (Forcefully strikes the ruler, which has
about 6 inches protruding off the edge of the stool.) Volume. Loud or
soft?
Students:
(All at once) Soft. Loud.
Ms. Hooke:
Loud. How was that vibration?
Students:
(Quiet muttering; no single answer is audible.)
Ms. Hooke:
Alright, think of speed, alright. Watch again. (Strikes ruler more lightly,
so its amplitude of vibration is smaller.)
Students:
(Several at once) Soft.
Ms. Hooke:
Lower (Meaning “quieter”). And the vibration was?
Off-camera student: Slow.
Ms. Hooke:
Slower.
Dylan:
It was still fast.
Ms. Hooke:
You think so?
Dylan:
Well, like (holds up hand and waves it up and down quickly, mimicking
motion of ruler).
Off-camera student: Yeah, it was fast.
Sara:
That was, that was, that was slapped soft, so it's slower, and the other
one's going fast so it's louder.
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Ms. Hooke:

Thank you, alright, thank you. Let's remember that. Now we're gonna
talk about pitch. And we're gonna use, now we're gonna use-, that was
loud and soft, now we're gonna use low and high.

The main task for this second day of Lesson 5 was to explore the different
pitches produced by the miniature rubber-band guitars. In particular, the
Engineer’s Journal prompted the students to investigate the effect on pitch of
changing the rubber band’s length and width. In Ms. Hooke’s classroom, this
investigation was conducted as a whole-class endeavor. Ms. Hooke began the
activity with a careful demonstration of how to play the guitar.
Ms. Hooke:

You're not going to be plucking it or strumming it down here (between
motor and bridge). You're going to be plucking it between your finger
and this gear right here [the bridge]. So this is the space-, and listening.
Then you're gonna move it up another fret, and strum it or pluck it, and
listen. And then you're gonna hold it at the very last fret, and you'll only
get a small space here. So take turns, you and your partner, but just use
the thick one right now. Take a few minutes to practice and LISTEN.

As students attempted to play their guitars, Ms. Hooke moved about the
room and corrected their techniques. When it appeared that everyone understood
how to change the length of the rubber band, Ms. Hooke addressed the whole
class and asked them to compare the sound of the rubber band at its longest and
shortest length.
Ms. Hooke:

Let's listen to the sound. It's hard to hear, so right now everyone play
their guitar at the first fret, that's the longest length. Everyone hear the
sound that that makes. Alright, now stop. Everyone heard that sound?
Alright, now I want you to hold it at the shortest possible fret, so that's
all the way, fret number 4. All the way at the top, and play that again
(demonstrates).
Off-camera student: That doesn't really make any noise.
Ms. Hooke:
Well, listen, it really does.
Rena:
You can hear it really softly.
Ms. Hooke:
Put your ear really close.
Max:
It kinda makes a sound like chick-chick. I can hear it!
Ms. Hooke:
Which one was the high-pitched? Which one was the high pitched?
Dylan:
Right here (holds up guitar and points to something).
Ms. Hooke:
Which one, the shorter one or the longer one?
Students:
(All shouting at once) The longer. Longer. Shorter!
Ms. Hooke:
The shorter one had the higher pitch, alright. (Pauses to redirect student
behavior.) Again, think about the length, okay, when you held it, at the
first fret, and you plucked it, was that a high or a low pitch? Then think
about, when you held the fret at number 4, was that a high or low
pitch?... When did you hear the high pitch? Was it short or long?
Students:
(All talking at once) Long. Long. Short. Short.
Ms. Hooke:
(Laughs.) Aagh!
Kristen:
Most of them, most of you, told me as the rubber band got shorter, the
pitch got-? (Gives a hint by pointing her thumb up.)
Students:
(All at once) Higher.
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Ms. Hooke:

Higher. So the high pitch was at the shorter length. (Writes “short
length” on chart paper under the phrase “a high pitch sound.”) So the
higher pitch, so the sound was getting higher as the rubber band was
getting short. Therefore, the low pitch was when? When it was longer.
(Writes “longer length” on chart paper under the phrase “a low pitch
sound.”)

The above exchange shows that although Ms. Hooke had taken time to
demonstrate how to adjust the rubber band’s length, the students did not
immediately recognize that the pitch increased as the length decreased. The
students’ shouted-out responses made it difficult to ascertain how many students
were perceiving the correct relationship, and to diagnose whether the students’
“shortest” rubber band was the same as Ms. Hooke’s, and whether their “highest”
pitch was the same as Ms. Hooke’s. However, when Ms. Hooke led the students
through comparing the sounds of the thick and thin rubber bands, the students
who responded to her questions, “Which one had the lower pitch?” and “Which
one had the higher pitch?” gave the correct answers. At least these students
correctly understood the relationship between width and pitch. To keep track of
the scientifically accurate statements that were made about pitch and size, Ms.
Hooke created a class-size notes sheet (Figure 3). For students who were confused
about the relative definitions of higher/lower and shorter/longer, this clearly
written text was a useful aide.

Figure 3. Poster-size organizer for the class’s discovery of relationships between
size and pitch.
At about 60 minutes in to Lesson 5, Ms. Hooke asked students to turn to
the page in their journals that prompted them to record their observations of the
effect of length and width on pitch. During the five minutes they spent working
on these pages, some students engaged in conversations with their partners about
their observations, but others quickly circled responses and began chatting with
neighbors.
For the last eight minutes of the lesson, Ms. Hooke and the students
reviewed the answers to the observation questions posed by the journal. As each
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question was read out loud by a student, Ms. Hooke demonstrated the scenarios
mentioned in the question. For example, if the question asked whether the thick
rubber band sounded higher pitched at its longest length or shortest length, Ms.
Hooke played the rubber band at those two configurations. Even after these
demonstrations by Ms. Hooke, the students continued to inaccurately identify the
higher-pitched and lower-pitched scenarios. Ms. Hooke directed their attention to
the class notes sheet they had just created, and they retrieved the correct answer
from there. Still, Ms. Hooke sounded frustrated as the lesson came to an end, and
she promised to continue the discussion during the next science lesson: “Boys and
girls, it’s only thick and thin, and high and low, but it can be confusing, so we
have to try and listen…. Today’s lesson, to be honest, did not go as well as I
thought it should.”
Summary of Lesson 6. The first phase of Lesson 6 (Table 6) was a
review of the impact of the rubber band’s length and width on its pitch and
vibration speed. Ms. Hooke and the students discussed each observation prompt
from the Lesson 5 journal pages again. The students had their guitars at their desk,
and they used them to determine, or in some cases confirm, their answers to each
question. Ms. Hooke clarified the accurate response for each prompt. Next, Ms.
Hooke introduced the exploration question for Lesson 6, on tension and pitch:
“You're gonna make a prediction first….Which would make a higher pitched
sound, a loose rubber band, one that's kind of just flopping (wiggling her arms)
there, or one that's tight, that's really been, you know how I used that expanded
notation (stretching her arms wide), that's been expanded as far as it goes.” The
students responded to this question in their journals for about three minutes, and
then together, the class explored the impact of the rubber band’s tension on its
pitch.
Ms. Hooke did not add computer control and electric power to the guitars
for this investigation, but rather had the students wind the motor and rubber band
by hand. She instructed, “Like a clock, remember we used that word clockwise
yesterday when we were doing patterns, turn it around, a little bit to get that
tension. And then, listen to the sound….What’s happening to the sound as you’re
tightening that gear?” With excitement, the students shouted out all together that
the pitch was getting higher. Ms. Hooke then coached the students in seeing that
as the rubber band got tighter, and its pitch got higher, its vibration speed also got
faster. They recorded their observations in their journals right away, and to
reinforce the finding about vibration speed, Ms. Hooke added it as a new note on
the poster-size organizer about pitch. With their investigation of the guitars
complete, the students spent the last eight minutes of the 38-minute lesson taking
apart the guitars so that their pieces would be available for later building
challenges.
Table 6
Lesson 6 Timeline for Ms. Hooke’s Classroom
Time
(min)
1

Activity

Configuration

Review observations of length/width/pitch

Whole-class discussion
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14

Introduce exploration question

Teacher-led discussion

15

Write/draw individual responses

Student independent work

18

Investigate tension and pitch

Student dyad work

22

Record observations of tension and pitch

Student independent work

28

Dismantle guitars

Student dyad work

38

End of Lesson 6
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The Case of Ms. Newton’s Science Learning Environment
1. Sound Production Lessons in Ms. Newton’s Classroom
The following section tells the story of the sound production lessons in
Ms. Newton’s classroom. According to the unit’s curriculum guide, Lesson 1, the
introduction lesson for sound production, features the cup-and-spoon exploration.
Lesson 3, the elaboration lesson, includes the drum-and-sugar investigation.
Coding and analysis of Ms. Newton’s lesson videos indicated that the basic
features of her science learning environment were the same in Lesson 1 and
Lesson 3. Thus, Lesson 1 (Table 1) is described in detail as the representative
sound production lesson, and Lesson 3 is only summarized.
Table 1
Lesson 1 Timeline for Ms. Newton’s Classroom
Time
(min) Activity
0
3
25
26
32
37
40
46
57

Configuration

Introduce grand design challenge
Sound scavenger hunt around the school building

Teacher-led discussion
Whole-class investigation

Break for end of school day
Demonstration of sound with guitar
Introduce exploration question
Write/draw individual responses
Share exploration question answers
Record ideas about the sound scavenger hunt
End of Lesson 1

Teacher-led discussion
Teacher-led discussion
Student independent work
Whole-class discussion
Whole-class discussion

Lesson 1. To begin the Design a Musical Instrument unit, Ms. Newton
revealed to the students the unit’s grand engineering design challenge (Figure 1).
Then, the class headed off on a “sound scavenger hunt” around the school
building. This activity was a deviation from the curriculum guide, but Ms.
Newton chose to carry it out because the first version of the unit had included it,
and when enacting the unit two years ago, Ms. Newton had found the scavenger
hunt to be an effective way to engage her students in the study of sound. The
other unique decision she made was to conduct the scavenger hunt before
introducing Lesson 1’s exploration question. Instead, Ms. Newton used the
scavenger hunt itself as a launch for the entire unit, and then she began Lesson 1
formally with the exploration question. She used the discussion of the scavenger
hunt in place of the cup-and-spoon investigation.
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Figure 1. Poster stating the unit’s grand engineering design challenge.
During the 20-minute scavenger hunt, the class stayed together as a group
and walked to various areas within the school building. The students’ assignment
was to stay as quiet and listen for as many sounds as possible while keeping track
of them in their minds. When they returned to the classroom, Ms. Newton created
a poster-size data table (Figure2) with the column headings “Object making
sound” and “Ways to describe sound.” She recorded as the students identified and
described what they had heard around the school, including “kids – yelling,”
“police car siren – weee ooh,” “door – squeak,” and “stapler – tap tap tap.” They
did not yet discuss the actions that were taken to produce these sounds; Ms.
Newton was saving that question for later in the lesson.

Figure 2. Class data table of sounds heard on the scavenger hunt.
After breaking for the end of the school day, Ms. Newton began the main
portion of Lesson 1 by formally introducing the topic of sound production. To
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orient students’ thinking, she asked them to consider a few questions while she
gave a musical performance on an acoustic guitar.
Ms. Newton:

Students:
Ms. Newton:
Ms. Newton:

All I want you to do while I'm playing this guitar, is I want you to
think about how the sound is being made. I want you to look and
listen. Look and listen at how are the sounds being made, and look at
what I'm doing when you hear the sounds change. Watch what
happens when the sounds change. (Plays guitar soft, loud, holding the
strings at different frets, and using the pick on different strings.) Now
I would like you to do two minutes in a nice pair-share, actually this is
going to be a threesome, talk to each other about how the sound was
made from my instrument.
(Some begin talking, but many keep looking at Ms. Newton for more
direction.)
So Ethan and Layla are talking to each other, how is the sound made,
Kevin and Sean and Julio are talking to each other, Kayla and Maya
are talking to each other… (etc., telling students whom to talk to).
(To Kevin, Julio, and Sean) How is the sound being made? (To Vince
and Tessa) How is the sound being made, are you talking to each
other? (To Maya and Kayla) How is the sound being made? What was
happening to the strings?

After the students had talked with each other about the guitar sounds for
two minutes, Ms. Newton distributed the students’ Engineer’s Journals and
prepared to formally present the exploration question for Lesson 1, “How do
instruments make sounds?” First, though, she asked students to think of other
musical instruments besides the guitar. She gave each student a chance to list one
musical instrument. Then, she asked a volunteer to read the exploration question
from the journal. It is instructive to examine how Ms. Newton specified the task
of responding to the exploration question, since this was the students’ first
experience using their engineering journals. She asked for complete sentences,
and she provided “sentence starters” that students could use to initiate their
responses.
Ms. Newton:

Vince:
Ms. Newton:
Julio:
Ms. Newton:

So you can write some sentences, which in third grade, I expect some
sentences to be on this paper. And you can try a picture that explains
how instruments make sounds. Can somebody give me a starter
sentence? How can we start the writing to answer this question? I
usually like to take words from the question to put in our answer.
How should I start to answer the question? Vince?
They. The instrumentsYou could say, the instruments make sounds by. But what if you were
writing about the guitar. How should your sentence start?
A guitar sound isA guitar makes sounds by-, good. If you're writing about drums,
drums make sounds by-, a tuba makes sounds by-. Go ahead and
answer that question on the paper. You can do the words first, and
then draw it, or draw it and do the words first, you decide. But I'd say
4 minutes, I want to share this, 4 minutes. And I'm not worried about
spelling. As long as you can read it and you can share it with me. On
your drawing, label your drawing. Show me where the sound's
coming out. Label the pieces that are making the sounds.

As students orally shared their exploration question responses, Ms.
Newton repeated each student response back to the class. She paused occasionally
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to summarize the set of ideas that had been shared so far. These two practices,
revoicing student responses and summarizing multiple student ideas, were a
consistent part of Ms. Newton’s whole-class discussion pattern.
Ms. Newton:
Kristy:
Ms. Newton:
Ethan:
Ms. Newton:
Ethan:
Ms. Newton:
Kayla:
Ms. Newton:
Julio:
Ms. Newton:
Julio:
Ms. Newton:

Alright, raise your hand, share with me. What do you think? How do
instruments make sounds? Kristy?
A guitar makes sounds by using the strings on the guitar.
By using the strings on the guitar. Okay. Ethan?
A guitar makes sound when someone moves the string back and it hits,
it hits another string to make sound.
So you pull the string back, it hits another stringYes, it goes back and (inaudible).
Alright, so the strings are moving, and the strings are making the sound.
Okay. Kayla?
Drums make sounds by banging on them.
Drums make sounds by banging on them. Okay. Julio?
A bass makes a sound by striking.
By striking. What part of the bass do you strike so it can make the
sound?
The string.
You strike the strings. The guitar, you hit the strings, right, the drums,
you bang the skin of the drums, the membrane.

After about five minutes of discussion, Ms. Newton explained how this
exploration question related to the science unit as a whole. Some students had
mentioned that the guitar made high and low sounds depending on the size of the
string that was being played, and others discussed its volume. Ms. Newton
affirmed that musical instruments could make many different kinds of sounds, and
they would be learning about loud, soft, high, and low sounds over the next few
weeks, to prepare for their “challenge to design and build an instrument that can
make three different sounds.”
The focus of activity then shifted back to the sound scavenger hunt. The
students directed their attention to the data table of objects that made sounds and
descriptions of those sounds. Ms. Newton explained that now she wanted to talk
about the actions that made those sounds. She chose five sounds – the door,
stapler, coin, hands, and bell – and asked students to share their ideas about the
action that produced each one. The whole-class discussion that ensued includes
some good example of another of Ms. Newton’s hallmark discussion patterns –
asking several follow-up questions of one individual student before moving on to
elicit another student’s idea.
Ms. Newton:

Ethan:
Ms. Newton:
Ethan:

So we were down the hall and Donald just happened to have a coin in
his pocket, and this happened when we were listening for sounds. It
fell out of his pocket and it went "ting, t---i---n---g." What was the
action, raise your hand, stop talking out loud. What was the action?
What made the sound? Ethan?
Um, the floor and the coin coming together.
The floor and the coin coming together. The first initial "ting" from
the metal hitting, and then it, can you picture the coin?
It rolled.
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Ms. Newton:

Edgar:
Ms. Newton:
Edgar:

Yes, those coins roll. So that rubbing against the floor. Alright, hands
(points to another row on the data table, then claps hands together).
What was the action that was making that sound?
Your hands.
What did I do with my hands?
Clapping.

Ms. Newton:

Clapping them together, right, and when they hit, they make a sound.
Can I change that sound? Can I make it sound different?

Edgar:
Ms. Newton:
Edgar:
Ms. Newton:

I think so.
How? What action do I have to change to make it sound different?
Clapping like this (cups his hands rather than holding them flat)
Oh yeah, can you hear that? Okay does that sound different? Yeah….
So what are we finding out, how are we making different sounds?
Same object. What are we doing to make the sound different? Ethan,
what's changing?

Ethan:
Ms. Newton:

It depends on how you hit it, or do it.
The action's changing? Right? So with some of it, like with the
stapler, I hit it harder, it sounds different. What about our hands?
What was I doing to our hands?
Changing position.
Changing position, right, changing how much air was there in
between it.

Ethan:
Ms. Newton:

In the above excerpt, Ms. Newton essentially conducted a sequence of
one-on-one conversations with the rest of the class as an audience. In doing so,
she modeled for the other students how to provide detailed descriptions, how to
notice interesting aspects of phenomena, and how to ask scientific questions.
Summary of Lesson 3. In Lesson 3, Ms. Newton and her students flowed
through a sequence of activity shifts that would become typical for the remainder
of the curriculum unit. To begin, a few students briefly described what they had
explored in the previous lesson, sturdy shapes and frames for musical instruments.
Following this review, Ms. Newton presented Lesson 3’s exploration question,
“How does a drum make its sound? How do you know?” She suggested a
sentence-starter, and students wrote and drew in their journals for about two
minutes. Several students then shared their ideas in a whole-class discussion, in
which Ms. Newton probed their thinking with individual follow-up questions
tailored to each student. She also summarized what she was hearing: “So,
basically, I'm hearing a lot of, you hit the drum, you hit it with hands, you hit it
with sticks, you strike it, you bang on it, so it takes some action.” Although the
students’ exploration question responses did not touch upon the concepts of
volume and pitch, Ms. Newton wanted to introduce these concepts. Thus, she
gathered the students around her and demonstrated changes in volume and in
pitch with a sample of the miniature drum that the students would soon be
building. An artifact-centered discussion like this, in which physical constructions
aided Ms. Newton in introducing terms or concepts, usually occurred sometime in
the first 20 minutes of each lesson. After the demonstration, students spread out in
their dyads to build their own drums. Providing hands-on assistance and
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monitoring progress, Ms. Newton circulated as they built. Struggles with the
construction materials were minimal.
When Ms. Newton judged that all dyads had satisfactory drums, she
explained how they would use their new constructions to investigate an aspect of
sound – they would place sugar on their drum membranes to look for evidence of
how the drum produced its sound. After a break for the end of the school day, the
lesson resumed with a more detailed presentation by Ms. Newton of how to play
the drum softly and loudly, watch the sugar and listen to the sound, and write and
draw observations. Students then spread out again in their dyads and conducted
the investigation. The last phase of Lesson 3, as in most lessons, was a substantial
discussion of what students had observed and discovered during their
investigation time. Through additional question-posing and one-on-one probing of
ideas, Ms. Newton determined that they needed to gather more data as a class.
She had students watch and listen as she repeated the investigation with her own
drum at the front of the room. She prompted the students to complete her
thoughts: “When I play the drum softly, the sugar—“; When I play the drum
loudly, the sugar—.” Ms. Newton’s wrap-up discussion for Lesson 3 was typical
of most of her lesson conclusions, in the sense that it was a true sense-making
discussion where the physical artifacts took center stage but data and conclusions
were always recorded in some kind of public text. In Lesson 3, two public texts
were created: a pair of sentences on the chalkboard that related sound volume to
vibration size, and a poster connecting vibration size, sound volume, and energy
(Figure 3). As she wrote the chalkboard sentences, Ms. Newton summarized what
the students had reported about the drums and sugar: “So, when the sugar moved
a little, my drum made a soft sound. When the sugar moved a lot, my drum made
a loud sound. When the sugar doesn't move at all, no sound…. And when you
have big vibrations, your sound is loud. When you have little vibrations, your
volume is soft.” In the midst of Ms. Newton’s summary, one particularly
outgoing student, Sean, couldn’t help but blurt out how he made sense of all this:
“It’s like an earthquake! It's vibration, like, we're sugar, to the earth. The earth is
the drum, we're the sugar, and that's the vibration.”
Table 2
Lesson 3 Timeline for Ms. Newton’s Classroom
Time
(min) Activity
0
4
6
8
11
16
22
35
41
42
52

Review previous lesson
Introduce exploration question
Write/draw individual responses
Share exploration question responses
Introduce drums
Demonstrate differences in volume and pitch of drums
Build drums
Instructions for drum investigation
Break for end of school day
Instructions for drum investigation
Drum investigation
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Configuration
Whole-class discussion
Teacher-led discussion
Student independent work
Whole-class discussion
Teacher-led discussion
Teacher-led demonstration
Student dyad work
Teacher-led discussion
Teacher-led discussion
Student dyad work

68
91

Share and record observations from drum investigation
End of Lesson 3

Whole-class discussion

Figure 3. Poster created by Ms. Newton to record key conclusions of Lesson 3.
2. Sound Transmission Lessons in Ms. Newton’s Classroom
I next describe how Ms. Newton and her students enacted the two lessons
intended to address sound transmission. The introduction lesson, Lesson 4 (Table
3), involves experimentation with the transmission of the drums’ sounds through
solid, liquid, and gas. In Lesson 7, the elaboration lesson, students build maracas
and measure their volume output when played normally and when muffled. I
present the introduction lesson in detail and briefly summarize key aspects of the
elaboration lesson.
Table 3
Lesson 4 Timeline for Ms. Newton’s Classroom
Time
(min) Activity
0
4
7
11
16
20
26
45
45
53
57

Introduce exploration question
Write/draw individual responses
Share exploration question responses
Introduce sound travel through matter
Investigate with drums on desks
Instructions for building and investigating
Build pan pipes; investigate drum-in-water; draw
representations of sound travel
Break for end of school day
Share and record sound travel observations
Repeat drum-through-desk investigation
End of Lesson 4

Configuration
Teacher-led discussion
Student independent work
Whole-class discussion
Whole-class discussion
Student dyad work
Teacher-led discussion
Student dyad work
Whole-class discussion
Whole-class investigation

Lesson 4. To begin Lesson 4, Ms. Newton spent a few minutes attempting
to problematize, or to make interesting, the exploration question. This question
asked students, “How does a musical instrument’s sound get from the instrument
to our ears?” Before having students produce their responses, Ms. Newton played
a drum and asked students to think about where they heard its sound. She then
asked them to think about how they were hearing her voice. How was it, she
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asked, that the sounds from her voice and from the drum were getting all the way
to each student? How could someone over there hear the sounds at the same time
as someone over there in the other corner? She walked around the classroom and
pointed to students as she reiterated, “How is the sound getting from here to there,
there, there, there, there, there, there, and there?... This is what we’re talking
about. How is the sound transmitting to your ear?...How is it traveling from here
to your ear?” Finally, she had the students read the exploration question in their
journals, and then as usual, she suggested a sentence starter, which she also wrote
on the chalkboard: “The sound from an instrument gets to my ears by-.” The
students spent three minutes writing and drawing their responses.
When facilitating the students’ oral sharing of their ideas, Ms. Newton
continued to press the issue that it was a scientific puzzle how sound was heard by
so many listeners at once. She also followed her typical pattern of posing followup questions to one student before moving on to hear the next student’s idea.
Ms. Newton:
Julio:
Ms. Newton:

Julio:
Ms. Newton:

Julio:
Ms. Newton:
Students:
Ms. Newton:

Kayla:
Ms. Newton:
Kayla:
Ms. Newton:

Julio, what are you thinking? How does the sound travel from my drum
to your ears?
The volume gets to your ears by striking it.
By striking it. So if I'm striking it, we know that, that we need vibration
to make sound. All sound is caused by vibration. And we talked about
volume yesterday and used the word volume. But how is it, this noise,
getting there?
By you hitting it.
I'm hitting it, but how is it getting there? And, can you hear it too, over
here, Layla? So it's getting here, it's going here, it's going here, it's going
here (pointing)."
It's loud. You're hitting it hard.
It's loud. Okay, I'm gonna hit it soft. Tell me if you can hear it.
(Many at once) No. No. Yeah, I can hear it!
…. I want to know how. How? How? How are the sounds getting
everywhere? How come the sounds are over there, and over there, and
over there? How come I can hear Ms. Hooke (in neighboring room)
right now? How?"
You can hear the drum every time you go somewhere because each time
you're hitting it, it makes a sound.
Where's the sound going?
In every direction.
It's going in every direction. But, how's it get to your ear? I'm gonna let
two more people speak that haven't spoken yet.

At this point in the lesson, most student thinking was focused on the action
required for sound production. Although the students described some
characteristics of transmitted sound, such as its direction and its volume, they
were not yet describing sound transmission as an active process in its own right.
However, the last student speaker to share his exploration question response,
Sean, did offer the start of a more sophisticated idea. He said, “It bounces off
certain stuff and goes everywhere, it’s like, like the walls, it bounces through.”
Unusually, Ms. Newton did not repeat Sean’s idea back to the whole class but
rather rephrased it as, “So the sound is traveling. Traveling to my ears.” She may
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have done so because she was already planning to transition the students’
attention to the investigation for the day.
Abruptly, the focus of discussion shifted to the states of matter. Knowing
that states of matter had been a science topic in second grade, Ms. Newton asked
the students to list the three states of matter, and she followed up by asking what
state of matter the drum’s sound was traveling through. A student easily
responded, “Gas,” and Ms. Newton added that the particular kind of gas was air.
Next, Ms. Newton explained how these questions related to the science
investigations they were about to conduct.
Ms. Newton:

This is what we’re going to talk about today. We are again doing the
research phase of the engineering design process. We’re going to talk
about different mediums, different, um, matters, states of matter that
sound can travel through. Because you have to build an instrument. So
you have to think about how sound travels and what kind of mediums you
can use to make sure that you get a good instrument that can make good
sound, three different notes, right? Alright.

Having discussed sound travel through air, the next question was, “Can
sound travel through solid?” Students indicated their predictions by shaking their
heads for “yes” or “no,” and one student was asked to explain the reasoning
behind his prediction. Ms. Newton then demonstrated how to test whether the
drum’s sound could travel through the desk. She had a student press his ear at one
edge of the desk while she played the drum at the opposite edge. Students
immediately engaged themselves in this “experiment.” After carrying out the
basic test, they devised new set-ups and surfaces to explore. For example, Sean
discovered a plucking technique for playing the drum, and he exclaimed to Adam
and Ethan, “Why don’t you do this? It makes a louder sound! If you go like this,
it’s super loud!” The consensus in the classroom was that the drum sounded
“better” and “louder” through the desk, and thus was easily transmitted through
solid material.
The investigation of sound travel through water took place at a water table
station (Figure 4), where dyads met one at a time with Ms. Newton. First,
however, she gave instructions for two tasks the dyads were to complete while
waiting to be invited back to the water station. The first task was to build a pan
pipe out of drinking straws; Ms. Newton quickly demonstrated the entire building
process. The second task was to draw a representation of sound travel in the
journal; Ms. Newton read the detailed directions for that assignment directly and
then clarified, “Think about one of those experiments, draw a picture and write
sentences to explain how sound travels through that medium.”

Figure 4. Water tub used for investigation of sound travel through water
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Each dyad spent about two minutes experimenting with sound travel
through water. Ms. Newton’s facilitation of Sean and Adam’s visit to the water
station illustrates her persistent goal of problematizing sound transmission.
Ms. Newton:

I'm gonna put this [stethoscope receiver] under the water. Sean’s going
to play the drum under the water, and you're [Adam] gonna think about
the sound traveling through the water to your ears. Put that on your ears.
(Places stethoscope receiver at the opposite end of the tank from where
Sean is playing the drum.)

Adam:

So play the drum. Okay, keep playing it. Play it more like a music.
(Sean beats a different rhythm on the drum.)
Could you hear it?
Yeah.
Okay, take it [the drum] out of the water. Now (to Sean) play it at the
same distance, right now, play it, now listen going through the air. Stop,
stay right there (separating Adam and Sean by the length of the water
tank). Play this [drum] again, out of the water.
Yeah. Only if, when it's in the water, it sounds more lower.
It sounds lower in the water? Okay. Let's switch. I'll put the stethoscope
in. Alright. (Adam plays, Sean listens.)
You can hear it. It's very loud. (Puts his finger in the water and flicks it)
I can hear my finger.
Okay, don't. Sean, what do you think? How is the sound traveling
through the liquid?
It just comes through it.
It goes through it? Play it out of the water (lifts Adam’s hand with drum
out of the water) and listen again at the same distance. What do you
think?
I think it's louder in there (pointing to the water).

Ms. Newton:
Adam:
Ms. Newton:

Adam:
Ms. Newton:
Sean:
Ms. Newton:
Sean:
Ms. Newton:
Sean:

After all dyads had visited the water station, it was time to break for the
end of the school day. To conclude Lesson 4 on the next day, the students and Ms.
Newton discussed what they had learned from listening to the drum through air,
desks, and water (Figure 5). Several students described how they had conducted
the experiments, and then Ms. Newton posed the question, “How does sound
travel through the air?... From the drum through the water to our ears? From the
drum across our desk to our ears?” To answer these questions, students shared
what they had written and drawn in their journals – basically, descriptive reports
that the sound had traveled through the air, through the water, through the desks.

Figure 5. Public record of types of matter through which students detected sound
travel.
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Perhaps hoping for more sophisticated reasoning from her students, Ms.
Newton was intent on finishing the lesson with a “take-home message” other than
the simple discovery that sound can travel through all types of matter. Thus, she
posed one final question to the students: “So, out of the three mediums, which one
did you hear the best? The solid, the liquid, or the gas?” Ms. Newton’s own
understanding was that solid is the “best” medium for sound travel because the
speed of sound is faster in solids than in liquids or gases. She concluded that this
meant the students should have heard the drum most clearly and loudly through
the desks. However, the students’ responses to her question surprised her. Kristy,
Donald, Julio, and Ethan all said they heard the sound best through the water.
This wasn’t what Ms. Newton was expecting, but when the students elaborated on
their answers, their thinking did move more toward sophisticated reasoning.
Julio:
Ms. Newton:
Julio:

Ms. Newton:
Julio:
Ms. Newton:
Talia:
Ms. Newton:
Talia:
Ms. Newton:

Ethan:

Ms. Newton:

I liked the water because the water makes the waves.
What was making the waves, do you think?
The drum…. When we hit the drum, the sound comes up, and, and it
makes little waves (wiggling hand back and forth), and the sound comes
to the, telescope.
And it makes little waves. Julio, how are all sounds made?
By vibration.
And what is vibration?... Talia?
Um, when it moves.
When it moves, which way?
Up and down or sideways.
Up and down. Back and forth. Right? Julio, so, your drum was making
sound, so it had to be vibrating. Julio, so your drum's vibrating up and
down. So is it the vibration making some waves maybe? Okay, alright,
good. Yes, Ethan?
Um, I liked, I heard the water better, because I think the sound actually
was like pushed to the… stethoscope, and it, well to get into your ears I
think like the sound made the waves, and the waves, like helped the
sound travel.
The waves helped the sound travel into the stethoscope.

Ms. Newton was even more surprised by the responses she got from Sean
and Talia, who insisted the air was the “loudest.” She took this as an opportunity
to conduct a little more inquiry in her classroom.
Ms. Newton:

Talia:
Ms. Newton:
Talia:
Ms. Newton:

Sean:
Ms. Newton:

How about, let's not think about the liquid for a minute, and let's think
about when we did the drum just going through the air, and then just on
the desk. Which sounded better out of the air, and the desk? Talia?
Um, air.
You heard it better in the air?
Yeah, cuz, it's always going through the air.
It's always going through air, so when you heard it on the desk, and you
heard the air the best?... Does anyone else want to tell me, explain, what
do you think about the air and the desk, solid and the gas?
The air was the loudest.
The air was the loudest? Alright, I gotta try this. (Gets a drum and stands
about four feet from Sean.) So first, let's just do it in the air. You ready?
Listen. (Taps drum.) You hear that? Okay, put your ear down…. Okay,
ready? (Taps drum while holding it on desk, and Sean’s ear is on opposite
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Sean:
Ms. Newton:

Sean:
Ms. Newton:
Students:
Ms. Newton:

Ethan:
Ms. Newton:

corner of desk.)
Desk! Desk. Wins!
….Okay, so, I wanted to talk a little bit about that, because everyone's
saying the um, the liquid carried the sound the best, that you could hear it
the best. But, when you put the steth-, where did the sound as it traveled
through the water, what did it hit, before it got to your ears? What did it
hit before it got to your ears?... After it came out of the drum, through the
water, what did it hit, Sean?
The stethoscope.
The stethoscope. What state of matter would you call the stethoscope?
(Many at once) Solid! Solid.
So there's a little flaw in our experiment, because before it got to your
ears, it went through a solid matter. So I'm, there was a little flaw…. So,
sound travels fastest on a solid, solid matter. Think about your
instruments, what they're made out of.
Solid.
Solid. Right, solid materials? Right. We don't have any liquid
instruments.

In the end, Ms. Newton achieved her goal of expressing a concrete
conclusion for the lesson: solid carries sound the “best,” but in their experiment,
the liquid had appeared to be better because they used a solid stethoscope to
transmit the sound from the liquid to their ears. The students also achieved
something – their observations and conclusions from inquiry being heard and
valued and taken up for serious consideration by their teacher.
Summary of Lesson 7. The sequence of activities within the “maraca
lesson,” Lesson 7 (Table 4), was consistent with other lessons. Ms. Newton
presented the exploration question: “What happens to the sound between the
trumpet and the audience? What happens to the sound if there is a curtain between
the trumpet and the audience?” Students worked independently to draw or write
responses, and afterwards Ms. Newton facilitated several students’ public
expression of their ideas. A unique occurrence within this whole-class discussion
was Ms. Newton’s display of two students’ drawings and explicit remarks about
the contrast in their ideas. She picked up Sean’s journal and Ethan’s journal,
showed them to the other students, and said, “[Sean’s] sound is kind of all
(tracing out a big circle with her arm) around the trumpet. [Ethan’s] sound looks
like it's kind, almost going in a wavy line, going straight through the air.”
Aided by Ms. Newton’s strong suggestion to use as many flat plates as
possible and aim for a very small box, the students built maracas with little
frustration. They then retrieved the electronic components that would enable them
to measure the volume of their maracas, and Ms. Newton demonstrated each step
of the investigation with the assistance of two students and their maraca and
sound sensor. Again with little frustration, the students smoothly repeated the
measurements in their own dyads. However, as Ms. Newton circulated the
classroom and peeked at their data, she concluded that the students’ investigations
had not gone smoothly. Students had been talking quite loudly throughout the
data-gathering period, and perhaps because of this ambient noise, many dyads
recorded volume data that indicated higher volumes for the muffled maraca than

346

for the uncovered maraca. She determined that a whole-class repeat of the
investigation was necessary, and when science class resumed the next day, she
facilitated students’ reasoning about the sources of error in their own trials before
guiding them through a repeat of the experiment. With “new” data displayed on a
poster-size data table (Figure 6), the students agreed that the muffle had stopped
some of the sound energy from escaping the maraca. They quickly and accurately
filled in the words transmitted, reflected, and absorbed in the energy flow diagram
in their journals.

Figure 6. Poster from Lesson 7 with definitions of new vocabulary and multiple
sets of data from the maraca investigation.
Table 4
Lesson 7 Timeline for Ms. Newton’s Classroom
Time
(min) Activity
0
2
4
10
12
25
39
50
50
58
71
78

Introduce exploration question
Draw/write individual responses
Share exploration question responses
Instructions for maraca building
Build maracas
Instructions for maraca investigation
Conduct maraca investigation
Break for end of school day
Review maraca investigation
Repeat maraca investigation as a class
Complete and discuss sound energy diagram
End of Lesson 7

3. Pitch Lessons in Ms. Newton’s Classroom
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Configuration
Teacher presentation
Student independent work
Whole-class discussion
Teacher presentation
Student dyad work
Teacher presentation
Student dyad work
Whole-class discussion
Whole-class investigation
Whole-class discussion

The topic of pitch is the third aspect of sound explored during the Design
a Musical Instrument unit. Here I tell the story of Lesson 5 in Ms. Newton’s
classroom (Table 5) and give a brief overview of how Ms. Newton and her
students enacted Lesson 6. Lesson 5 introduces the topic of pitch through the
construction and investigation of a miniature rubber-band-and-LEGO instrument
called a “guitar.” In Lesson 6, students extend this work by adding a small
computer and power source to control the tension of the guitar’s rubber bands.
Table 5
Lesson 5 Timeline for Ms. Newton’s Classroom
Time
(min) Activity
0
4
6
7
12
14
48
48
54
77

Formally introduce pitch
Introduce exploration question
Write/draw individual responses
Share exploration question responses
Instructions for building guitars
Build guitars
Break for end of school day
Introduce guitar investigation
Investigate length/width/pitch of guitars
End of Lesson 5

Configuration
Teacher-led discussion
Teacher-led discussion
Student independent work
Whole-class discussion
Teacher-led discussion
Student dyad work
Teacher-led discussion
Whole-class discussion

Lesson 5. Even though in Ms. Newton’s classroom the term pitch had
already surfaced in previous lessons, Ms. Newton began Lesson 5 by formally
introducing the concept. First, she played contrasting pitches on a slide whistle (a
tubular whistle whose length is easily changed). She directed students to listen for
whether the sounds she played were the same or different, and she carefully
explained that she was using the same amount of energy to produce each sound,
so the volume would not change. The students unanimously agreed that two
whistle sounds were very different. Ms. Newton then repeated this demonstration
with a nail xylophone (a set of three differently-sized nails resting on a foam pad).
The students again were united around the conclusion that the three nails sounded
different.
These demonstrations led directly to Lesson 5’s exploration question,
“What makes different sounds have different notes?” Ms. Newton encouraged the
students to consider the slide whistle, xylophone, or any other instrument as a way
to jump-start their thinking. She also provided two sentence-starter options on the
chalkboard, “I think sounds make different sounds because,” or “I think sounds
make different sounds by.”
In the whole-class discussion that followed the students’ independent
work in their journals, the students contributed a rich variety of ideas about pitch.
Talia and Yvonne mentioned size, Ethan mentioned thickness, and Tessa
mentioned movement up and down the pipe. Julio shared that different drum skins
might make different pitches, and this triggered Ethan to wonder out loud whether
the starting distance between two cymbals could affect the pitch made when they
crashed together. Ms. Newton praised the students’ for their “good thinking”
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about pitch. She then used this opportunity to explicitly differentiate pitch from
volume.
Ms. Newton:

Okay, so, from now on, remember I told you that with volume, I only
want you to describe volume as loud and quiet? That's because I only
want you to describe pitch, pitch means different notes, so when you're
describing different notes of a sound, or a different pitch of a sound,
you're going to describe it as a low pitch (writing on chart paper) and
sound, or you could describe it as a high pitched sound. Cuz often, in the
past, when I've taught this unit, sometimes when people say low, they
mean low volume, and that's different than a low pitched sound. And then
you're thinking about high volume, and you're thinking about high
pitched sound. So I want to only use for volume, loud and quiet, when
we're thinking pitch, it's low pitched sound and high pitched sound.

The next task for Lesson 5 was to build miniature rubber-band-and-LEGO
guitars that would allow the students to explore pitch themselves. Ms. Newton
directed the students to the building instructions in their journals and displayed a
sample model of the guitar. She then began building her own guitar, explaining
her actions as she followed each step of the building instructions. She encouraged
the students to build along in parallel with her. A few dyads did so, but most
worked through the instructions at their own pace. Nevertheless, when they had to
break for the end of the school day 35 minutes later, all of the dyads had
completed building their guitars.
The investigation portion of Lesson 5 began with a review of the
difference between pitch and volume. Ms. Newton asked the students to help her
re-define those terms, and this exercise surfaced some lingering confusion with
the vocabulary.
Ms. Newton:

Julio:
Ms. Newton:
Julio:
Ms. Newton:
Julio:
Ms. Newton:
Ethan:
Ms. Newton:

Vince:
Ms. Newton:
Vince:
Ms. Newton:

Can anybody tell me when I say that we're going to talk about pitch,
what are we talking about? When I say that we're going to learn about
pitch using our guitars, what are we going to learn about? Julio?
How hard you hit it.
How hard I hit it. If I hit it really hard, is that going to affect the pitch?
No.
No. But what will it affect if I hit it really hard? (3-sec pause) If I hit it
really soft, how will that affect the sound?
Softly?
Okay, that's not about pitch, I think you're thinking about something
else. When we're talking about pitch, what are we talking about, Ethan?
A low sound or a high sound.
Right. When we're talking about pitch, we're talking about different
notes. We're talking about how low (making her voice low) a sound is or
how high (making her voice very squeaky) a sound is. Okay? But when
we're talking about volume, what are we talking about? Because I think
that's what you (Julio) were talking about. Yes, Vince?
Vibration?
All sound is made from vibration. Okay. And if I hit my instrument
really hard, what kind of vibration will it have?
Loud.
A loud, a lot of vibration, which means it's loud. The more energy you
give it, the louder the sound. But that's not pitch, okay. So when we're
talking about pitch, we're talking about how high, that means it sounds
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really up high squeaky sound (making her voice squeaky) or we're
talking about how low it is.

The students’ main job for the guitar investigation, Ms. Newton explained,
was to “be good scientists,” and to “see what happens to your guitar when it's
making the low pitch sound and what is happening to your guitar when it's
making the high pitched sound.” She posted a piece of chart paper on which she
had written at the top, “What happens to your guitar when it makes: a low pitch
sound?” About half way down the paper, she had also written, “a high pitch
sound?” Students retrieved their rubber-band guitars and sat with their science
partners, but at Ms. Newton’s direction, did not open their engineering journals.
With Ms. Newton’s step-by-step guidance, the students gradually shortened the
length of the thick rubber band on their guitars while plucking and listening for
pitch. The classroom was quiet during this time, and the students calmly carried
out each guitar scenario that Ms. Newton specified. After listening to the sound
produced by four different rubber band lengths, Ms. Newton paused the students
to record their collective discoveries.
Ms. Newton:

Sean:
Ms. Newton:
Sean:
Ms. Newton:
Sean:
Ms. Newton:

Talia:
Ms. Newton:

So what do you think, can I add any information to my chart? What
happens to you guitar when it makes a low pitch sound? Can I add any
information to our chart? Sean, Adam, what did we just learn with
that?
It gets, it gets bigger.
What's bigger?
It's longer.
What's longer?
Uh, the elastic.
The elastic, so the elastic is longer. …What's happening to my guitar
when it's making a low pitch sound? The elastic is long (writes this on
chart paper). What about, what's happening to the guitar when I'm
making a high pitch sound? So, the elastic is long when it's making the
low pitch sound. What about the elastic when it's making a high pitch
sound? Talia?
It gets shorter.
So we're learning something here, so when you need to build your
instrument to make different notes, you need to keep this in mind.

Ms. Newton was careful to separate for the students the task of listening to
the sound from the task of watching the vibration. She now had them focus on
observing the vibration of the thick band while plucking it at different lengths.
She then distributed thin bands for the students to add to the other side of their
guitars. They plucked and listened to the thin band at different lengths, and then
watched its vibration at different lengths. All the while, Ms. Newton paused
occasionally to ask students what they were hearing and seeing and to help them
decode and use the terms longer/shorter, lower-pitched/higher-pitched, and
slower-vibration/faster-vibration. Finally, for the last three and a half minutes of
the lesson, Ms. Newton returned to the class chart and recorded the next set of
student discoveries about pitch.
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Ms. Newton:

Tessa:
Ms. Newton:
Tessa:
Ms. Newton:

Kristy:
Ms. Newton:
Kristy:
Ms. Newton:

Kristy:
Ms. Newton:

Talia:
Ms. Newton:
Students:
Ms. Newton:

Ethan:
Ms. Newton:

Alright, so somebody help me to add to here. I need to add some more
facts….Somebody tell me some of the things that happens to me guitar
when I'm making a low-pitch-sound (making her voice low and
crouching toward the floor). Tessa?
It's vibrating.
How, what's the speed of the vibration?
Slow.
Slow, right. So the vibration is slow. (Writes this on chart.) The
vibration is slower…. What else, about thick and thin, what can I say
about-, what does thick and thin have to do with the low pitch sound on
our guitar?
Um, that it's getting higher.
What's getting higher?
Um, when you hold it right here, and you play it, it's getting higher.
Right, we said as we make the elastic shorter, it makes a high pitch
sound. But now let's look at the thick and the thin. Which one's making
the low pitch sound?
Thick.
The thicker elastic, right. (Writes this on the chart.) What's happening
on your guitar when it's making the high pitch sound. We already said
when it's shorter, what about the speed of the vibration when it's making
a high pitch sound? Talia?
It's going fast…. The vibration is faster.
Don't you hear the sound end quicker when it's high?
(All at once.) Yes.
Like when it's low, it's kind of a little l-l-l-l lasts a little longer, goes a
little slower. Same amount of energy, just a little slower. Same amount
of energy, just a little quicker. What about the thick and the thin, what
can we say? Which one's make the high pitch sound? Ethan?
Thin.
The thin, right. (Writes this on chart.) So the thin elastic. I need you to
put your elastics to the side. So we did some really good research
(points to the chart)…. This is some really good research. Your grand
design challenge is to build an instrument that makes three different
notes, three different sounds, so right here, you know three different
ways to get a low pitch sound, using elastics. Right here you know three
different ways to get a high pitch sound using elastics. So this is some
really good research.

For Ms. Newton’s students, Lesson 5 began with a rich set of initial ideas,
elicited during their opening discussion of the exploration question on pitch.
Then, students had independent time during the building phase of the lesson to
think even more about how one particular instrument, the rubber-band guitar,
might produce sounds of different pitches. Later, they experienced an extended
(20-minute) guided investigation of that guitar. During that investigation, Ms.
Newton used question-and-answer exchanges to diagnose and clarify students’
confusion about size, speed, and pitch. These variables all tend to challenge
students’ understanding, partly because their qualifying descriptors (long/short,
thick/thin, fast/slow, high/low) are comparative adjectives that are still difficult
for some third graders. After Ms. Newton provided direct feedback on students’
understanding of these variables, the students had yet another opportunity to think
through them, as they contributed ideas for the class chart on pitch. With this
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chart, Ms. Newton recorded the students’ collective learning in an organized,
concise public document (Figure 7), to which the students would return many
times over the remainder of the unit.

Figure 7. Poster created during Lessons 5 and 6 to record discoveries about size,
tension, speed, and pitch. Tension notes were added in Lesson 6.
Summary of Lesson 6. The enactment of Lesson 6 in Ms. Newton’s
classroom gave students ample time to explore the effect of tension on pitch, as
well as to revisit the variables of length, width, and vibration speed. As usual,
they began by inscribing and discussing their responses to the exploration
question, which was, “Which would make a higher pitched sound, a loose rubber
band or a tight rubber band? Why do you think so?” Ms. Newton then
demonstrated how to add the LEGO computer and touch sensor to the rubberband guitars so that the tension of the rubber band could be increased and
decreased in precise increments. Students excitedly went about conducting this
investigation, and they were eager to share what they discovered: “The elastics
are getting tighter,” Kayla said when asked about the high-pitched sound, and
“looser,” she said when asked about the low pitched sound.
Ms. Newton extended the discussion of the investigation when Lesson 6
resumed after a break for the end of the school day. She started this discussion by
orally quizzing students the relationship between sound vibrations and volume,
and then she moved on to the topic of pitch. After quizzing students about the
effect of increasing tension on pitch, she also asked them about the previous
lesson’s findings on the relationship between size and pitch. This question-andanswer session prepared students to record their guitar observations in their
journals. They had not yet made records in their journals for either Lesson 5 or 6.
After this journal work, the students took a moment to dismantle their guitars and
their drums. Finally, for one final exploration of pitch, the students retrieved their
pan pipes and followed Ms. Newton’s directions to determine which straws made
the highest- and lowest-pitch sounds. To conclude the lesson, Ms. Newton
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connected it back to the unit’s grand design challenge by leading a brainstorming
session on all the different ways to change pitch: “I want to remind you of the
final design challenge. What could you do to make an instrument with three
different pitches?”
Table 6
Lesson 6 Timeline for Ms. Newton’s Classroom
Time
(min) Activity
0
3
5
9
13
26
26
45
51
68
79
79
85

Introduce exploration question
Draw/write individual responses
Share exploration question responses
Instructions for tension/pitch investigation
Investigate tension/pitch
Break for end of school day
Review guitar investigations
Record size/tension/pitch observations in journals
Dismantle guitars and drums; organize kits
Pan pipe investigation
Break for end of school day
Brainstorm ways to change pitch
End of Lesson 6
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Configuration
Teacher presentation
Student independent work
Whole-class discussion
Teacher presentation
Student dyad work
Whole-class discussion
Student independent work
Student dyad work
Whole-class discussion
Whole-class discussion

