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Abstract

To address the lack of a classroom observation protocol aligned with integrated STEM, 
the author team developed one to measure the degree of integrated STEM instruction 
implemented in K-12 science and engineering classrooms. This study demonstrates how 
our instrument can be used to uncover the dimensions of integrated STEM instruction 
practiced in K-12 classrooms and to determine which protocol items are associated 
with each of these dimensions. This article reports on the results of a principal compo-
nent analysis (PCA) using 2030 K-12 classroom observation videos. PCA revealed two 
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core dimensions of integrated STEM education. Real-world problem-solving includes 
21st century skills and STEM practices necessary for developing solutions to real-world 
problems. Nature of Integrated STEM includes items that promote integration between 
the real-world context, students’ personal experiences, STEM careers, and STEM con-
tent. The authors’ analysis also suggests the possibility of an additional dimension of 
integrated STEM involving technology practices in STEM.

Keywords

integrated STEM  – instrument development  – classroom observation  – teacher 
practice – engineering design – principal component analysis

1 Introduction

Integrated STEM (science, technology, engineering, and mathematics) edu-
cation is a global phenomenon with countries around the world working to 
engage students in interdisciplinary approaches to science learning (e.g., 
Australian Curriculum, Assessment, and Reporting Authority, 2016; Bascope 
et al., 2020; European Commission, 2015; Li, Yao, et al., 2020; National Research 
Council [NRC], 2012). Advocates of K-12 STEM education argue that teaching 
approaches which integrate disciplinary STEM content can greatly improve 
student learning (Jong et al., 2020). Integrated STEM instruction can also bet-
ter prepare students to address 21st century problems, such as climate change, 
health, and the environment, which are inherently interdisciplinary in nature 
(e.g., Moore et al., 2020; National Academy of Engineering [NAE] and NRC, 
2014). The inclusion of engineering in K-12 science education standards (e.g., 
NRC, 2012) further demonstrates the need for an integrated approach to STEM 
instruction. However, no single accepted definition of integrated STEM instruc-
tion exists, nor do researchers or educational practitioners agree on what inte-
grated STEM looks like in practice (Moore et al., 2020).

This debate about definitions of integrated STEM instruction has hampered 
the development of protocols to observe and measure integrated STEM class-
room practices. Guimarães and da Silva Lima (2021) conducted a systematic 
review of classroom observation protocols relevant to engineering education 
in active learning environments. This review uncovered 68 classroom protocols 
with four primary foci: (a) analysis of the emotional and instructional environ-
ment, (b) classroom management, (c) assessment of teaching and learning, 
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and (d) observation of teacher and student behaviors. The protocols were also 
ranked using five dimensions (data collection, resources, training, robustness, 
and deployment). This ranking primarily focuses on logistical concerns such 
as cost and training requirements, whereas for integrated STEM researchers, 
our interest is alignment with common features of K-12 integrated STEM edu-
cation. Additionally, existing classroom observation instruments focus solely 
on individual STEM disciplines (primarily science or mathematics) or good 
teaching practices while overlooking the nature of STEM integration entirely. 
For example, the Reformed Teaching Observation Protocol (RTOP; Sawada 
et al., 2002) and the Classroom Observation Protocol for Undergraduate 
STEM (COPUS; Smith et al., 2013) were all designed to evaluate the teaching 
of either science or mathematics content. Few protocols have attended spe-
cifically to engineering content (Guimarães & da Silva Lima, 2021); these pro-
tocols include the Science and Engineering Classroom Learning Observation 
Protocol (Dringenberg et al., 2012), the Classroom Observation Protocol for 
Engineering Design (COPED) (Wheeler et al., 2019), a modified RTOP (Love 
et al., 2017), and the Engineering Design-based Science Teaching Observation 
Protocol (EDSTOP) (Capobianco et al., 2018). While they target different grade 
levels, for example the EDSTOP was designed for use in elementary classrooms 
and the COPED was designed for use in secondary (grades 7–12) classrooms, 
these engineering protocols measure the same components of engineering 
design advocated within K-12 policies (e.g., NGSS Lead States, 2013; NRC, 2012). 
However, these instruments are ill-suited for use in either elementary or sec-
ondary classrooms that feature STEM integration because they either focus 
solely on the engineering design process or treat science and engineering as 
separate disciplines within a single protocol. Without a classroom observation 
protocol aligned with frameworks for integrated STEM, the field cannot move 
forward and offer useful recommendations to promote integrated STEM in 
K-12 classrooms.

To address these issues, we developed an observation protocol (Dare et al., 
2021) designed to measure the degree of integrated STEM instruction present 
in K-12 science and engineering classrooms. The purpose of the present study 
is to show how our instrument can be used to uncover the primary dimen-
sions of integrated STEM instruction practiced in K-12 classrooms and to deter-
mine which items are associated with each of these dimensions. We report 
the results of principal component analysis (PCA) used to extract the princi-
pal components or primary dimensions of integrated STEM instruction from 
scores generated using our instrument to observe K-12 classroom practices.
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2 Theoretical Framework

Understanding how best to enact integrated STEM instruction has proven chal-
lenging partly because of the debate in the literature about the nature of inte-
grated STEM education (Li, Wang, et al., 2020; Moore et al., 2020). Although 
there is a lack of consensus in the literature regarding how best to define and 
implement integrated STEM instruction, it is clear that integrated STEM is a mul-
tidimensional construct. The development of our STEM observation protocol 
was guided by our framework (Roehrig, Dare, Ellis et al., 2021) which includes 
seven key characteristics of integrated STEM: (a) focus on real-world problems,  
(b) centrality of engineering, (c) context integration, (d) content integration, 
(e) STEM practices, (f) 21st century skills, and (g) informing students about 
STEM careers. In the following section, we first situate our framework by dis-
cussing engineering as a discipline within K-12 settings. This is followed by a 
brief literature review for each characteristic of the framework; a more detailed 
description can be found in Roehrig, Dare, Ellis et al. (2021).

Given that engineering design is central within our conception of integrated 
STEM, it is important to first consider the nature of engineering and its rep-
resentation within K-12 science standards (e.g., NGSS Lead States, 2013; NRC, 
2012). Merrill and colleagues (2008) identified constraints, optimization, and 
predictive analysis as three core engineering concepts that are important to be 
addressed in high school settings. Constraints are factors such as cost, feasibil-
ity, materials, and environmental considerations that need to be considered by 
students throughout the design process. Optimization has the goal of produc-
ing the best design within the stated criteria and constraints. Predictive analy-
sis occurs as students consider possible design solutions in light of scientific 
and mathematical principles to determine the potential of different designs. 
Within the Next Generation Science Standards (NGSS; NGSS Lead States, 2013), 
these engineering concepts are embedded into the scientific and engineering 
practices, as well as the two disciplinary core ideas specific to engineering: 
(a) defining and delimiting an engineering problem and (b) optimizing the 
design solution. Dearing and Daugherty (2004) also identified core engineer-
ing concepts for K-12 settings, with topics such as interpersonal-skills, working 
within constraints, brainstorming, and product design assessment being chief 
among them. Unlike scientific concepts, engineering concepts are represented 
as practices; even within the two disciplinary core ideas, engineering is posi-
tioned as practices (Cunningham & Carlsen, 2014). As such, engineering rep-
resents both a specific form of a real-world problem as a context, as well as 
specific STEM practices related to engaging in the engineering design process.
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2.1 Focus on Real World Problems
Common across definitions of integrated STEM is a focus on real-world prob-
lems (Moore, Stohlmann, et al., 2014; Kelley & Knowles, 2016; Kloser et al., 
2018). Real-world problems are inherently interdisciplinary in nature, thus 
they provide a context for learning and applying concepts from multiple dis-
ciplines. Additionally, real-world problems are complex in nature, leading to 
multiple possible solutions that provide a context for learning that promotes 
creativity and critical thinking.

Framing integrated STEM instruction through real-world problems pro-
vides motivation for student learning as many students find it difficult to 
relate to STEM content through traditional, single-disciplinary approaches 
(Djonko-Moore et al., 2018; Kelley & Knowles 2016). However, care needs to be 
taken that these real-world problems are aligned with students’ interests and 
lived experiences. For example, a focus on societal issues such as health, the 
environment, and social justice is more relevant and motivational for females 
and students of color, compared to traditionally male-oriented problems that 
focus on technical aspects, such as designing cars and rockets (Djonko-Moore 
et al., 2018; Schellinger et al., 2018).

2.2 Centrality of Engineering
Given the prominence of engineering within STEM policy documents (e.g., 
NRC, 2012), real-world problems are often portrayed as engineering design 
challenges within STEM curricula (Stohlmann, et al., 2014; Berland & Steingut, 
2016). Developing solutions to an engineering design challenge relies on using 
and developing understanding of content from multiple disciplines (e.g., 
Thibaut et al., 2018) and engaging in engineering design practices (Berland & 
Steingut, 2016; NAE and NRC, 2014). As students iteratively test their designs, 
they are expected to reflect on how well their design addresses the client’s 
needs and use their knowledge of STEM content and data from iterative test-
ing to refine their solutions (Siverling et al., 2019). Thus, it is critical that K-12 
students have opportunities to fully engage in the iterative engineering design 
process and engage in at least one cycle of redesign (Wendell et al., 2017).

2.3 Context Integration
Context integration occurs through the explicit connections of STEM concepts 
and practices to the real-world problems that engage learners in applying and 
expanding their knowledge of the STEM disciplines (Berland & Steingut, 2016). 
There needs to be clear alignment between the engineering design challenge 
or real-world problem. Further, specific content learning objectives need to 

2 7 : 4   /
D:2 . 44 AA 09:A :A 2 244 AA 2 B:4 :AB :3CB C B9 B A

7 B9 1 :4 A
9BB A   4 2B:D 4 A  :4 A A 3   

https://creativecommons.org/licenses/by/4.0/


10 Roehrig et al.

Research in Integrated STEM Education 1 (2023) 5–29

be included, as without explicit integration between the problem context and 
content learning goals, students will resort to tinkering (a form of trial and 
error) (McComas & Burgin, 2020; Roehrig, Dare, Ring-Whalen et al., 2021).

2.4 Content Integration
In addition to context integration, integrated STEM lessons should also explic-
itly address integration across STEM content areas to help students “build 
knowledge and skill both within the disciplines and across disciplines” (NAE 
and NRC, 2014, p. 5). Although teachers may understand the connections 
across the different disciplines within an integrated STEM lesson, students 
often struggle to make these connections on their own and rarely spontane-
ously recognize them without support (Tran & Nathan, 2010). Because of this, 
it is critical for teachers to make these connections explicit in their instruction 
(English, 2016; Kelley & Knowles, 2016).

2.5 STEM Practices
Integrated STEM instruction should directly engage students in STEM prac-
tices such as scientific and engineering practices (NRC, 2012), evidence-based 
reasoning (Siverling et al., 2019), and the creation, collection, manipulation, 
analysis, and visualization of data (Weintrop et al., 2016). Such practices are “a 
representation of what practitioners do as they engage in their work, and they 
are a necessary part of what students must do to learn a subject and under-
stand the nature of the field” (Reynante et al., 2020, p. 3). This emphasis on 
teaching students how to “do STEM” highlights an important pedagogical shift 
in STEM education away from teaching STEM as the rule-based application of 
a well-established body of facts and toward a greater appreciation of the com-
plexities that face STEM practitioners in professional settings. It is important 
that students are given the opportunity to exercise agency when engaging in 
integrated STEM (Berland & Steingut, 2016; Miller et al., 2018).

2.6 21st Century Skills
Integrated STEM instruction should support the development of 21st cen-
tury skills (e.g., Moore et al., 2014; Sias et al., 2017). This is essential because 
the future STEM workforce needs employees to have strong 21st century 
skills such as critical thinking, communication, collaboration, and creativity 
(Charyton, 2015). Beyond STEM workforce considerations, 21st century skills 
are considered critical for any person “to adapt and thrive in an ever-changing 
world” (Stehle & Peters-Burton, 2019, p. 2). Engaging in developing solu-
tions to real-world problems and engineering design challenges inherently 
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incorporates creativity and critical thinking as there is no single correct  
solution to these complex problems (Stretch & Roehrig, 2021; Simpson et al., 
2018). Iterative testing and learning from failure lead to stronger designs and 
innovation through the application of creativity and critical thinking (Simpson 
et al., 2018).

Within K-12 classrooms, students are expected to work collaboratively 
within small groups to co-construct knowledge of STEM content and design 
solutions to real-world problems (e.g., Moore et al., 2014). This is especially 
important given that small group activities account for more than half of 
instructional time during integrated STEM units (Wieselmann et al., 2020). 
Within these small groups, students are expected to develop negotiated design 
solutions that synthesize across differing understandings of the same problem 
space (Wendell et al., 2017).

2.7 STEM Career Awareness
As previously noted, integrated STEM allows students to engage in authentic 
STEM practices and 21st century skills, both of which are critical elements in 
promoting the development of positive identities toward STEM (Kitchen et al., 
2018). This is important given the policy focus on STEM workforce readiness as 
research shows that STEM interest, attitude, and identity, not academic perfor-
mance in STEM, predict sustained pursuit in the STEM disciplines (Tai et al., 
2016). Given the goal of promoting future participation in STEM careers, inte-
grated STEM education should not only engage students in authentic STEM 
practices, but also expose students to details about STEM careers (Jahn & 
Myers, 2014; Luo et al., 2021).

3 Methods

3.1 Overview of Instrument Development
In prior research, we applied the theoretical framework described above 
(Roehrig, Dare, Ellis et al., 2021) to a sample of classroom observations drawn 
from a repository of over 2,000 videos obtained in a professional development 
(PD) grant project to design an observation instrument that could be used to 
measure the degree of integrated STEM instruction occurring in K-12 science 
and engineering classrooms as described in Dare et al. (2021). The videos used 
to develop our instrument (and later to generate data for the analysis reported 
below) were recorded in the classrooms of teachers in grades 3–9 (primar-
ily elementary teachers, elementary science specialists, and middle school 
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science teachers) recruited from five school districts (representing urban, 
inner-ring suburban, and outer-ring suburban environments in the midwest-
ern United States) to complete a three-week PD workshop designed to promote 
science learning through engineering design activities and the development 
of integrated STEM curriculum that centralized engineering as the integrator 
of STEM content (Moore, Glancy et al., 2014; Moore, Stohlmann, et al., 2014). 
Each video in this repository represents a single instructional period of roughly 
50-minutes in length recorded daily for the entirety of a curriculum unit that 
ranged between one and several weeks of instruction. Through inductive anal-
ysis of a sample of this dataset, we developed a 10-item instrument with four 
scoring levels (0–3) per item designed to measure the seven characteristics of 
integrated STEM outlined in our theoretical framework above (see Dare et al., 
2021 for details on the instrument development process). Table 1 provides a 
summary of these 10 items and Figure 1 demonstrates how they align with our 
seven characteristics of integrated STEM. Figure 1 shows that Item 1 measures 
the extent to which “context integration” occurs in a given observation; Item 2 
measures the extent to which instruction is grounded in “real-world problems;” 
Items 3, 6, 8, and 9 measure engagement in various STEM practices; Items 4 
and 7 measure the development of two important 21st century skills; Item 5 
measures “content integration” across STEM disciplines; and Item 10 measures 
attempts to elevate “STEM career awareness.” It is important to emphasize that 
each characteristic of integrated STEM is represented by items that can be 
scored through direct observation of whole class instruction (Dare et al., 2021). 
A thorough exploration of some characteristics would require additional data, 
including observation of small group work and collection of student work. For 
example, when considering 21st century skills, Items 4 and 7 assess the degree 
to which critical thinking and collaboration are present in a lesson. Other 21st 
century skills, such as creativity, would require examination of students’ work 
to understand how creativity was evident in the lesson.

Of note in Figure 1, is the overlap of the characteristic of the centrality of 
engineering with the characteristics of real-world problems and STEM prac-
tices. As described in our theoretical framework, engineering provides context 
for learning as a specific example of a real-world problem, Item 2, as well as 
specific content and practices necessary for the development of solutions for 
an engineering design challenge, the specific engineering practices described 
in Item 3. Thus, no single item or set of items measure the centrality of engi-
neering because we determined that this was already implicitly captured in 
Items 2 and 3. Since it would have been redundant and confusing to measure 
these things twice, the centrality of engineering became an implied rather 
than directly measured characteristic of our instrument.
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Table 1 Brief description of STEM observation protocol items 

Item Item Name Item Description

1 Relating Content to 
Students’ Lives

Students’ everyday and personal experiences from 
outside the classroom should be activated, mean-
ingfully incorporated into the lesson.

2 Contextualizing 
Student Learning

Learning should be contextualized within an 
appropriate real-world problem or design chal-
lenge that connects to the content of the lesson. 

3 Developing Multiple 
Solutions

Students should be encouraged to develop mul-
tiple solutions and evaluate them, identifying the 
relative advantages and disadvantages of each 
possible solution.

4 Cognitive Engagement 
in STEM

Students engage in learning within a STEM lesson 
at different cognitive levels. Including applying 
concepts in new situations and evaluating and 
analyzing concepts.

5 Integrating STEM 
Content

Within the lesson, multiple content areas are 
represented that cut across two or more STEM 
disciplines. 

6 Student Agency in 
STEM

Epistemic agency refers to students’ ability to 
shape and evaluate knowledge and knowledge-
building practices in the classroom. 

7 Student Collaboration Students should be encouraged to consider ideas 
from multiple individuals, critiquing these ideas 
and integrating new ideas into their existing 
understanding to co-construct a deeper under-
standing of STEM content. 

8 Evidence-Based 
Reasoning

Students should use and evaluate evidence to sup-
port their claims about phenomena and/or justify 
design decisions.

9 Technology Practices in 
STEM

Students should engage in technology practices 
that are analogous to those used by practitioners 
of science, mathematics, and engineering. 

10 STEM Career Awareness Students should be made aware of STEM careers 
at age-appropriate levels. These careers should 
directly relate to the lesson and expose students 
to future STEM career options.
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Once our instrument was developed, we then assigned a team of seven coders 
to use our instrument to independently score a new random sample of roughly 
100 classroom videos drawn from our repository to evaluate item reliability 
(see Dare et al., 2021). The seven coders included Gillian H. Roehrig, who has 
published widely on the topic of K-12 STEM integration, two post-doctoral stu-
dents and four graduate students. The post-doctoral and graduate students 
all had taken graduate coursework on integrated STEM and were specifically 
trained on the use of the STEM-OP by the project leaders. All items achieved 
an inter-rater reliability above our acceptability threshold of Krippendorff ’s α 
≥ 0.6 with the slight exception of Item 5 measuring integrated STEM content 
that achieved α ≥ 0.58. With reliability of the 10-item instrument established, 
we next sought to explore the dimensionality of the full data set through prin-
cipal component analysis.

3.2 Principal Component Analysis
PCA is a dimension reduction technique commonly used to simplify and 
facilitate the understanding of multivariate data analyzed across large num-
bers of cases. PCA was chosen over alternative analysis techniques, such as 
exploratory factor analysis (EFA), item-response theory (IRT), or latent class 
analysis (LCA), because we designed the protocol to measure integrated STEM 

Figure 1 Alignment of observation protocol items and characteristics of 
integrated STEM
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instruction as a formative rather than reflective concept. We conceptualized 
the observed individual items of the protocol to be the formative causes of the 
various aggregated dimensions of integrated STEM instruction that we hoped 
to uncover in our analysis rather than these reflective dimensions being the 
latent causes of our observed individual protocol items. In other words, we 
designed each individual protocol item to measure something unique to inte-
grated STEM instruction with the intention of seeing which items tended to 
“hang together” within a classroom observation rather than trying to uncover 
latent dimensions of integrated STEM instruction using multiple measures of 
the same concept.

The data for the PCA included 2,030 classroom video-observations gener-
ated from the previously described PD program. This sample size far exceeds 
the minimum 10-to-1 case-to-item ratio recommendations of Costello and 
Osborne (2005). The data set represents a wide range of teachers (106 separate 
teachers), classroom settings (434 earth science, 597 life science, and 999 phys-
ical science classrooms), curriculum units (48 in total), and grades (6 lower 
elementary, 879 upper elementary, 1071 middle school, and 74 high school 
observations). Each video represents a single instructional period of roughly 
50-minutes in length recorded daily for the entirety of curriculum units rang-
ing between one and several weeks of instruction. This reflects the reality of 
classroom observations such that, in many cases, they are conducted only on 
one day of instruction rather than for a full unit of instruction.

To further reinforce scoring reliability among our coders, 200 classroom vid-
eos were coded in triads among six coders with each triad assigning two coders 
to score the same video independently and the third coder serving as a neu-
tral arbiter to facilitate the process of coming to consensus on items whenever 
the two coders disagreed. We then assigned these same six coders to indepen-
dently score the remaining classroom videos in our repository to produce the 
full dataset used in our analysis reported below.

4 Results

This section presents the result of our principal component analysis (PCA) 
used to identify the primary dimensions of integrated STEM instruction prac-
ticed in our observed K-12 classroom data. After reporting the results of our 
PCA, we then provide an explanation of the underlying dimensions uncovered 
in our analysis interpreted through the lens of our theoretical framework to 
contextualize and ground these findings within the pre-existing literature.
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4.1 Principal Component Extraction
We first used the default principal component extraction method in the SPSS 
statistical software package to analyze the correlation matrix of our observed 
item scores using promax rotation to aid in the interpretation of our compo-
nent loadings. We chose to rotate our solution using oblique rotation under the 
assumption that the dimensions uncovered in our analysis were likely to cor-
relate in a classroom setting since each is likely to support the other in effective 
instructional practice. We chose to analyze the correlation matrix to extract 
our principal components given that our instrument items were all equiva-
lently scaled by default. Analysis of the eigenvalues using the Kaiser-Guttman 
rule and the accompanying scree plot show that a maximum of three underly-
ing dimensions of integrated STEM instruction were present in our observed 
K-12 classrooms (see Table 2 and Figure 2). These three principal components 
captured a cumulative percentage of the total variance of 60.7%, with the first 
component responsible for 34.7% of the overall explained variance, the sec-
ond component responsible for an additional 15.1%, and the third component 
responsible for an additional 11.0%.

4.2 Principal Component Loadings and Interpretations
Table 3 reports the rotated loadings of the STEM-OP items on the three princi-
pal components extracted in our PCA with loadings less than 0.40 suppressed 
to facilitate interpretation.

Table 2 Total variance explained and eigenvalues of extracted principal components

Component Eigenvalue % of Variance Cumulative %

1 3.470 34.7 34.7
2 1.508 15.1 49.8
3 1.095 11.0 60.7
4 0.870 8.7 69.4
5 0.790 7.9 77.3
6 0.641 6.4 83.8
7 0.465 4.6 88.4
8 0.429 4.3 92.7
9 0.409 4.1 96.8
10 0.322 3.2 100.0

2 7 : 4   /
D:2 . 44 AA 09:A :A 2 244 AA 2 B:4 :AB :3CB C B9 B A

7 B9 1 :4 A
9BB A   4 2B:D 4 A  :4 A A 3   

https://creativecommons.org/licenses/by/4.0/


17Uncovering Core Dimensions of K-12 Integrated STEM 

Research in Integrated STEM Education 1 (2023) 5–29

Figure 2 Screen plot of eigenvalues of extracted principal components

Table 3 Protocol item loadings on first three extracted principal components analyzed 
using the correlation matrix and rotated using Promax rotation

Component 1 Component 2 Component 3

Item 1 0.585
Item 2 0.626
Item 3 0.835
Item 4 0.795
Item 5 0.786
Item 6 0.749
Item 7 0.808
Item 8 0.743
Item 9 0.877
Item 10 0.436 −0.461

Table 3 shows that Items 3, 4, 6, 7, and 8 load most strongly on the first prin-
cipal component with no overlapped loading of these items across the other 
two principal components. Items 1, 2, 5, and 10 load most strongly on the sec-
ond principal component with Item 10 also loading negatively on the third 
principal component. Item 9 loads most strongly on this third and final princi-
pal component but in an inverse manner to Item 10.

Table 4 shows the component matrix of our PCA or the unrotated solu-
tion. For transparency, we report the component matrix to demonstrate the 
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consistency of our item loadings. The emphasis here is on the degree of simi-
larity between our rotated and unrotated solutions to determine the extent to 
which our results hold without rotating our solution.

The results of the unrotated solution in Table 4 are nearly the same as the 
rotated solution presented in Table 3 with two minor exceptions. First, Item 2 
cross-loads onto Component 1 and Item 5 cross-loads onto Component 3 rather 
than both items loading solely onto Component 2 as in our rotated solution. 
Second, Item 10 loads solely onto Component 2 and no longer negatively 
cross-loads onto Component 3 as in our rotated solution. This means that 
there are no negative loadings in the unrotated solution to interpret. As such, 
the interpretation of Component 1 remains essentially the same with the 
exception of the addition of Item 2, and the interpretation of Component 2 is 
fundamentally the same as in the rotated solution. The only major difference 
between the rotated and unrotated solutions is Component 3 which went from 
being composed of Item 9 and Item 10 inversely loaded to Item 9 and Item 5 
loading together positively.

Table 5 shows the results of using the covariance matrix to extract our prin-
cipal components rather than the correlation matrix. As with the unrotated 
solution, we report these results to demonstrate the consistency of our item 
loadings regardless of the method used to extract our principal components. 
Although our instrument items were designed to measure STEM instruction 
using the same 4-point scale and the correlation matrix is preferred when 
items are equivalently scaled, we report the results of using the covariance 

Table 4 Protocol item loadings on first three extracted principal components analyzed 
using the correlation matrix and reported without rotation

Component 1 Component 2 Component 3

Item 1 0.624
Item 2 0.536 0.577
Item 3 0.822
Item 4 0.794
Item 5 0.644 0.427
Item 6 0.764
Item 7 0.782
Item 8 0.726
Item 9 0.862
Item 10 0.547
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matrix to extract our principal components simply to demonstrate the extent 
to which our findings hold even if our scale equivalency assumption happened 
to be violated in our data due to issues like skewed item-score distributions. In 
other words, we see this as the most conservative way to report the possible 
underlying dimensions of integrated STEM instruction in that it relies on fewer 
assumptions than the correlation matrix approach. Thus, we believe these 
findings demonstrate the “bare minimum” dimensions of integrated STEM we 
can reliably infer from our classroom observation data.

The only fundamental difference between the correlation and covariance 
extraction approach is the disappearance of Component 3 and the failure of 
Item 9 to load onto any of the remaining components. Even after relaxing the 
scale equivalency assumption, Component 1 and Component 2 remain exactly 
the same as in the unrotated solution using the correlation matrix to extract 
these components and the only difference between the covariance result and 
the rotated solution reported above is the cross-loading of Item 2 onto both 
Components 1 and 2 rather than Component 2 alone.

5 Discussion

The PCA results reported in the previous section demonstrate how our instru-
ment can be used to uncover the primary dimensions of integrated STEM 

Table 5 STEM-OP item loadings on first three extracted princi-
pal components analyzed using the covariance matrix 
and reported without rotation

Component 1 Component 2

Item 1 0.502
Item 2 0.717 0.776
Item 3 0.840
Item 4 0.647
Item 5 0.583
Item 6 0.537
Item 7 0.849
Item 8 0.829
Item 9
Item 10 0.402
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instruction present in observed K-12 classrooms. They also show that two core 
dimensions emerged from the analysis of our data centered on items that con-
sistently load onto Component 1 and Component 2, with the possibility of a 
third dimension centered on instructional practices related to Item 9. In this 
section, we provide an interpretation of these dimensions to ground our find-
ings in the existing literature and theoretical conceptualization of integrated 
STEM instruction. We first interpret the two core dimensions represented in 
Components 1 and 2 that we label “Real-World Problem Solving” and “Nature 
of STEM integration”, respectively, before interpreting the possibility of a third 
dimension centered on Technology Practices in STEM.

5.1 Real-World Problem Solving
Component 1 represents the first core dimension of integrated STEM instruc-
tion that includes Items 3 (developing multiple solutions), 4 (cognitive engage-
ment in STEM), 6 (student agency), 7 (student collaboration), 8 (evidence-based 
reasoning), and possibly 2 (contextualizing student learning). These items 
describe behaviors representative of Real-World Problem Solving, such as the 
application, analysis, and evaluation of STEM concepts (Item 4), the use of 
evidence-based reasoning (Item 8), collaborative construction of knowledge 
and design solutions (Item 7), and the development, evaluation, and redesign 
of multiple solutions (Item 3). In high quality integrated STEM lessons these 
behaviors require students to exercise agency in their use of STEM practices 
(Item 6), often with a real-world problem or engineering design challenge 
being used to contextualize engagement (Item 2) in these STEM practices.

It is important to underscore that this dimension represents the practices 
that students engage in as they work to develop solutions to a real-world prob-
lem and/or engineering design challenge. Thus, the loading of Item 6 (student 
agency) in this core dimension is theoretically appealing, as it is illustrative of 
students having agency in determining possible solutions. Engaging students 
in engineering design is a shift from working on well-defined problems with 
single, correct solutions to working on open-ended problems with multiple 
solution pathways (Jonassen et al., 2006), which means that solutions cannot 
be developed through structured, routine procedures.

The possible loading of Item 2 in the unrotated and covariance matrix 
solution of this dimension makes sense as a strategy to engage students in 
problem-solving for real-world purposes that encourages multiple solution 
pathways due to the complexity and open-ended nature of real-world prob-
lems. This requires students to engage in the 21st century skills of collaboration 
and critical thinking (Items 4 and 7) throughout an integrated STEM lesson and 
as they engage in STEM practices (Items 6 and 8) to generate possible design 
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solutions and engage in analysis of evidence to iteratively improve design solu-
tions (Item 3 and 8) (Simpson et al., 2018; Stretch & Roehrig, 2021).

Engaging in an integrated STEM lesson contextualized through an engineer-
ing design challenge allows students to develop and exercise important skills 
needed for the 21st century, especially as they relate to STEM. Critical thinking 
is implicit across items within the dimension of Real-World Problem Solving. 
The levels of Items 3, 4, 7, and 8 each mirror Bloom’s taxonomy in describing 
a continuum of cognitive engagement, where at the highest levels, students 
are expected to apply what they have learned to develop possible design solu-
tions and improve their designs through iterative analysis and evaluation 
(Sharunova et al., 2020). The loading of Item 3 suggests that engaging stu-
dents in proposing and iteratively testing solutions to an engineering design 
challenge provides a unique context for the development of 21st century  
STEM skills.

5.2 The Nature of STEM Integration
Component 2 represents the second core dimension of integrated STEM 
instruction present in our classroom observations that includes Items 1 (relat-
ing content to students’ lives), 2 (contextualizing student learning), 5 (inte-
grating STEM content), and 10 (STEM career awareness). The concurrent 
loading of these items suggests that integration takes multiple forms within a  
STEM lesson.

As discussed in our theoretical framework and development of our instru-
ment, engineering represents a context for student learning and specific con-
tent to be learned based on K-12 standards (Ekiz-Kiran & Aydin-Gunbatar, 
2021). Context integration (Item 2) represents the expectation that students 
learn and apply STEM content to address the real-world problem and/or engi-
neering design challenge. As students engage in the engineering design pro-
cess they learn and apply engineering practices and content in conjunction 
with content from the other STEM disciplines (Item 5). Given the dual role 
of engineering as context and content in integrated STEM lessons, it is not 
surprising that Items 2 and 5 both load onto our second core dimension, the 
Nature of Integrated STEM. The loading of Items 1 and 10 suggest that in addi-
tion to engineering design challenges providing a context for student learning, 
lessons can also be contextualized using students’ personal experiences and 
STEM careers.

The loading of Item 1 onto this dimension suggests that students’ personal 
experiences are attended to by teachers in helping students understand the 
real-world context. For example, some observed lessons in our data set focused 
on place-based issues, such as environmental issues in local lakes and rivers  
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and run-off from a school parking lot. Such place-based pedagogies are 
grounded in the idea that content matters in helping students to interpret and 
understand real-world problems and can empower students to take action 
within their locality (Nieto & Bode, 2007).

STEM career awareness (Item 10) also loads into the core dimension of 
Nature of STEM Integration. STEM careers are a specific connection to the 
real-world and as such they represent a form of context integration. The pres-
ence of connections to STEM careers is aligned with the policy goals for inte-
grated STEM intending to promote interest in STEM careers. For example, in 
our video repository, teachers integrated information about the kinds of STEM 
professionals that worked on the type of real-world problem at hand, as well as 
discussing how specific STEM professionals engaged in addressing real-world 
problems.

5.3 Technology Practices in STEM
The only item on our instrument that failed to load consistently with any of the 
other items in a given component was Item 9, which measures the use of tech-
nology to facilitate data practices associated with both science and engineer-
ing. We included this item on our instrument because data practices are central 
to knowledge construction and the work of STEM professionals (Duschl et al., 
2007) by way of the creation, collection, manipulation, analysis, and visual-
ization of data (Weintrop et al., 2016). The rapid growth of data and the need 
to effectively manage large data sets further necessitates that students have 
opportunities to learn how to properly use technology to facilitate these data 
practices (Ellis et al., 2020). Given the importance of data practices in STEM, 
it is somewhat surprising that Item 9 failed to load onto the component rep-
resenting the Real-World Problem Solving dimension of integrated STEM. This 
may be because technology practices were evidenced in only 403 classroom 
observations (approximately 20%) in our dataset so the opportunities for this 
item to correlate with other items were simply lower in our observed data. The 
low prevalence of Item 9 may also be due to the fact that student engagement 
in data practices was often limited to the testing and evaluation of possible 
design solutions (accounting a limited number of lessons within a given unit) 
and would therefore not be expected to occur in as many lessons within an 
integrated STEM unit as any other potentially related items. Several of the 
observed integrated STEM units also asked students to collect data without the 
assistance of technology (primarily elementary lessons) or required students 
to qualitatively analyze their design with respect to stated criteria and con-
straints rather than using data collection and analysis to evaluate design solu-
tions, leading to the overall absence of Item 9 in many classroom observations.
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While our PCA results suggest the possibility of a third dimension of inte-
grated STEM centered on data practices, more research is needed to determine 
the extent to which data practices are likely to correlate with other items on our 
instrument or are more likely to occur in isolation or possibly even correlate 
with other aspects of integrated STEM not measured by our instrument. The 
analysis of more classroom data that feature technology assisted data prac-
tices would aid our efforts to better understand the role of technology and data 
practices and to develop additional items representative of data and technol-
ogy practices. Although our findings are limited in the sense of having fewer 
observations of Item 9 than we would have desired, it is still worth noting that 
data practices were more likely to have occurred in our observed classrooms in 
the presence of teachers making connections across disciplines (Item 5), in the 
absence of teachers enhancing student awareness of STEM careers (Item 10), 
and somewhat haphazardly in regards to the areas the remaining items on our 
instrument measure.

6 Conclusions

Principal component analysis of data from our instrument reveals two core 
dimensions of integrated STEM (Real-World Problem Solving and Nature of 
STEM Integration). Interestingly, Item 2 (contextualizing student learning) 
serves as a bridge across the two core dimensions, loading into both dimen-
sions. This is notable as the most common feature of integrated STEM within 
the literature is the use of a real-world problem (e.g., Kelley & Knowles, 2016; 
Kloser et al., 2018; Moore et al., 2020). Real-world problems represent both a 
form of integration and the necessary context for application of STEM prac-
tices and 21st century skills.

As described above, the dimension of Real-World Problem Solving includes 
observable student behaviors related to STEM practices and 21st century 
skills that are consistent with the integrated STEM literature (e.g., Moore, 
Stohlmann, et al., 2014; Kelly & Knowles, 2016; NAE and NRC, 2014) and nec-
essary for proposing, testing, and refining solutions to real-world problems, 
which given the current NGSS reforms are most often presented as engineering 
design challenges.

The dimension representing the Nature of STEM Integration incorporates 
four different aspects of integration: (a) context integration which connects the 
target content to the context of the real-world problem or engineering design 
challenge (Item 2) (e.g., Moore, Stohlmann, et al., 2014; Kelley & Knowles, 
2016), (b) content integration which connects across the disciplines (Item 5) 
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(e.g., Moore, Stohlmann, et al., 2014; English, 2016; Kelley & Knowles, 2016),  
(c) connections to students’ lived experiences (Item 1) (e.g., Djonko-Moore 
et al., 2018), and (d) connections to STEM careers (Item 10) (Jahn & Myers, 
2014; Luo et al., 2021).

7 Limitations

The work described above includes both theoretical and practical limita-
tions. Our findings are strongly conditioned by our theoretical conceptual-
ization of integrated STEM instruction, and we are aware that ours is not the 
only way to define this concept. We have sought to identify a core consensus 
in the literature despite a range of understandings of integrated STEM educa-
tion. We realize that some educators and researchers may disagree with the 
emphasis placed on engineering and engineering design; however, within 
the realm of science classrooms within the United States, the NGSS calls for 
the integration of engineering and engineering practices and as such a focus 
on engineering design challenges is aligned with these current reform efforts 
(Moore, Stohlmann, et al., 2014; NAE and NRC, 2014). We encourage others to 
explore ways in which this instrument could be modified for additional class-
room spaces, such as in mathematics or computer science classrooms.

As suggested previously, an important limitation lies in the dataset that 
we used during the development and subsequent testing processes. These 
classroom observations are bound by the previously described project that 
used two specific frameworks of integrated STEM education (Moore, Glancy  
et al., 2014; Moore, Stohlmann, et al., 2014). Our theoretical framework (Roehrig,  
Dare, Ellis et al., 2021) draws on research relevant to expectations of K-12 sci-
ence teachers and addresses standards relevant to all grade levels (K-12). For 
example, students at all ages are expected to engage in science and engineer-
ing practices (NGSS Lead States, 2013; NRC, 2012). However, our dataset was 
limited primarily to upper elementary and middle school classrooms in the 
United States, so our findings may not be applicable to lower elementary 
classrooms, high school classrooms, or international settings. Future research 
should explore the use of the STEM observation protocol in lower elementary 
and high school settings. Additionally, exploration of the use of the protocol 
beyond classroom research purposes would be beneficial. For example, future 
research could consider the application of the protocol in teacher education 
settings or professional learning communities within schools to assess its use 
in guiding teacher learning with respect to integrated STEM.
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