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Abstract

Background: Increased emphasis on accountability in education reform and evidence-based practices underscores
the need for research on the implementation of K-12 curricular innovations. However, detailed accounts of research
examining fidelity of implementation for K-12 STEM curricula remain relatively scarce. This paper illustrates the
application of one frequently cited framework for exploring fidelity of implementation, the innovation
implementation framework. The paper describes how this framework was applied to identify and describe the
implementation of critical components of a newly developed middle school STEM curriculum.

Results: Drawing on classroom observations, student interviews, and teacher interviews, the paper provides
illustrative findings and practical examples of methodology and instruments employed over the course of a 2-year
study of curriculum implementation. The paper discusses three ways in which the innovation implementation
framework enhanced our understanding of curriculum implementation: specifying critical components of the
curriculum and their enactment, informing instrument design and data collection, and revealing implementation
patterns.

Conclusions: This paper provides support for the use of the innovation implementation framework to study the
implementation of curricula developed within the context of research-practice partnerships. In addition to
illustrating the application of the innovation implementation framework, the paper extends previous
implementation work focused on efficacy and effectiveness studies to demonstrate the practical advantages of
studying fidelity of implementation in the context of design and development projects.
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With growing interest in curricular innovations in K-12
STEM (Science, Technology, Engineering, and Mathem-
atics) settings, researchers have argued for the careful
study of curriculum implementation (Fishman, Marx,
Best, and Tal, 2003; Penuel, Fishman, Haugan Cheng,
and Sabelli, 2011; Ruiz-Primo, 2006; Schneider, Krajcik,
and Blumenfeld, 2005). Implementation research can
serve a number of important purposes including docu-
menting the degree to which an intervention is enacted
as intended, allowing for more nuanced understandings

of the outcomes of an intervention, informing refine-
ments to curriculum and teacher professional develop-
ment, and providing invaluable information about the
conditions under which curricular innovations are likely
to be successful when scaled to a broader population of
teachers and students (Century and Cassata, 2016; Ruiz-
Primo, 2006). As curricula introducing new approaches
to STEM education are designed, there is a clear need to
explore the degree to which implementation resembles
what was envisioned by curriculum designers and to de-
velop understandings of the various factors that may in-
fluence how a curricular innovation unfolds when used
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by students and teachers in actual classrooms (Cassata,
Kim, and Century, 2015).

Fidelity of implementation
Fidelity of implementation (FOI), defined by Rudnick,
Freeman, and Century (2012) as “the extent to which an
enacted program is consistent with the intended pro-
gram model” (p. 347), has been an active area of re-
search since the late 1970s (e.g., Sechreset, West,
Phillips, Redner, and Yeaton, 1979). Often utilized as an
approach to evaluating interventions in health care and
public health settings, some have argued that FOI has
been under-utilized within educational research (Lee,
Penfield, and Maerten-Rivera, 2009; O’Donnell, 2008).
While a few early studies of K-12 curricular interven-
tions exist (e.g., Fullan and Pomfret, 1977; Kimpston,
1985), FOI has only been a focus in educational research
since the late 1990s and early 2000s. When FOI is exam-
ined, it is often considered secondary to a larger study
rather than a major focus of educational research (Cen-
tury, Freeman, and Rudnick, 2008). However, increased
emphasis on accountability in education reform and
evidence-based practices has fueled a need for additional
research focusing more explicitly on FOI for K-12 cur-
ricular innovations (Furtak et al. 2008; Lendrum and
Humphrey, 2012; O’Donnell, 2008). For example, major
funding agencies like the National Science Foundation
now call for the measurement of FOI when conducting
impact studies investigating intervention outcomes and,
in recent Education Research solicitations, have expli-
citly advocated for measuring implementation starting at
the Development and Innovation stage of research (In-
stitute for Education Sciences, 2013, 2020).
Given this increased interest in research exploring the

implementation of K-12 education interventions, over
the past decade, researchers have begun to investigate
FOI in the specific context of STEM education interven-
tions (Barker, Nugent, and Grandgenett, 2014; Borrego,
Cutler, Prince, Henderson, and Froyd, 2013; Buxton
et al., 2015; Castro Superfine, Marshall, and Kelso, 2015;
Johnson, Pas, Bradshaw, and Ialongo, 2018; Lee et al.
2009; McNeill, Marco-Bujosa, González-Howard, and
Loper, 2018; Schneider et al. 2005; Songer and Gotwals,
2005). One goal of this research has been to examine re-
lationships between FOI and student achievement re-
sults. For example, Songer and Gotwals (2005)
investigated the FOI of three inquiry-based science cur-
ricular units and found larger achievement gains among
students taught by “high-fidelity” teachers than among
students taught in classrooms with lower FOI. Other re-
searchers have sought to investigate FOI as it relates to
curriculum development, with the goal of using fidelity
criteria at various stages of the development process to
inform curriculum refinement (Lee and Chue, 2013;

Schneider et al. 2005). Schneider et al. (2005) compared
teachers’ actual enactment of an inquiry-based science
unit on force and motion to intended implementation of
the curriculum and found that teachers’ enactment rat-
ings tended to be less consistent with the intended cur-
riculum for the most challenging portions of the unit.
This finding suggested the need to enhance educative
curriculum materials and to supplement these curricu-
lum materials with professional development and, ultim-
ately, systemic changes to support teacher enactment of
reform-based science curricula. Lee and Chue (2013) in-
vestigated FOI of a school-based science curriculum for
eighth-grade students in Singapore, with the goal of ex-
ploring “how FOI concepts can organize efforts to main-
tain treatment fidelity and thereby serve curriculum
development in science” (p. 2510). Analysis of various
FOI criteria (dosage, adherence, quality of delivery, and
participant responsiveness) (Dane and Schneider, 1998)
indicated a relatively high level of fidelity while also
identifying specific challenges teachers encountered as
they implemented the student-centered curriculum
within a relatively traditional learning environment.
A recent study of FOI for a middle-school curriculum

(McNeill et al. 2018) focused on the scientific practice of
argumentation and compared teachers’ fidelity related to
curriculum procedures (e.g., adherence to the order and
types of procedures) and fidelity to the curriculum’s
overarching goals for argumentation. In this study, ana-
lyses of video data collected in five teachers’ classrooms
during the implementation of argument lessons in-
formed case studies describing distinct curriculum en-
actment patterns. For example, the study reports one
case in which a teacher demonstrated high fidelity to the
curriculum’s overarching goals but low fidelity for proce-
dures due to the adaptations the teacher made to proce-
dures in order to provide linguistic supports for English
Language Learners. Given these findings, the authors
argue that examining the extent to which teachers ad-
vance the overarching goals of curricula may be a better
indicator of whether teachers’ enactment of the curricu-
lum is supporting diverse students than strict fidelity to
curriculum procedures.
Studies exploring the fidelity of implementation for K-

12 engineering education interventions remain relatively
scarce. Research exploring the defining characteristics of
STEM high schools identified the engineering design
process as one of many critical components of STEM
high schools (LaForce et al. 2016). This study noted that
although the engineering design process was not identi-
fied as a critical component for many of the schools in
the study, when the EDP was part of a STEM high
school’s model, it was a particularly important compo-
nent. Although this study provides an interesting insight
into the integration of engineering within STEM high
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schools, it does not explore the actual FOI for particular
approaches to engineering education within these set-
tings. When research does examine the fidelity of imple-
mentation for engineering interventions, the full
methods and results of this work are generally not de-
scribed in detail. A notable exception is a recent re-
search focused on the popular Engineering is Elementary
(EiE) curriculum, which describes examples of teachers
implementing the curriculum with fidelity (Gruber-Hine,
2018) and describes the use of implementation logs to
examine the fidelity of implementation (Lachapelle and
Cunningham, 2019). Other than these examples, within
the extant engineering education literature, we were not
able to identify major studies describing the frameworks
or systematic methods used to evaluate the fidelity of im-
plementation for K-12 engineering education programs.
Although similarly rare, there are some examples of fi-

delity of implementation for engineering programs
within higher education. Borrego et al. (2013) explored
the FOI of Research-based instructional strategies (RBIS)
in undergraduate engineering science courses (e.g., stat-
ics, thermodynamics). The study focused on 11
research-based instructional strategies for which there
had been documented use in engineering settings and
evidence of positive influence on student learning (e.g.,
case-based teaching, just-in-time teaching, inquiry learn-
ing, collaborative learning, problem-based learning). The
study’s survey of 387 faculty members indicated a wide
range of RBIS implementation, with between 11% and
80% of faculty reporting that they spent time on re-
quired components of the RBIS. The study also com-
pared respondents who used the RBIS to those who did
not and found that 13 of the critical components dis-
criminated between users and nonusers.
In addition to describing the implementation of par-

ticular interventions, extant research provides some
guidance on how to conceptualize and study the imple-
mentation of STEM interventions (Buxton et al. 2015;
Dane and Schneider, 1998; Dusenbury, Brannigan, Falco,
and Hansen, 2003; McNeill et al. 2018; Mowbray, Holter,
Teague, and Bybee, 2003; Ruiz-Primo, 2006). Buxton
and colleagues draw on practice theory to reframe im-
plementation in terms of “multiplicities of enactment”
versus program adherence and FOI. Findings from their
3-year project focused on professional learning among
middle school science teachers illustrate how individual
teachers exercised agency to enact lessons in a variety of
ways, depending on a range of personal and contextual
factors. Similarly, a number of researchers have focused
on describing teachers’ principled adaptations of curricu-
lum (Borko and Klingner, 2013; Debarger et al., 2017;
Singer, Krajcik, Marx, and Clay-Chambers, 2000), noting
the virtual impossibility of enacting programs exactly as
intended and the potential benefits of teachers making

intentional changes to interventions in order to accom-
modate their local conditions and students.
Drawing on previous FOI research and science educa-

tion literature, Ruiz-Primo (2006) describes a multi-
faceted approach to investigating FOI for inquiry-based
science curricula that involves attending to an array of
elements including the types of curriculum (intended,
enacted, and achieved), various dimensions of curricula
(theoretical stand, curriculum materials, and instruc-
tional transactions), and a number of aspects of measur-
ing fidelity of implementation (adherence, exposure,
quality of curriculum enactment, student responsiveness,
and curriculum differentiation). Following the articula-
tion of this approach, the paper illustrates its application
with a study triangulating an array of data sources to
examine FOI of the Foundational Approaches in Science
Teaching (FAST) middle-school science curriculum.
Commenting on the utility of the approach, Ruiz-Primo
(2006) states “information from the diverse instruments
that we have developed has given us a portrait of the di-
verse ways in which FAST teachers are implementing
the curriculum and how these forms of curriculum en-
actment affect student learning” (p. 38). Ruiz-Primo then
offers a number of lessons learned through their study
of FOI, noting the importance of clarity when defining
critical components and specifying which variations in
implementation will be considered minor or major, the
advantages of planning FOI studies in parallel with ini-
tial program development, the necessity of observation
data (direct observation or video), and the importance of
using multiple methods and multiple sources to develop
evidence of FOI.
Despite the increased prevalence of research on cur-

riculum implementation, reviews of research on FOI
have noted a lack of systematic measurement procedures
and frameworks that can be applied to study the imple-
mentation of curricular interventions (Century, Rudnick,
and Freeman, 2010; Lee and Chue, 2013; O’Donnell,
2008; Ruiz-Primo, 2006). Century et al. (2010) refer to
the fidelity of implementation as “the black box” of
evaluating interventions, noting that researchers have
struggled to develop a shared conceptual understanding
of FOI and how to measure it:
We create FOI measures based on their particular

contexts and programs of interest, leaving the field with
a collection of disparate measures and ad hoc theories
about FOI. With no shared basis for measuring and dis-
cussing FOI, we are unable to compare findings across
studies of particular interventions or accumulate know-
ledge on FOI itself. (p. 200).

Purpose
This paper represents one effort to illuminate the “black
box” of fidelity of implementation by describing the
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application of one promising framework, the innovation
implementation framework (Century and Cassata, 2016;
Century, Cassata, Rudnick, and Freeman, 2012; Century
et al. 2010). Specifically, the paper describes how this
framework was applied to identify and describe the im-
plementation of critical components of a new curricu-
lum implemented in sixth–eighth-grade engineering
classes. Thus, the paper focuses on addressing the ques-
tion: how can the innovation implementation framework
be utilized to explore FOI for an innovative middle
school engineering curriculum? The study provides
practical examples of methodology and instruments
employed to track curriculum implementation and illus-
trates how the framework facilitated the development of
findings related to the curricula’s critical components.

Conceptual framework
The innovation implementation framework
Based on their work at the University of Chicago’s Cen-
ter for Elementary Mathematics and Science Education
(CEMSE) (now known as Outlier Research and Evalu-
ation at UChicago STEM Education), Century and col-
leagues provide a useful conceptual framework for
examining innovation implementation, defined as “the
extent to which innovation components are in use at a
particular moment in time” (Century and Cassata, 2014,
p. 87). As implied by this definition, the innovation im-
plementation framework conceptualizes innovation as
complex and constituted by essential parts or compo-
nents. The Framework identifies two major types of
components: structural and interactional. Structural
components include “organizational, design, and support
elements that are the building blocks of the innovation”
(p.88) and are further divided into procedural compo-
nents (organizing steps, design elements of the
innovation itself) and educative components (support el-
ements that communicate what users need to know).
Interactional components include the “behaviors, inter-
actions, and practices of users during enactment” (p. 88)
and are typically organized according to user groups
(e.g., teachers, students). Within the category of inter-
actional components, pedagogical components focus on
the actions expected of teachers when implementing the
intervention and learner engagement components focus
on how students are expected to engage when partici-
pating in the intervention.
In addition to this approach to defining and categoriz-

ing components, Century et al. (2012) describe a number
of key ideas related to the framework that are particu-
larly relevant for the current study. First is the notion
that innovations vary in terms of the number and type
of components and the degree to which components are
either explicit or implicit within the intended program
model. Some innovations focus more on structural

components while others prioritize interactional compo-
nents. As described below, while we attended to certain
structural components, we focus primarily on inter-
actional components, which vary somewhat in the de-
gree to which they are explicit within and across the
sixth-, seventh-, and eighth-grade STEM-ID courses.
Second, Century et al. emphasize that “full implementa-
tion of all critical components is not necessarily optimal,
noting that appropriate enactment varies depending on
contexts and conditions” (p. 348). Similarly, Century and
Cassata (2014) discuss the difference between investiga-
tions of implementation fidelity, in which evidence is
gathered to compare actual implementation to a theoret-
ical ideal, and investigations focused on innovation use.
Given the broad consensus that innovations are almost
never implemented exactly as intended, Century et al.
encourage measuring how components of innovation are
used rather than focusing on fidelity of innovation as a
whole. It is this conceptualization of innovation use that
characterizes our approach to studying curriculum im-
plementation. While we collaborated with curriculum
developers to understand what they intended in order to
identify critical components, we sought to go beyond de-
termining whether the curriculum was implemented
with fidelity to learn about how various components
were enacted as the newly developed curricula unfolded
in actual classrooms.
In addition to understanding how the innovation was

enacted, we were also interested in learning about any
contextual factors that may have influenced why
teachers and students engaged with the curriculum the
way they did. For this line of inquiry, we drew upon the
Factor Framework (Century and Cassata, 2014; Century
et al. 2012), which outlines a comprehensive set of po-
tential factors influencing innovation enactment. These
factors are organized into five categories: characteristics
of the innovation, characteristics of individual users,
characteristics of the organization, elements of the envir-
onment, and networks. Because our primary goal was to
define and document the implementation of critical
components, we did not seek to explicitly measure the
multitude of factors within this framework that could
have influenced implementation. However, the factors
framework was a useful resource as we collected and an-
alyzed interview and observation data related to context-
ual factors influencing implementation. Specifically, as
we designed protocols and coded interview and observa-
tion data, we consulted the framework to identify char-
acteristics of teachers, aspects of the intervention, and
school-level contextual factors that may have either facil-
itated or hindered curriculum implementation.
In their work articulating the innovation implementa-

tion and factor frameworks, researchers from CEMSE
provide a number of informative examples illustrating
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how they have utilized the frameworks to examine the
implementation of educational innovations (Cassata
et al. 2015; Century and Cassata, 2014; Century et al.
2012; LaForce et al. 2016). Century et al. (2012) describe
how the innovation implementation framework was ori-
ginally conceptualized as they sought to develop a suite
of instruments to measure the implementation of K-8
reform-based science and mathematics curriculum
across multiple programs. In another line of research,
the frameworks were applied to examine the implemen-
tation, spread, and sustainability of the Everyday Math-
ematics program across multiple school districts
(Cassata et al. 2015). LaForce et al. (2016) detail their
use of the component approach in their national STEM
School Study, which was conducted to identify the es-
sential elements of STEM high schools. This work
employed qualitative methods, including interviews with
school leaders and analysis of school materials, to iden-
tify critical components within 20 STEM high schools in
seven states. Findings resulted in the articulation of a
framework including a total of 76 critical components of
STEM schools organized into 8 elements.
Although this work describing the frameworks is fre-

quently cited, beyond the research conducted by the
frameworks’ originators, there are relatively few pub-
lished studies illustrating exactly how the framework has
been applied. Stains and Vickrey (2017) describe how
they adapted the framework along with other approaches
to FOI to study the implementation of evidence-based
instructional practices (EBIP) in the context of
discipline-based education research (DBER). This illus-
tration focuses on defining and examining the critical
components of one specific instructional practice, peer
instruction (PI), implemented by STEM faculty. The
study details the project’s process for defining critical
components of PI, including both structural and instruc-
tional (e.g., interactional) components. Offerdahl, McCon-
nell, and Boyer (2018) utilized aspects of the framework to
hypothesize a set of critical components of formative as-
sessment including both structural components (e.g.,
learning objectives, formative assessment prompts) and in-
structional components (e.g., revealing student under-
standing, diagnosis of in-progress learning).

Curriculum context
The STEM Innovation and Design (STEM-ID) curricu-
lum consists of a series of semester-long (18 weeks)
6th-, 7th-, and 8th-grade engineering courses in which
students engage in contextualized design challenges.
Grounded in problem-based learning (Barrows, 1986;
Krajcik et al. 1998), each grade-level curriculum is de-
signed to build specific requisite skills leading up to a
final design challenge. Table 1 provides a summary of

the major activities included in the sixth-, seventh, and
eighth-grade courses.
Our application of the framework focuses primarily on

a 2-year implementation period, which followed a 2-year
development period during which the STEM-ID curricu-
lum had been iteratively refined based on feedback from
teachers and classroom observations. The first year of
the implementation period (year 1) focused on identify-
ing and documenting the critical components in schools
implementing the curriculum. The second year of the
implementation period (year 2) focused on confirming
and elaborating upon year 1 findings. In the interest of
deepening our understanding of factors influencing the
implementation and how teachers’ approach to imple-
menting the curriculum evolved, supplementary follow-
up data were collected from a targeted sample during
the third year of implementation (year 3).
During the implementation period, STEM-ID was the

primary curriculum in technology classrooms in each of
the four middle schools within the public school district
participating in our NSF-sponsored Math-Science Part-
nership (MSP) project. The district is located in an
urban fringe area outside a major city in the southeast-
ern USA. The district serves a predominantly low-
income student population, with 67% of students quali-
fying for free/reduced lunch. The district is also rela-
tively diverse, with sub-groups including White (45%),
Black (44%), Hispanic (7%), and other (5%) students.
A total of six teachers participated in the study, one

teacher at each of the four schools, with two teachers leav-
ing between the first and second implementation years
and being replaced with teachers new to the district. Con-
sequently, teachers’ experience with the curriculum varied
across schools, from teachers who had been involved in
the project from its inception to teachers implementing
the curriculum for the first time. Similarly, teachers’ ex-
perience with professional development varied, with
teachers involved as the curriculum was being developed
participating in more formal, intensive professional devel-
opment (e.g., summer workshops, training sessions, fre-
quent site visits) than the professional development
offered during the implementation period, which con-
sisted mainly of individual consultations with curriculum
developers and occasional informal site visits or webinars.

Identifying the critical components of the STEM-ID
curriculum
Identifying the critical components of innovation repre-
sents a critical step in the process of studying implemen-
tation (Century et al. 2012; Ruiz-Primo, 2006). Thus, the
project’s initial investigation of fidelity of implementa-
tion began with an in-depth curriculum review, explora-
tory classroom observations, and a series of informal
interviews with teachers and curriculum developers in

Gale et al. International Journal of STEM Education             (2020) 7:5 Page 5 of 17



order to define the critical components of the curricu-
lum. These efforts focused on determining critical com-
ponents that were both reflective of the overall goals of
the STEM-ID courses and clearly operationalized within
the sequence of activities for each grade level curricu-
lum. Ultimately, we identified 10 critical components in-
cluding two structural components and an additional
eight interactional components (Table 2). The structural
components include one procedural component (the
organization of the course according to contextualized
problem-based challenges) and one educative compo-
nent (the utilization of curriculum materials). In addition
to following the framework’s guidance on organizing
interactional components according to user groups
(teachers, students), we anticipated the need to distin-
guish between teacher and student engagement with the

critical components of the curriculum. Thus, the eight
interactional components represent parallel teacher and
student activity in four areas: the engineering design
process, advanced manufacturing technology, collabor-
ation, and the integration of math and science.
Each of the components is evident in each grade level

course; however, there are variations in how components
manifest across grade levels. In some instances, this vari-
ation is due to the intentional scaffolding of the curriculum
from one grade level to the next. For example, while stu-
dents at all three grade levels have some exposure to ad-
vanced manufacturing technology, this component is much
more explicit in the seventh and eighth grade when stu-
dents utilize CAD software and 3D printing technology
than it is in sixth grade, which focuses mainly on develop-
ing students’ prerequisite engineering drawing skills. Thus,

Table 1 STEM-ID curriculum overview

Course Description

Sixth grade
“Carnival
tycoon”

Students explore the engineering design process and entrepreneurial thinking in the context of a carnival. The course begins with
students making a sales pitch for a new carnival food stand based on market research. Students then run experiments using a
pneumatic catapult, and they must design a new carnival game board with appropriate odds of winning. Then, after skill
development in engineering drawing, they re-design the catapult cradle to change the performance characteristics of their carnival
game. Students incorporate math and science content, including data representation, probability, experimental procedures, profit
calculations, drawing, and measurement.

Seventh grade
“Flight of
fancy”

Students pose as new airline companies and redesign airplanes to be more comfortable, profitable, and environmentally friendly.
This is accomplished through a series of challenges, starting with a test flight of different Styrofoam gliders. Students examine
interior layouts, learn 3D modeling in Iron CAD, and finally, re-design a plane using a balsa glider as a model. Students incorporate
math and science content, including measurement, proper experimental procedure, data analysis, and profit calculations.

8th grade
“Robot rescue”

The course is intended to further build student understanding of the engineering design process and entrepreneurship. The course
begins with a short design challenge, requiring the students to design and 3D print a cell-phone holder. Students then conduct ex-
periments using a bio-inspired walking robot. The course ends with an open-ended challenge to design a rescue robot capable of
navigating variable terrain. During these challenges, students use LEGO® MINDSTORM NXT, 3D CAD modeling software, and 3D
printing technologies. In addition, students incorporate math and science content, including modeling, data analysis, scientific pro-
cedure, force and motion concepts (e.g., velocity, speed, friction), and systems thinking.

Note: The above course descriptions were excerpted from course summary documents developed by the STEM-ID curriculum development team

Table 2 STEM-ID critical components

Structural Components

Structural—procedural component Structural—educative component

1. Course organized according to contextualized
problem-based challenges.

2. Utilization of curriculum materials including
teachers’ edition, materials and supplies related
to design challenges, challenge overviews,
information on related math and science
standards, instructions for preparing and
utilizing technology (3D printers, LEGO
Robotics, CAD software), digital Engineering
Design Logs

Interactional components

Component area Teachers Students

Engineering design process 3. Teacher facilitates student engagement in the
engineering design process

4. Students engage in the
engineering design process

Math/science integration 5. Teacher facilitates integration of math/science and
engineering

6. Students apply Math/Science
content and skills

Advanced manufacturing technology 7. Teacher facilitates utilization of advanced
manufacturing technology

8. Students use advanced
manufacturing technology

Collaborative group work 9. Teacher facilitates collaborative group work 10. Students engage in
collaborative group work
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defining critical components involved not only identifying
which components were crucial within the overall inter-
vention but also understanding variations in how curricu-
lum developers envisioned the components working at
each grade level.
Although the identification of the critical components

occurred as the first step in our study of implementation,
the process of determining the components was iterative,
with the initial list of components being refined several
times as our understanding of the curriculum and the in-
tentions of its developers evolved. One of the major points
of negotiation and revision came when deciding which
components were not critical. Certain components were
excluded because, while potentially positive outcomes,
they were not considered central to the curriculum or ne-
cessary for successful implementation. This was the case
for “STEM Career Connections”, which was included in
early discussions as a possible interactional component.
Although curriculum developers and teachers certainly
hoped that engagement with the curriculum would spark
student interest in exploring STEM careers and there were
certain aspects of the curriculum that could be seen as
conducive to fostering understanding of STEM career
connections, we ultimately decided that doing so was not
considered critical for successful implementation.
Similarly, discussions with the curriculum developers

allowed us to determine the degree to which teacher edi-
tions and various other curriculum materials contained
critical educative resources versus guidance that was ex-
pected to be helpful but not necessarily crucial for the
successful enactment of the curriculum. Through these
discussions, we considered but eventually eliminated a
number of structural elements as critical components.
The curriculum’s teacher editions provide guidance for
instructional delivery including the amount of time rec-
ommended for particular activities, the sequence of par-
ticular student and teacher actions within each of the
challenges, and whether activities are designed to be
completed in groups or individually. As STEM-ID
courses are implemented within the context of an elect-
ive technology course, there was a general feeling that a
more loosely structured curriculum worked well for
teachers who tend to have more latitude to experiment
with their instructional practice than colleagues in core
academic subject areas. Indeed, having observed early
implementation during the curriculum’s 2-year develop-
ment period, the curriculum developers saw the flexibil-
ity of the curriculum and the degree of autonomy it
afforded teachers as a strength of the innovation. One
area where allowing for teachers’ discretion seemed par-
ticularly important was in determining whether particu-
lar activities would be completed by individual students,
in small groups, or as whole class exercises. For example,
the seventh-grade curriculum includes a rather in-depth

tutorial intended to teach students how to use a CAD
software program (Iron CAD). Curriculum materials
suggested that students should work through the tutorial
materials individually, at their own pace over the course
of a 2 to 3-week period. However, exploratory observa-
tions and discussions with teachers indicated that, due
to challenges with reading comprehension and the over-
all difficulty of mastering the new software, some stu-
dents were more engaged and successful when the
teacher led them through the tutorial as a group.
Other portions of the curriculum materials and

teacher editions were considered indispensable educative
resources. For example, utilization of the Engineering
Design Log (EDL), a digital tool designed to guide the
engineering design process, was considered critical. Em-
bedded within the EDL were important definitions and
cues meant to build students’ and teachers’ understand-
ing of key engineering concepts so they could success-
fully navigate the engineering design process as they
completed the challenges. For example, the “ideate” sec-
tion of the EDL prompts students to provide pictures or
sketches and descriptions of concepts in a table with the
following instructions: “this table should include simple
images and/or descriptions of any design concepts brain-
stormed by you and your team. At least three independ-
ent concepts should be brainstormed prior to evaluating.
Add on additional concepts as you iterate.” Within these
instructions are cues for students and teachers intended
to reinforce the concept that the engineering design
process is iterative, that designs should be both illus-
trated and described, and that students should engage in
an extended brainstorming process in which they iden-
tify multiple design concepts prior to evaluating poten-
tial solutions. Other critical educative elements within
the curriculum materials included overviews and docu-
ments introducing each of the grade-level challenges, in-
formation on the math and science standards and
concepts aligned to each challenge, and detailed instruc-
tions for using and teaching students to use the tools and
advanced manufacturing technologies included within the
courses (e.g., CAD software, LEGO Robotics, 3D printers).

Data sources
Following the identification of critical components, the
project utilized classroom observations, teacher interviews,
and student interviews to explore the degree to which im-
plementation evidenced each critical component.

Classroom observations
Three researchers conducted observations in two class-
rooms over the course of a three-week period during
year 1 with more targeted follow-up observations in year
2. Due to limitations in resources, we were not able to
conduct extended classroom observations at all four
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school sites. Thus, we purposively opted to observe at
schools with teachers of varying experience levels. The
research team focused observations in one school that
was new to the project and one school that had partici-
pated in the project from its inception. In year 1, obser-
vations were conducted each day of the 2 to 3-week
period during which teachers in these two schools imple-
mented the culminating design challenge in their sixth, sev-
enth, and eighth-grade classes. Due to some scheduling
limitations, researchers were not always able to observe
every class period; however, each observer did conduct con-
tinuous observations in at least one class period at each
grade level at each school. As year 2 observations were
intended primarily to confirm findings from data collected
during the previous school year, the research team decided
to focus year 2 classroom observations on a 5-day period
during the implementation of the final design challenges in
the same two teachers’ classrooms.
Observations were guided by a semi-structured proto-

col intended to provide guidance on specific elements
related to critical components while remaining suffi-
ciently general to be used for all three grade-level
courses. Therefore, the protocol included both checklist
items and space devoted to field notes related to each
critical component. For example, in the section of the
protocol aligned to the Engineering Design Process, ob-
servers check which of the six stages of the process stu-
dents engaged in and then record accompanying written
observations in the space provided. The protocol also in-
cludes space for observers to rate the overall level of stu-
dent engagement and to describe adaptations in the
event that an activity was implemented in a way that is

noticeably different from how it was planned or de-
scribed in the curriculum’s teachers’ edition. See Table 3
for an excerpt from the observation protocol.

Interviews
Semi-structured interviews were conducted with each of
the teachers who implemented the STEM-ID courses. A
total of 10 individual interviews were conducted includ-
ing annual interviews with each teacher implementing
the curriculum during year 1 and year 2 and follow-up
interviews with two teachers in year 3. Each of these in-
terviews occurred at the end of a semester, as teachers
were completing the implementation of the STEM-ID
courses. Interview discussions were guided by a semi-
structured protocol developed by project researchers
(Table 4). The protocol includes questions and follow-
up prompts aligned to each critical component along
with questions aligned to two areas within Century
et al.’s (2012) Factor Framework: characteristics of users
(teachers) and characteristics of the organization
(schools). These questions were intended to gather pre-
liminary data related to teacher characteristics and
school-level factors that may influence curriculum im-
plementation. Interviews lasted 45–60min and were
conducted in a quiet area (classroom, media center) at
each school. An additional joint interview was conducted
with two teachers attending the project’s professional
development institute held during the summer between
year 1 and year 2. This joint interview was utilized pri-
marily as an opportunity to engage teachers more expli-
citly in a discussion of implementation and the
curriculum’s critical components. Specifically, this

Table 3 Example items from STEM-ID observation protocol

Critical component Item

4. Student engagement in engineering design
process

Select stage(s) of the EDP students engaged in during the class session.
□ Identify the problem
□ Understand design requirements and goals (background research)
□ Ideate (brainstorm design ideas, sketch to communicate)
□ Evaluate (strengths/weaknesses, rate designs, design selection)
□ Prototype and test (technical drawings, models, tests)
□ Communicate solution (share, justify design, documentation).
□ None. Students did not engage in EDP.

Engineering design process notes:

6. Students apply math/science knowledge and
skills

Select math/science integration activities students engaged in during the class session.
□ Math–measurement
□ Math–data analysis
□ Science–experimental procedures
□ Math concepts–students or teachers reference math concept(s).
□ Science concepts–students or teacher reference science concepts.

Note specific concepts, vocabulary, practices:

7/8. Use of advanced manufacturing technology Select any advanced manufacturing technology utilized by the students or teacher during this class
session.
□ 3D printing
□ Iron CAD
□ Robotics
□ Other (describe below).

Advanced manufacturing technology notes:
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discussion focused on having teachers generate and dis-
cuss what they believed were the critical components of
the STEM-ID courses. All teacher interview sessions
were audio-recorded and transcribed for analysis.
Student interviews were intended to gain insight into

the experiences of sixth–eighth-grade students partici-
pating in the project, with a sub-set of questions related
to various critical components. Interviews were con-
ducted with students in all four schools at the end of
year 1. A stratified sampling procedure was utilized in
order to select a sample of 92 students (6th grade n = 32;
7th grade n = 34; 8th grade n = 26) representative of a
range of academic achievement levels. The demograph-
ics of the interview sample were representative of the
district with regard to race/ethnicity, socio-economic
status, and gender. Student interviews lasted approxi-
mately 20 min and were conducted by one of four re-
searchers in a quiet area in each school during the
STEM-ID class meeting time. Similar to teacher inter-
views, student interviews utilized a semi-structured
protocol with questions and prompts aligned to each of
the critical components (Table 4). All interviews were
audio-recorded and transcribed for analysis.

Data analysis
In order to expedite data analysis and reporting of
teacher interview data to the curriculum team, contact
summary forms (Miles, Huberman, andSaldaña, 2014)
were completed following each teacher interview. These
forms were intended to capture researcher impressions
and document the main points and potential themes
that emerged in each interview. As an initial phase of

analysis, summary forms were reviewed alongside inter-
view transcripts to generate individual teacher summar-
ies, which were then shared with curriculum developers
to inform immediate refinements to the curriculum and
professional development.
Interview and observation data were then analyzed

using a process of sequential qualitative analysis recom-
mended by Miles et al. (2014). In the first stage of ana-
lysis, three coders applied a provisional start-list of
codes to a sub-set of the student interview data. Coding
focused on identifying instances within interview and
observation data that illustrated teacher and student ex-
periences with the critical components as the curriculum
was implemented. Following discussion among the
coders, the initial set of codes was refined in order to
further clarify code definitions and incorporate add-
itional sub-codes related to the critical components. For
example, through these discussions, the research team
decided to expand the codes related to the engineering
design process component in order to more specifically
identify the particular stages and aspects of the engineer-
ing design process and to include a number of potential
themes or patterns that emerged from the initial coding
of the data. After achieving reliability (92% agreement)
with the revised coding scheme with a second sub-set of
interviews, the remaining interviews were divided among
the three researchers for coding. An excerpt from the
coding scheme utilized to code student interviews is pro-
vided in Table 5. Using a similar coding scheme, the
teacher interviews were coded by a member of the re-
search team who conducted the interviews. In addition
to coding for the critical components, in order to

Table 4 Example items from STEM-ID interview protocols

Instrument Critical component Item

Teacher
interview
protocol

3. Teacher facilitation of the engineering
design process (EDP)

How have you helped students’ progress through the engineering design process?
Are there any specific strategies you have used to stimulate student engagement in
the EDP?
Are there particular stages of the EDP that have been more challenging than others
for you to facilitate?

5. Teacher facilitates integration of math/
science and engineering

Tell me about your approach to incorporating math and science.
Have you been able to integrate math and science as you have implemented STEM-
ID?
Did you introduce additional connections to math/science? If yes: can you share
examples?

2. Utilization of curriculum materials How did you use the teacher’s edition (TE)?
Were there any parts of the TE that you did not use?
How often did you refer to the TE as you were implementing STEM-ID?

Student
interview
protocol

3. Student engagement engineering
design process

Tell me about the process you went through to solve the ________design challenge.
What were some of your steps along the way

10. Students engage in collaborative
group work

Did you work in groups? (If yes):
What was your main role in the group?
Did you feel comfortable sharing your ideas when you were working in your group?
Why or why not?
Was there a time your group disagreed? How did you resolve those disagreements?

6. Students apply math/science
knowledge and skills

Did you feel like you use math/science in the design challenges you did in STEM-ID?
(If yes) How did you use math/science? Can you share an example?
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identify interview data pertaining to specific factors that
may have influenced the implementation of the curricu-
lum, the code list for teacher interviews included a num-
ber of relevant factors from the factor framework.
Observation data were analyzed by synthesizing proto-
cols for all observed class sessions, with data from the
checklist items related to critical components compiled
in a spreadsheet. Observation notes were coded using a
code list similar to the one used for interview data. All
interview transcripts and observation field notes were
coded using the NVIVO software program.
Coded interview observation data were then synthesized

to create a series of conceptually clustered matrices describ-
ing findings pertaining to each critical component. In
addition to matrices describing general trends in implemen-
tation for each component across teachers and students,
matrices were created to illustrate various implementation
patterns (e.g., variations within particular critical compo-
nents). These matrices were then utilized to draft narrative
summaries describing the implementation of the critical
components.

Findings
In this section of the paper, we describe our application
of the innovation implementation framework. Because

this paper is intended primarily to illustrate our method-
ology and application of the framework, we do not pro-
vide a full elaboration of implementation findings for
each of the critical components. Rather, we provide ex-
amples to illustrate how data gathered using this ap-
proach advanced the projects’ understanding of
implementation. Specifically, we provide illustrative ex-
amples describing how the framework facilitated the
project’s capacity to: 1) clearly specify the curriculum’s
critical components and their enactment, 2) design in-
struments aligned to critical components, and 3) detect
implementation patterns to inform curriculum refine-
ment and teacher professional development.

Specification of curriculum and its enactment
Extant FOI research emphasizes the clear specification
of innovations as an important step in studying imple-
mentation (Century and Cassata, 2014, 2016; Ruiz-
Primo, 2006). Both through the identification of critical
components and our subsequent inquiry related to each
component, we were able to arrive at a clear specifica-
tion of the curriculum. We found the componential ap-
proach to be particularly useful within the ever-evolving
context of a major design-based implementation re-
search project. Taking the time to consult with

Table 5 Excerpt of coding scheme

Code Definition

EDP process Student describes EDP generally without referencing specific steps.

EDP teacher directed Student discusses teacher intervention in the design process or teacher making or influencing design decisions.

EDP iterate Student describes iteration: during iteration, the engineer/designer draws upon past designs to inform future designs.
Various stages may be frequently updated and revisited when new knowledge about the problem or proposed solutions is
acquired.

EDP 1—identify Student describes or mentions “identify the problem” stage of EDP: student refers to the challenge or problem statement.

EDP 2—understand Student describes or mentions “understand” stage of EDP: student describes design requirements and goals; background
research; customer needs.

EDP 3—ideate Student describes or mentions “ideate” stage of EDP; brainstorming design ideas, sketching to communicate.

EDP 4—evaluate Student describes or mentions “evaluate” stage of EDP; determining whether design meets requirements, design strengths/
weaknesses, using a decision tool to rate designs and selecting promising designs.

EDP 5—prototype
and test

Student describes or mentions “prototype and test” stage of EDP; detailed technical drawings, building, and testing models.

EDP 6—communicate Student describes or mentions “communicate solution” stage of EDP; Sharing solution, justifying design using collected data,
providing design process documentation (usually PowerPoint/class presentations)

EDL Student discusses whether they did or did not use the EDL, how they used the EDL, and discussion of teacher reviewing/
providing feedback on EDL.

Math integration Student affirms the integration of math in STEM-ID and/or describes the integration of math in STEM-ID course (including
practice/application)

Science integration Student affirms the integration of science in STEM-ID and/or describes the integration of science in STEM-ID course (includ-
ing practice/application)

Collaboration—
positive

Students describes group collaboration in STEM-ID as positive experience (any degree of positive experience including indi-
cates preference for group/partner collaboration over working individually, describes examples of productive collaboration,
group decision-making, engaging in group brainstorming, resolving disagreements).

Collaboration—
negative

Student describes negative collaboration experiences in STEM-ID (e.g., students not working together well, students unable
to resolve disagreements, one student doing all the work).
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curriculum developers to identify critical components
created a common language among the researchers, cur-
riculum developers, and program partners. Using critical
components as a sort of guidepost within our investiga-
tion allowed for a level of clarity and specificity that
would be difficult to achieve if we had simply compared
observations and accounts of implementation from
teachers and students to a general, idealized version of
what should be happening in the STEM-ID classroom.
One instance that highlighted the utility of critical

components was the joint interview with two teachers
conducted during the project’s summer institute held
between year 1 and year 2. In this session, we introduced
teachers to the idea of critical components and, before
sharing the components we had identified, asked the
teachers to generate what they believed were the critical
components of STEM-ID. Interestingly, with one notable
exception, the critical components identified by teachers
fell into the categories we had previously identified
(math/science integration, engineering design process,
advanced manufacturing technology). The exception was
collaboration, which teachers did not spontaneously
identify as a component of the curriculum. When trian-
gulated with interview and observation data related to
collaboration, this omission and subsequent discussion
of it by the teachers lent valuable insight into the specific
challenges of facilitating collaboration within STEM-ID
classrooms. In turn, we were then able to further engage
curriculum developers in discussions regarding expecta-
tions for collaboration, refining our understanding of the
variations in collaboration that fall within the boundaries
of acceptable curriculum implementation. Through
these conversations, we were able to distinguish between
activities where teachers could use their discretion about
whether and how students collaborate and activities
where collaboration was essentially non-negotiable. For
example, within the seventh-grade course, teachers could
use their discretion when implementing the Iron CAD tu-
torial in which students learn 3D modeling, as this is an ac-
tivity that students could complete individually, in groups,
or as a whole class. Indeed, in our observations, we noted
all three approaches as the tutorial was implemented.

Instrument design and data collection
Following the initial specification of critical components,
we were able to develop an array of tools (observation
protocols, students, teacher interview protocols, coding
schemes) to facilitate the collection and analysis of im-
plementation data. Having a clearly defined set of critical
components focused on both the development of our re-
search instruments and the actual process of data collec-
tion. This was particularly important for our project,
given the scope of the semester-long curriculum and
limitations on resources for data collection and analysis.

We were able to strategically target classroom observa-
tions for curriculum sessions where students and
teachers would be most likely to engage in the critical
components. Specifically, we made the decision to ob-
serve in classrooms during the final weeks of curriculum
implementation during culminating design challenges
because we knew there were opportunities for each of
the critical components to manifest in STEM-ID class-
rooms during that portion of the curriculum. We were
also able to use the critical components to guide semi-
structured interviews with students and teachers, choos-
ing to use limited interview time for follow-up questions
and probes related to the critical components over more
tangential topics.
In some cases, the critical components informed adap-

tations to our data collection strategy. For example, in
classroom observations conducted to test our protocol,
we noted the challenge of discerning whether students
were engaged in activities related to the advanced manu-
facturing technology component, the engineering design
process component, or both. Often students spent the
majority of each class period working on various activ-
ities on their computers, but researchers who observed
passively found it difficult to document what students
were doing vis-a-vis the critical components. Given this
challenge, we revised our classroom observation strategy
to include instructions for researchers to periodically
walk around the classroom so they could get a better
view of students’ computer screens and more accurately
document engagement with the specific critical compo-
nents. While this is perhaps a challenge inherent in
classroom observations any time student engagement is
mediated by computers and therefore less obvious to ob-
servers, having the critical components as our guide for
classroom observations made developing a strategy to
address this challenge a priority. If we had been observ-
ing implementation using a more general approach, we
may have been less dissatisfied with general observations
of student engagement. Similarly, if we had been focused
on typical fidelity criteria such as dosage, we may be ad-
dressed this challenge by adjusting our strategy to simply
document whether students were engaged in any activity
within the curriculum (e.g., recording whether students
were on-task or off-task) rather than worrying about de-
termining how students engaged with the curriculum’s
critical components.
True to the intent of the framework, because our data

collection instruments centered on the critical compo-
nents, they were both well-aligned with the intervention
while also being general enough that they could conceiv-
ably be used across projects investigating similar compo-
nents. For example, interview questions and portions of
our observation protocol designed to investigate the im-
plementation of the engineering design process
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component were developed according to the specific
EDP model used in the course. At the same time, to the
extent that EDP models tend to be quite similar across
interventions, our instruments could easily be utilized or
adapted by other interventions centered on engaging
students in the engineering design process. Indeed, we
expect that our instruments may be of particular interest
to researchers in K-12 engineering education, an area of
educational research that, in recent years, has begun to
establish a stronger tradition of qualitative research
(Case and Light, 2011).
Expectations that certain components (engineering de-

sign process) were absolutely central and explicit
whereas others were more implicit (math/science inte-
gration) and perhaps not quite as critical (collaboration)
also informed our data collection strategy. For example,
we knew that interview data would likely provide im-
portant additional information and context related to
the more implicit components that may not be evident
in classroom observations, so we made sure to devote
significant time to the more implicit components within
our interviews.

Revealing implementation patterns
Our utilization of the innovation implementation con-
ceptual framework revealed a number of implementation
patterns related to the critical components. Rather than
providing a simplistic assessment of the average fidelity
of STEM-ID implementation, we were able to describe
variations in implementation across and sometimes
within each of the critical components, across teachers,
and across the three grade-level courses. For example,
we found clear variations within the advanced manufac-
turing technology critical component, with student en-
gagement and teacher facilitation fluctuating depending
on the manufacturing technology being utilized. While
3D printing technologies were embraced by teachers and
students nearly universally, there was a greater reluc-
tance to use the CAD program (i.e., Iron CAD) intro-
duced in the seventh-grade course both among students
and, to varying degrees, among teachers.
Century et al. (2012) note that components can vary in

the degree to which they are implicit or explicit within
an innovation and some critical components may be
more “critical” than others. Indeed, as evident by our
teachers’ omission of collaboration in the focus group
described above and subsequent observation and inter-
view data, we found that the collaboration component
was one of the more implicit within the curriculum.
Similarly, although teachers and students could recall
the contextualized problem-based challenges that orga-
nized the course, beyond the initial class sessions in
which these problems were presented, students and
teachers rarely referenced the challenges and they did

not seem to motivate students’ ongoing engagement
with curriculum activities. Thus, while clearly imple-
mented as prescribed, the contextualized problem-based
challenges component seemed to be less critical than
others.
Century and Cassata et al. (2015) emphasize the con-

textual nature of implementation, defining innovation
implementation as “the extent to which innovation com-
ponents are in use at a particular moment in time” (p.
88). In addition to providing snapshots of curriculum
implementation and various timepoints, data collected
over multiple years of implementation allowed us to
examine the persistence of certain implementation pat-
terns or tendencies as different students and teachers
interacted with the curriculum. For example, in our ef-
fort to document student and teacher engagement with
the engineering design process in year 1, we accumu-
lated clear evidence that students tend to engage actively
in certain stages of the design process (e.g., prototyping
and testing) while frequently neglecting other stages
(e.g., identifying and understanding the problem). We
then found the same uneven engagement across the
stages of the engineering design process in each of the
classrooms where we collected implementation data in
year 2. While we cannot necessarily generalize this find-
ing beyond the project, examining implementation data
related to the engineering design process as a critical
component in multiple classrooms over 2 years suggests
that this tendency was not merely typical of a certain co-
hort of students or an individual teachers’ enactment
but perhaps a challenge inherent in the curriculum and,
possibly, teaching the engineering design process.
By triangulating interview and observation data, we

were able to discern and create matrices illustrating low,
moderate, and high implementation levels for each crit-
ical component by teacher and implementation year.
Figure 1 provides an example of an implementation
matrix for two teachers. Examining patterns in this data,
we noted a tendency for teachers to begin prioritizing
certain critical components as they gained more experi-
ence with the curriculum. For example, in the following
excerpt from an interview with teacher 2 conducted at
the end of his second year implementing the curriculum,
he discusses how he decided to prioritize the advanced
manufacturing technology and math/science integration
components over the engineering design process.

Teacher 2: You know, I don’t think that they under-
stand the engineering process super well. I really
think that I spend most of my time teaching the
IronCAD skills…So my main focus has been Iron-
CAD and highlighting math whenever we can in the
curriculum and if it takes longer because we have to
stop and teach a unit on decimals and on rounding
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or on measurement, you just prioritize, and you
know, focus, understanding that ‘hey, if my kids
cannot add decimals and they can’t round decimals,
they can’t even write money as a decimal, then they
can’t get a favorable outcome in the carnival chal-
lenge’. They can’t do the challenge ‘cause you have
to be able to do that…

Interviewer: So it sounds like you really focus on
building those foundational math skills even if that
meant that maybe students wouldn’t be able to go
through the entire engineering design process.
Teacher 2: Yeah, they don’t get done, we don’t get
as far in the curriculum as I would like, but it’s like,
when your students are so below where they need
to be to even accomplish the outcome, you gotta’
start and get their skills built up.

This teacher goes on to describe supplemental materials
he had created aligned to these components, including
math and science lesson plans and a collection of in-
structional videos he made to guide students as they
learned the CAD software used in the curriculum.

Implementation factors
Although this study does not focus on exploring factors
influencing implementation, we did use the Factor
Framework to guide our discussions of implementation
context during teacher interviews. Overall, we found the
taxonomy of factors related to the intervention, users
(teachers), and environment to be a useful lens for be-
ginning to understand how certain contextual factors
may have influenced implementation. For example,
cross-case analysis of teacher interview data indicated
that school-level policies regarding support of special
education students had clear implications for the imple-
mentation of certain critical components. Specifically,
teachers explained that because the curriculum was be-
ing implemented in a “connections” course rather than
in one of the core subject-area classes, students who typ-
ically had an aide to assist them did not receive this sup-
port during their class sessions. This meant that most
teachers struggled to provide adequate support for stu-
dents with special needs, especially for activities that re-
quired grade-level reading comprehension or
mathematics skills. For instance, teachers reported that

Fig. 1 Matrix illustrating levels of implementation for two teachers by year
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lower-performing seventh-grade students typically did
not have the requisite reading comprehension skills to
complete the tutorial teaching them how to use the Iron
CAD software program they would use throughout the
seventh- and eighth-grade courses.
Interview data also suggested a number of teacher

characteristics that seemed to influence curriculum im-
plementation including teachers’ self-efficacy for particu-
lar aspects of the curriculum, previous career and
teaching experiences, and understanding of the engin-
eering design process. Asked to discuss their level of
confidence with the curriculum, teachers often indicated
that they were quite confident overall, while noting par-
ticular areas where they felt particularly capable and
areas where they had doubts about their ability to imple-
ment the curriculum. The areas where teachers felt most
confident tended to align with their previous career and
teaching experience. For example, teachers with a back-
ground in engineering or manufacturing tended to ex-
press more confidence with regard to engaging students
in the engineering design process and utilizing advanced
manufacturing technology than teachers who entered
teaching from other professions or transferred to teach-
ing the engineering course from teaching math, science,
or other subjects. Similarly, teachers with no prior math-
ematics or science teaching experience tended to report
that they were less inclined to focus on the math and
science concepts within the course than teachers with
experience teaching middle school math or science. Al-
though professional development sessions aimed to
equip teachers with a working understanding of the en-
gineering design process and most teachers demon-
strated a clear understanding of the nature of the
engineering design process and the activities expected at
each stage of the process, interviews occasionally re-
vealed misconceptions that likely influenced implemen-
tation. For example, similar to students’ tendency to
confuse the “evaluate” stage, during which potential con-
cepts are evaluated for whether they meet requirements,
with the “prototype and test” stage, during which a
working prototype is constructed and tested, interview
data indicated that one teacher also had difficulty with
the distinction between these two stages of the engineer-
ing design process.
Our findings, including implementation patterns and

data suggesting potential factors influencing implemen-
tation, were communicated to the project team in order
to inform refinements to curriculum materials and
teacher professional development. For instance, findings
on student use of advanced manufacturing technology,
led to the simplification of tutorial materials guiding stu-
dents as they learned the CAD software used in the
seventh-grade course. Implementation patterns showing
variations in student engagement and teacher facilitation

of the engineering design process helped the curriculum
development team prioritize the refinement of the En-
gineering Design Log, building in additional educative
prompts intended to address misconceptions and in-
crease the likelihood that students would engage mean-
ingfully with each stage. Similarly, based on findings that
teachers tended to emphasize certain stages of the en-
gineering design process over others, the project ad-
justed professional development sessions to include
additional facilitating strategies and reinforce the pur-
pose of and interconnections among the stages.

Discussion
Although measuring implementation has become an im-
portant step in the development of STEM innovations,
too often FOI work is relegated to secondary status
within larger research projects. Consequently, the
methods and findings of implementation studies often
remain unpublished, shared only internally within a re-
search project or with funding agencies. Over the years,
researchers have offered a number of promising frame-
works and approaches for investigating implementation
(Century and Cassata, 2016; Ruiz-Primo, 2006); however,
without specific examples of how these approaches work
in practice, it may be difficult for research teams to se-
lect the most appropriate strategy for understanding
how innovations unfold in schools and classrooms. By il-
lustrating the application of the innovation implementa-
tion framework, we provide one example that may be
instructive for other projects interested in the imple-
mentation of STEM innovations.
As illustrated in the findings above, the application of

the innovation implementation framework clearly en-
hanced our investigation of curriculum implementation.
The framework’s componential approach enabled us to
clarify the project’s understanding of what was critical
within the STEM-ID curriculum and to design an imple-
mentation study that focused not merely on whether im-
plementation resembled the intentions of curriculum
developers but also on how this new curriculum was ac-
tually being used by teachers and students. Once de-
fined, the critical components focused our efforts to
develop data collection protocols, collect interview and
observation data, and analyze that data to reveal imple-
mentation patterns.
We found that the flexibility of this framework, with

the ability to define any number of critical components
that may be either implicit or explicit and more or less
“critical”, to be particularly important for the types of
implementation activities we were focused on. Although
common fidelity criteria (e.g., dosage) may provide im-
portant evidence for many projects, such data would
have been of relatively little interest and quite difficult if
not impossible to collect with any reliability within the
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context of our project. For example, because students
work on design challenges collaboratively, at their own
pace over the course of several weeks, often with only
occasional guidance from their teacher, determining dos-
age (e.g., amount of time spent) for the engineering de-
sign process overall, or within any one stage of the
process, would have been exceedingly difficult. At the
same time, although the curriculum provided general
guidelines on pacing and our interview and observation
data did provide useful information on engagement
across the curriculum, knowing how much time teachers
or students spent engaged in any specific activity was
not of particular interest to the research team. What was
of interest were questions of curriculum use such as
how would eighth-grade students use LEGO robotics to
complete their engineering design challenge? What par-
ticular manufacturing technologies were utilized in the
classroom and were these utilizations student or
teacher-centered? Would teachers with limited mathem-
atics and science background embrace the curriculum’s
math/science integration component, or would these
portions of the curriculum be treated superficially or ig-
nored altogether? It is these types of questions centered
on use that we found the innovation implementation
framework most useful for addressing.
Often FOI literature describes the study of implemen-

tation in the context of efficacy or effectiveness research
(O’Donnell, 2008; Stains and Vickrey, 2017). Efficacy
studies are typically concerned with outcomes when an
intervention is implemented under what may be consid-
ered “ideal” conditions, such as with highly trained
teachers or with additional support for implementation.
Effectiveness studies focus on outcomes when interven-
tions are implemented “under conditions of routine
practice” (Institute of Education Sciences, 2013). Al-
though we can certainly see the benefits of applying the
innovation implementation framework for efficacy and
effectiveness studies, given the value we found in using
the framework for early-stage implementation research
at the design and development stage, we suggest the
possibility that a project need not be at the stage where
efficacy studies have been conducted in order to be a
“candidate” for an implementation study. Following
2 years of iterative refinement based on the initial imple-
mentation in engineering classrooms, we found that the
curriculum was sufficiently developed that the project
could specify critical components and corresponding
expectations for teacher facilitation and student engage-
ment. Although the curriculum was not being imple-
mented under optimal conditions, as in an efficacy
study, we found that examining implementation patterns
across a variety of classrooms only deepened our under-
standing of how the curriculum was being used and
what would be required for successful implementation.

Indeed, based on our experience with curriculum devel-
opment in the context of a large design-based imple-
mentation research project, we would recommend using
the framework to examine innovation use rather than
strict fidelity criteria in design and development studies.
Consistent with previous work examining teachers’

curriculum adaptations and variations in enactment
(Buxton et al. 2015; DeBarger et al. 2017; McNeill et al.
2018), the implementation patterns and factors influen-
cing implementation we identified underscore the im-
portance of attending to implementation context and
the ways in which teachers exercise agency as they enact
innovations. Although certain enactments, such as skip-
ping stages of the engineering design process, were
clearly counter to the goals of the curriculum, teachers
also adapted and supplemented the curriculum in ways
that clearly supported the engagement of diverse stu-
dents’ in the design challenges.
Consistent with recommendations from previous im-

plementation research (Ruiz-Primo, 2006), we found that
the collection and triangulation of multiple data sources
were crucial. Although classroom observations are
resource-intensive, we agree with other researchers that
they are indispensable when exploring implementation.
However, as noted above, the framework allowed us to
focus our classroom observations on certain portions of
the curriculum where critical components were most
likely to be evident rather than investing resources in
observing over the course of the semester-long curricu-
lum. Although implementation is most directly mea-
sured through observation, we found that interview data
provided important additional information and context
for the interpretation of observation data. Perhaps due
to the logistic and methodological challenges inherent in
collecting student interview data, studies including stu-
dent interviews seem to be far less common than studies
employing teacher interviews. Given the student-
centered nature of the curriculum and the number of
critical components that depended on student engage-
ment, we found student interviews to be a fruitful data
source, well worth the time and effort invested in data
collection.

Limitations
Our application of the innovation implementation frame-
work was not without limitations. Due to finite resources
for data collection, our classroom observation data was
somewhat limited in scope, focusing on a sub-set of
teachers implementing a targeted portion of the curricu-
lum. In combination with interview data, we found that
these observations yielded useful implementation data;
however, observations conducted over a longer time-span
in more classrooms would have strengthened our study.
Likewise, the analysis of additional data sources may have
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further enhanced our understanding of implementation.
Indeed, the implementation of the curriculum generated a
significant body of document data that we opted not to in-
clude in the study. For example, the research team has ac-
cess to the digital engineering design log students
complete as they work through the design challenges.
Analysis of these logs could provide additional insights
into student engagement in the engineering design process.
However, given that our study was being conducted in the
context of a design-based implementation research project,
we determined that the timeline required to analyze this
document data was not well aligned with project plans to
revise and prepare to scale the curriculum.

Conclusion
This work addresses important issues pertaining to the
implementation of innovations in STEM education. The
paper provides a much-needed description of the appli-
cation of the innovation implementation framework
(Century and Cassata, 2014). Beyond the descriptions
provided by the framework’s authors, there are few pub-
lished examples of research applying this approach to
study the implementation of curricular innovations.
Thus, we expect that this work is of interest among re-
searchers considering using this framework to guide
their implementation research and that sharing this ex-
ample will, perhaps, encourage other projects to dissem-
inate their FOI research. Although this paper focuses
primarily on the application of a framework for studying
implementation rather than a comprehensive reporting
of implementation findings, the illustrative examples we
share are likely to resonate with educators, researchers,
curriculum developers, and school leaders invested in
STEM education initiatives. By identifying critical com-
ponents and sharing patterns observed in our implemen-
tation data, we hope to contribute to the field’s ability to
compare findings across studies investigating similar
curricular innovations.
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