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Introduction 

The collective education of science, technology, engineering, and mathematics has been 

commonly referred to as STEM education. For K-12 education in the United States, the use of 

the phrase “STEM education” has repeatedly been used in reference to a more integrated 

curricular and pedagogical approach, wherein the STEM disciplines are interconnected with one 

another and contextualized by real-world problems [1] – [3]. This shift from teaching the STEM 

disciplines in isolation to integrating across disciplines was signaled most prominently in the 

National Research Council’s [NRC] [4] publication of A Framework for K-12 Science 

Education, which included engineering as part of science teaching and learning. The Next 

Generation Science Standards (NGSS) [5], created using the NRC’s Framework [4], sparked a 

flurry of change in K-12 science education. To date, 20 states and the District of Columbia have 

adopted the NGSS in full and another 24 have adopted standards similar to the NGSS based on 

the original NRC framework [4]. The purposeful addition of engineering within these science 

standards, along with the inclusion of computational and mathematical thinking, has resulted in 

the continued focus of integrated STEM in K-12 education. 

 

Policy calls for integrated STEM approaches to teaching and learning require significant changes 

to existing curricula and pedagogy in K-12 classrooms, which creates challenges for integrated 

STEM implementation. For one, professional development opportunities for in-service teachers 

to engage in learning about integrated STEM are still limited, and the opportunities that do exist 

vary across different contexts [6]. Changes to pre-service programs appear to be even slower, 

with few models or suggestions of how to teach integrated STEM education available to teacher 

educators [7]. To complicate this further, there are a multitude of definitions and frameworks that 

exist when it comes to integrated STEM education. Although educators and researchers are 

beginning to better articulate “what counts” as part of integrated STEM education [3], there are 

still challenges in clearly guiding how educators engage in or enact integrated STEM education 

in the classroom. This, in turn, creates challenges for teachers who need to attend to changes 

with respect to both content and pedagogy [8], [9]. 

 

Observational tools constructed to embrace the integrated nature of STEM education are one 

possible solution to this problem, as they have the potential to provide critical guidance to 

researchers, professional development facilitators, classroom coaches, and others working 

toward improving integrated STEM instruction. These tools may help push forward a common 

language to be used among stakeholders. However, prior to the work reported here, observational 

tools that focus on the implementation of integrated STEM in K-12 classrooms are not available. 

The work presented in this paper provides a detailed description of how one team of STEM 

educators and educational researchers developed an integrated STEM observational protocol for 

use in K-12 science and engineering classrooms – the STEM Observation Protocol (STEM-OP). 

In addition to providing an in-depth description of the instrument development process, which 

started with the development of a conceptual framework for integrated STEM education [9], we 

share the final items and the challenges faced in assuring the validity and usability of the 

instrument. 



Literature Review 

 

Defining STEM education. 

The research literature provides several models as potential ways to conceptualize integrated 

STEM education. For instance, Bybee detailed nine commonly used models, ranging from 

STEM as a single discipline to STEM as a transdisciplinary course or program [10]. Breiner et 

al. defined the practice of STEM integration as the shift from traditional lecture-based 

classrooms to the implementation of pedagogy that involves more inquiry and problem-based 

learning approaches [11]. Still, others define integrated STEM as curricula that integrate science, 

technology, engineering, and mathematics concepts in ways that most authentically reflect the 

practice of professionals currently working in STEM fields in an effort to graduate more students 

who are prepared to work in STEM professions [12], [13]. While this approach to integrating 

STEM appears to have caught the most traction, it can also be interpreted in different ways, 

making it difficult for teachers to implement [14] – [17]. These differences in definitions and 

interpretations surrounding STEM education can perpetuate problems related to effective 

communication among different stakeholders, such as teachers and their administrators [9]. This 

creates further issues for educational researchers who seek to explore the implementation of 

integrated STEM in K-12 classrooms when multiple definitions and interpretations of STEM 

education are in play.  

 

Some have voiced the need for clarity in a definition but warn against a single definition or 

model [10]. Others have noted the need for a global definition, cautioning that without one, 

progress with respect to education and research will be hindered [3], [16]. Without a clear, 

tangible framework (and observational tools associated with such a framework), additional 

research may continue to exacerbate the issues surrounding different definitions of STEM 

education. In other words, the existence of such a framework and observational tool may help the 

education community advance a definition of what integrated STEM education can look like in 

science and engineering classrooms. 

 

Challenges in observing integrated STEM instruction. 

As the education community works toward refining our understanding of integrated STEM 

educational approaches, there is a parallel need to document these approaches when they occur 

in the K-12 classroom. Capturing exactly what STEM education looks like in the classroom has 

been enigmatic. In large part this is due to the fact that there are no observation instruments 

available that were specifically designed to document integrated STEM instruction in the 

classroom. While multiple instruments that focus on good teaching practice or teaching isolated 

STEM disciplines exist, none of the instruments consider frameworks for integrated STEM 

teaching to account for multiple STEM disciplines within a given unit of observation (e.g., day, 

lesson, curriculum unit). 

 

Instruments such as the Reformed Teaching Observation Protocol (RTOP) [18], Uteach 

Observation Protocol (UTOP) [19], and the Classroom Observation Protocol for Undergraduate 

STEM (COPUS) [20] were designed to be used in science and mathematics classrooms where a 

single discipline is present. These instruments are practical and useful in their respective 

disciplinary spaces, but they were not designed for observing lessons that integrate across STEM 

disciplines or lessons that include engineering. This can then be prohibitive as the items in these 



instruments do not directly address scientific practices, engineering practices, and/or the 

interplay across different STEM content and practices. Other K-12 STEM classroom observation 

instruments include the Science Classroom Observation Protocol [21], the Science and 

Engineering Classroom Learning Observation Protocol [22], the Classroom Observation Protocol 

for Engineering Design (COPED) [23], and the Classroom Assessment Scoring System [24], 

which are science-specific, engineering-specific, engineering design process focused, and 

content agnostic, respectively. Although these instruments provide a variety of different designs 

to support the development of a new observational instrument, they are ill-suited for use in 

classrooms that feature STEM integration, as they do not directly address instruction or learning 

that occurs at the intersection of multiple disciplines. Further, these instruments were not 

designed with an integrated STEM education framework in mind, thus missing key 

characteristics of integrated STEM. The desire and need for such as instrument motivated the 

work reported here, which includes the development of a new observation protocol designed 

specifically for use in K-12 science and engineering classrooms implementing integrated STEM 

lessons and units. 

 

Methods 

 

We developed the STEM Observation Protocol (STEM-OP) by drawing from knowledge of 

observation protocol development as described in published works [18] – [24]. Since the RTOP 

[18] is one of the most widely used observational instruments in K-12 science classrooms, it 

served as a guide for our instrument development and what the final product would look like. By 

using it as a model, our hope was to design an instrument with a similar user experience; in 

particular, we aimed to develop an instrument that included up to 25 items, each of which would 

be rated on an ordinal scale. However, one component we wished to improve upon from 

previous instruments such as the RTOP [18] was the inclusion of descriptive levels for the 

ordinal scoring scale. To share the development process, we first provide a description of the 

overarching project’s context and available resources. What follows this overview is a detailed 

description of the steps we took to develop the final 10-item STEM-OP. 

 

Context. 

The work described here is part of a four-year federally funded project that seeks to improve the 

quality of K-12 integrated STEM education in science and engineering classrooms through the 

development and dissemination of a classroom observation instrument for integrated STEM 

instruction. The STEM-OP was intentionally designed for research purposes and for use as a 

formative educational tool for improving integrated STEM education. As part of this 

development, we utilized a suite of over 2000 video-recorded classroom observations that were 

collected as part of a previous federally funded project. That project generated and refined 54 

teacher-created integrated STEM curriculum units over the course of five years. These 

curriculum units were developed, piloted, and refined as part of an intensive professional 

development, and drew upon two frameworks for integrated STEM education that feature 

engineering as the integrator of content [25], [26]. These two frameworks centralized 

engineering by using an engineering design challenge as context to teach STEM content. Since 

engineering in K-12 education is a relatively new endeavor, the focus on engineering reflects the 

needs of teachers, who often do not have knowledge of engineering and its associated practices 

[27]. As teachers implemented these units in their classrooms, which took anywhere from one to 



several weeks of instruction, project staff observed and video-recorded each day of 

implementation. 

 

As a result, we have access to over 2000 classroom observations that represent a variety of 

classroom settings, including different grade levels, teachers, student demographics, science 

content, and engineering design challenges. The data set includes observations from 106 unique 

teachers’ classrooms from five school districts that include urban, inner-ring suburban, and 

outer-ring suburban K-12 settings in the Midwestern United States. The majority of observations 

focus on grades 4-8, although early elementary (K-3) and high school (grade 9 in particular) 

were included to a lesser extent. The science content covered in these units spanned several 

topics in physical, life, and earth sciences. Table 1 provides an overview of these curriculum 

units based on the grade-band and science content breakdown. 

 

Table 1. Summary table of observed curriculum units available 

 Disciplinary Topics Curricula by Grade Band* 

Physical Science 

Heat Transfer and States of Matter 

Force and Motion 

Waves and Electromagnetism 

3 Elem, 3 MS 

4 Elem, 1 MS, 1 HS 

5 Elem, 4 MS, 1 HS 

Life Science 

Ecosystems 

Natural Selection and Evolution 

Genetics 

4 Elem, 3 MS 

2 Elem, 1 Elem/MS, 3 MS 

1 Elem, 1 Elem/MS, 1 MS 

Earth Science 

Plate Tectonics and Landforms 

Weather and Water Cycle 

Rocks and Soil & Renewable Energy 

4 Elem, 3 MS 

2 Elem, 2 MS 

4 Elem (1 pre-K), 1 MS 

* Elem = grades K-5, MS = grades 6-8, HS = grades 9-12 

  

The design and development process. 

Overview. 

Over the course of two years, we developed the STEM-OP and established interrater reliability 

among our coding team. Over this period of time, our team consisted of five principal 

investigators (four STEM education experts and one psychometrician), three post-doctoral 

researchers, and five doctoral students in STEM education. The process included various stages, 

which consisted of reviewing the existing literature on integrated STEM education, developing a 

conceptual framework to guide item development, creating initial lists of observable features of 

integrated STEM education, defining levels of each observable item, meeting with external 

advisors to discuss the items, piloting and refining items and item levels, and drafting a set of 

user guidelines. What follows is a description of the development process, broken down into five 

main steps; an overview of this process is provided in Figure 1. 

 

Step 1: Establishing an integrated STEM conceptual framework. 

To begin this work, we reviewed manuscripts related to the development of other observation 

protocols (including those previously described) for content, language, and development 

procedures. This part of the literature review helped us better understand the nature of protocol 

design. The second step in this process was a thorough review of the literature related to 

integrated STEM education. This included the examination of a variety of relevant K-12 



Figure 1. Overview of the observation protocol development process 

 
standards documents and frameworks [4], [5], [26], [28], [29], as well as the broader literature on 

curriculum integration and integrated STEM education [2], [8], [30], [31]. The primary purpose 

of this review was to identify frequent, research-based practices for teaching the STEM 

disciplines and common themes surrounding the different definitions of STEM education. In this 

review, we determined common features of integrated STEM education that are pervasive 

throughout the literature and for which agreement exists. While a full description of our 

conceptual framework can be found in Authors [9], the following sections highlight key areas. 

 

First, researchers agree that integrated STEM education is driven by engaging students in 

developing solutions to real-world problems [2], [11], [13], [25], [32], [33]. Real-world problems 

used to motivate and contextualize learning should be complex enough to foster multiple 

solutions [34] and require students to apply and expand their knowledge of the STEM disciplines 

[35]. Given the need to increase diversity in the STEM fields [36], [37], these real-world 

problems should be personally motivating and additionally connect STEM content to students’ 

lives; this has been shown to enhance student engagement by making learning more meaningful 

and relevant [38] – [40]. 

 

Second, given the prominence of engineering within science and STEM standards [4], [5], [41], 

the real-world problems used to contextualize learning should include an engineering context, 

most often presented as an engineering design problem or challenge through the specific needs of 

a client [25], [42] – [45]. In this engineering design-based approach to integrated STEM 

education, students are expected to engage in an engineering design process to develop and 

justify design solutions [2], [4], [5], [25], [46]. The iterative engineering design process requires 

students to develop and fine-tune problem-solving skills as “testing the most promising solutions 

and modifying what is proposed on the basis of the test results leads to greater refinement and 

ultimately to an optimal solution” [2, p. 210]. Further, it is important that students have 

opportunities to engage in redesign [25], [42] to understand how engineering uses evidence and 

STEM content when evaluating proposed design solutions [46] – [48].  

 

Third, in addition to explicitly connecting STEM content to a real-world problem, it is important 

that connections between the STEM disciplines are made explicit to students [2], [15], [16], [25], 

[33], [49]. Although it is not necessary that all four STEM disciplines are integrated within a 

STEM unit [25], [33], it is important to note that the emphasis of policies such as the NGSS on 

science and engineering often relegate mathematics and technology to the background [50] – 

[53]. Most often mathematics is presented as a tool for data analysis and measurement [14], [54] 



instead of more meaningful engagement in mathematical thinking relevant to STEM such as 

mathematical modeling [55], [56]. Technology integration is even less well defined [16], [57], 

often limited to a pedagogical tool or a product of engineering [2], [57]. Given the emphasis on 

engaging students in authentic scientific and engineering practices [4],[5] and modelling STEM 

fields as viable career options [15], [16], [33], representing technology within integrated STEM 

education as the technology tools and practices used by STEM professionals is particularly 

fruitful [57] and consistent with the definition we subscribe to in our work. As such, in this work 

technologies are conceptualized as “tools for knowledge construction rather than media of 

conveyance and knowledge acquisition” [58, p. 2] that are analogous to those used by 

practitioners of science, engineering, and mathematics [2], [57]. 

 

Fourth, teamwork and communication are key components to integrated STEM education [17], 

[25], [33], [59]. Students are expected to work collaboratively and cooperatively within small 

groups to co-construct knowledge of STEM content and design solutions to real-world problems. 

Given the ill-structured nature of real-world problems, students need to negotiate their 

understanding and decision-making, all of which require a high level of pedagogical facilitation 

and support to make sure that all students’ voices are equitably heard [60], [61]. 

 

Finally, the implementation of integrated STEM education requires the use of student-centered 

pedagogies to support the development of 21st century skills [11] – [13], [17]. These types of 

skills include the four C’s of creativity, communication, critical thinking, and collaboration [62]. 

Minner et al. reported “that having students actively think about and participate in the 

investigation process increases their science conceptual learning” [63, p. 493]. Further, engaging 

in the same practices as STEM professionals is important to understand the nature of the field 

[64]. Integrated STEM is grounded in social constructivist theories of learning [65] and students 

are expected to apply STEM content and practices to the design of solutions to real-world 

problems [2], [3], [11], [13], [25], [32], [33]. Central to integrated STEM is learning from failure 

[25], [66], [67], using iterative test data to improve and refine their design solutions [25], [42] 

and justifying scientific claims and design decisions with evidence and reasoning [32], [46]. 

 

Supporting all of these features is the desire to provide students with more authentic learning 

experiences in the classroom that allow students opportunities to develop science and STEM 

identities [68]. Given how identities are “produced through practices, relationships and 

interactions within specific sites and spaces” [68, p. 619], there is a need to increase the diversity 

of those persisting in STEM fields through college and beyond to include historically 

underrepresented students. A Framework for K-12 Science Education notes that not all students 

will choose to pursue STEM careers, but that, “a science education based on the framework will 

motivate and inspire a greater number of people - and a better representation of the broad 

diversity of the American population - to follow these paths than is the case today” [4, p. 9-10]. 

With this important goal in mind, integrated STEM education should allow students to not only 

engage in work that resembles that of STEM professionals, but also allow students to develop 

STEM identities and be exposed to STEM careers in concrete ways. When the perception of 

STEM careers does not match the image students have of someone they are familiar with, it is 

likely that they abandon their prior goal and change their career trajectory [69]. Because of this, 

integrated STEM lessons can empower teachers to intervene and help students develop accurate 

perceptions of STEM professions and foster the development of their students’ STEM identities. 



In addition to the authentic experiences described above, explicit exposure to STEM careers 

must also be included. 

 

In summary, our working definition of integrated STEM is consistent with that of Kelley and 

Knowles, who define STEM education in general as, “an approach to teaching the STEM content 

of two or more STEM domains, bound by STEM practices within an authentic context for the 

purpose of connecting these subjects to enhance student learning” [3, p. 3]. Beyond this, 

however, our conceptual framework provides the detail necessary to operationalize this broad 

definition. Given that the proposed use of the STEM-OP is in science classrooms, many of which 

in the United States are now guided by the NRC’s Framework [4] and the NGSS [5], our protocol 

requires the presence of science and/or engineering content. 

 

Step 2: Developing and refining initial items. 

Using this conceptual framework, we designed the STEM-OP to indicate the presence of 

integrated STEM education within an observed classroom period, on average 50 minutes. The 

items were developed to reflect the degree to which characteristics of STEM integration (as 

described in our conceptual framework) are observed; the intention was not to assess the quality 

of the teachers’ pedagogy. With this in mind, we focused the development of the STEM-OP on 

observable characteristics of integrated STEM education. 

 

Drafting preliminary codes. Drafting a list of potential items to include in the instrument 

occurred in several stages. We first used a deductive process to identify key concepts from the 

literature that were used to develop the aforementioned conceptual framework. We then followed 

an inductive approach through which items were generated from classroom videos that featured 

exemplary instruction; this overall process reflects methods often found in qualitative research 

related to coding [70], [71]. This second step allowed us to identify and grasp the more 

observable features of integrated STEM education. In practice, we individually watched a 

purposefully selected video from the suite of videos available; this video was selected based on 

the project PIs’ prior knowledge of the observation, which was deemed as theoretically 

representative of “good STEM teaching”. Each member of our team took field notes, paying 

particular attention to features that characterize integrated STEM education; afterward, we used 

individual field notes to list as many observed features as possible. These features served as 

initial codes and were collected into a single list where duplicate items were removed. This task 

was repeated with a second purposefully selected video, using the first list as a provisional set of 

deductive codes, adding more codes as needed. 

 

Revision and collapsing of preliminary codes. The process above resulted in a total of 79 codes. 

These codes varied in focus as some attended to actions of the teacher or students, while others 

focused on features of the lesson design. We sorted these codes into a visual display composed 

of a three-column table with the headers: teacher, student, and lesson. Three small teams were 

created to collate similar codes, categorize them according to pedagogy (teacher), student 

practices (student), and integration of STEM (lesson) by using the conceptual framework as a 

guide. Constantly referring to the conceptual framework allowed us to identify and remove “just 

good teaching” codes in the Teaching column, as the goal of this instrument was to go beyond 

good pedagogy and to examine aspects of integrated STEM education. In addition, each small 

team added new codes that were not initially captured but were found in the literature and 



conceptual framework and further collapsed codes that overlapped within their given column. 

For each code that remained, the small teams explicitly linked it to the conceptual framework 

and supporting literature, focusing on the nuances of integrated STEM education. 

 

After our small group work on the individual columns, 49 codes remained (19 Teacher, 20 

Student, 10 Lesson). As a project team, we collectively looked across the three columns to 

examine the codes for common themes related to characteristics of STEM education (i.e., 

overarching ideas or goals), which we then grouped together. For instance, codes related to 

addressing real-world problems existed across both the student and lesson columns, but centered 

on providing a real-world problem context (Table 2); other codes focused on multiple solutions 

cut across all three dimensions. Once grouped together, the codes were reduced and rewritten as 

initial items with roughly worded item levels. This process resulted in 18 conceptualized items 

with a varying degree of tentative scoring levels and descriptions. 
 

Table 2. Example overlaps in codes in a preliminary draft 

Characteristic Teacher Student Lesson 

Real-World 

Context 

 Students develop a broader 

understanding of real-world 

problems through the 

context of the lesson. 

The lesson is situated in a 

relevant real-world science 

or engineering problem. 

Multiple 

Pathways 

Teacher emphasizes 

multiple solution pathways 

to solving a problem. 

Students communicate their 

procedural decisions used to 

complete the task. 

Lesson activities have 

multiple viable solutions. 

STEM 

Content 

 Students develop procedural 

fluency in the application of 

science, technology, 

engineering, and/or 

mathematics.  

 

Students use content from 

multiple disciplines to 

complete a task. 

 

Students explore 

relationships between 

science, technology, 

engineering, and/or 

mathematics concepts. 

Lesson activities require the 

use of multiple disciplinary 

practices to complete a task 

[e.g., data analysis and/or 

scientific investigation are 

used to support student 

decisions on a design]. 

 

Creating item scoring levels. With this shorter list of 18 conceptualized items and some notes 

about potential item levels, we next determined how many levels to include for each item. After 

several discussions about the feasibility of creating discrete, measurable levels that could be 

observed without additional classroom materials (e.g., lesson plans, student work, interviews 

with teachers), we decided on five levels with a 0-4 scale, similar to the RTOP [18]. Items were 

assigned to small teams to continue refining the wording of each item and its observable levels. 

Part of this process included a critical examination of the items, which sometimes resulted in 

removing an item completely or recognizing that we could further collapse items. This continued 



work occasionally included the splitting of a single item into two items, as some ideas were “too 

big” or unwieldy to address in a single item. In other cases, items were removed due to the 

perceived challenges in observing an item. For example, “Students’ positive STEM identities are 

promoted,” was first extracted from an item related to creating awareness of STEM beyond the 

classroom, but then was removed due to the difficulty in directly observing this from a whole 

classroom observation. After roughly a month of working on this task and organizing the items, 

the first usable draft protocol was available. It consisted of 16 items with a root item, description 

of the item and its purpose, 5 levels (scored 0-4), and an area for written comments/feedback. 

 

Step 3: External review and first pilot. 

As part of checking the face and content validity, the working draft of the 16-item STEM-OP 

underwent external review. An advisory board consisting of three STEM education experts 

provided feedback on the item content, the wording of the items and item levels, and our general 

process for the instrument’s development up to that point. As shown in Tables 3 and 4, this 

feedback resulted in removing three items relating to Connections to Big Ideas, Learning from 

Failure, and Creativity and splitting one item to differentiate between drawing from students’ 

prior knowledge and acknowledging students’ own experiences outside of the classroom. We 

then piloted the 14-item STEM-OP using more classroom video observations. Through an 

iterative process of using the instrument and adjusting wording, we removed an additional item 

related to Multiple Representations (Table 4), as it required too much interpretation by the 

observer to score it consistently; this reduced the number of items to 13. 

 

Step 4: Second pilot, review, and revisions. 

After a year of developing the protocol items and item levels, the coding team (composed of four 

graduate students and two post-doctoral researchers) participated in intensive training with the 

PIs on using the STEM-OP. Part of this was done as two new post-doctoral researchers and one 

new graduate student replaced graduating members of our project team. This training was also 

intended to help all of us further refine our own understanding of the 13 items to improve our 

ability to score reliably. The training included various iterations of (1) collectively watching a 

video and then going through the entire instrument together to score it, (2) individually watching 

and scoring a video, and (3) meeting as a whole group to come to consensus. Throughout this 

process, we continued to refine the wording of the items and item levels for clarity and usability. 

One of the most significant changes was in adjusting the wording of the items to focus on the 

actions and words of the teacher. This decision was made primarily to ensure the reliability and 

consistency of observations, as the teacher is the vehicle by which instruction is made explicit. 

The only item for which this did not happen was with an item related to technology, as our 

conceptual framework dictated its focus on students’ use of technology. 

 

After two months of continued scoring and discussions towards consensus, we met again with 

the project’s external advisory board for further feedback on the face and content validity of the 

items. This resulted in making several minor revisions to the wording of the 13 items and levels 

as outlined in Table 3. This modified version was tested again as before, and although 

discussions to come to consensus were still conducted, no further revisions were made to the 

items or item levels. After several more weeks, we tested the protocol for reliability among 

coders to identify further problematic items. 
 



Table 3. Major changes made between the 16-item draft and the final 10-item protocol 

16 Item Draft 
Changes Made & 

13-Item Result 

Changes Made & 

10-Item Result 
10-Item Final Name 

Prior Knowledge 

Students’ prior knowledge 

is addressed. 

This item was split to delineate the difference 

between prior knowledge from previous lessons 

and students’ lived experiences. 

Prior Knowledge was removed after the second 

Pilot due to low IRR (α = 0.381) and the 

recognition that accurately observing this would 

require more information outside of the 

observation (e.g., lesson plans from prior days). 

Iterative changes were made to the levels of 

Relating to Students’ Lives. 

 

Prior Knowledge 

The teacher incorporates concepts from previous 

STEM lessons. 

 

 

 

Relating to Students’ Lives 

The teacher elicits and incorporates students’ 

lived experiences from outside the classroom 

related to STEM. 

The teacher elicits and incorporates students’ 

experiences from outside the classroom related to 

STEM. 

Item 1 

Relating Content to Students’ 

Lives 

Real-World Context 

The lesson is situated in a 

real-world context that is 

relevant to students. 

The language of this item was adjusted for 

readability. 

Modifications were made to focus on how the 

teacher presents the lesson and student activities. 

The explicit connection to engineering design 

challenges was added. 
Item 2 

Contextualizing Student 

Learning The lesson is contextualized in a real-world 

problem that is connected to student learning. 

The teacher contextualizes student learning 

within a real-world problem or design challenge. 

Multiple Pathways 

Students are encouraged to 

explore multiple pathways 

to solve a problem. 

The language of this item was adjusted for 

readability. 

Iterative changes were made to the levels of this 

item.  
Item 3 

Developing Multiple 

Solutions The teacher encourages students to develop and 

evaluate multiple solutions. 

The teacher encourages students to develop and 

evaluate multiple solutions. 

Integrating STEM 

Content and Practices 

Students integrate content 

and engage in practices 

from multiple STEM 

disciplines to complete an 

activity. 

The focus was changed to just content as 

practices were already covered in a separate item. 

This item was split into two items after our 

Second Pilot due to low IRR (α = 0.278), but 

foundational need to include an item about 

content integration. 

 

The teacher requires students to integrate content 

from multiple disciplines. 

5a. The teacher provides opportunities for 

students to learn S/T/E/M concepts. 

Item 4 

Cognitive Engagement in 

STEM 

5b. The teacher integrates content from multiple 

disciplines in STEM activities. 

Item 5 

Integrating STEM Content 



Use of STEM Practices 

Students develop an 

understanding of how 

science, technology, 

engineering, and/or 

mathematics knowledge is 

developed through their use 

of STEM practices. 

Overall, this item stayed the same, but was 

modified slightly to better reflect the student-

centered pedagogies employed as students engage 

in STEM practices. 

Iterative changes were made to the levels of this 

item. 
Item 6 

Student Agency 

The teacher provides opportunities for students to 

engage in STEM practices and develop an 

understanding of how they are used. 

The teacher provides opportunities for students to 

engage in STEM practices and develop an 

understanding of how they are used. 

Collaboration and 

Teamwork 

Students collaborate with 

one another to complete 

learning activities, 

understand STEM content, 

and develop teamwork 

skills. 

The wording of this item was modified to reflect 

the actions of the teacher and the expectations of 

collaborative group work. 

Iterative changes were made to the levels of this 

item. 

Item 7 

Student Collaboration The teacher requires students to collaborate with 

one another to co-construct knowledge of a 

phenomenon, real-world problem, and/or design 

solutions to a real-world problem. 

The teacher requires students to collaborate with 

one another to co-construct knowledge of a 

phenomenon, real-world problem, and/or design 

solutions to a real-world problem. 

Evidence-Based 

Reasoning 

Students use evidence-based 

reasoning to develop their 

understanding of a real-

world phenomenon and to 

justify claims and decisions. 

The wording of this item was modified to reflect 

the actions of the teacher and the expectations of 

collaborative group work. 

Iterative changes were made to the levels of this 

item. Item 8 

Evidence-Based Reasoning 

The teacher requires students to use evidence-

based reasoning. 

The teacher requires students to use evidence-

based reasoning. 

STEM-Specific 

Technology 

STEM-specific technology 

and tools are used to 

promote student learning of 

STEM content and/or 

practices. 

This item was modified slightly to focus on 

facilitating STEM practices. 

Unlike the other items, this item was modified to 

specify that students in particular are the users of 

technology. Item 9 

Technology Practices in 

STEM 
Technology is used to model phenomena and/or 

design solutions to a real-world problem. 
Students use STEM-specific technologies. 

STEM Awareness Beyond 

the Classroom 

Classroom activities 

promote student awareness 

of STEM opportunities 

beyond the classroom. 

This item was modified to better reflect the 

conceptual framework and focus on the 

awareness of STEM careers in particular. 

Slight modifications were made to improve 

readability. 
Item 10 

STEM Career Awareness 
The teacher promotes awareness of STEM 

careers/pathways in connection to the lesson. 

The teacher promotes awareness of STEM 

careers. 

 

 

  



Table 4. Items removed between the 16-item draft and the final 10-item protocol. 

16 Item Draft Changes Made & 13-Item Result Justification for Removing from 13-Item Draft 

Effective Questioning 

Teacher uses effective 

questioning strategies to 

reveal, support, and 

challenge students’ 

understanding of STEM 

concepts and practices. 

Slight modifications were made to improve readability and specify different 

foci in classrooms. This item was eventually removed after our Second Pilot 

due to low IRR (α = 0.374) and the acknowledgement that 

this was representative of good teaching in general and not 

STEM-specific. The teacher uses questioning strategies to reveal, support, and challenge 

students’ understanding of the phenomenon, the real-world problem, and/or 

design challenge. 

Communicating 

Understanding 

Students communicate their 

understanding of a real-

world phenomenon. 

Slight modifications were made to improve readability and focus on the 

teacher’s actions. 
This item was removed after our Second Pilot due to low 

IRR (α =  0.264). The teacher provides opportunities for students to communicate their 

understanding of a phenomenon, a real-world problem, and/or a solution to 

that problem. 

Constructive Feedback 

Students receive 

constructive feedback from 

others. 

Slight modifications were made to improve readability and focus on the 

teacher’s actions. 
This item was removed after our Second Pilot due to low 

IRR (α =  0.289) and the acknowledgement that this was 

representative of good teaching in general and not STEM-

specific. 

The teacher provides opportunities for students to receive and apply 

constructive feedback. 

Multiple Representations 

Students communicate their 

understanding of a real-

world phenomenon or 

problem through multiple 

representations. 

This item was removed shortly after the external advisory board meeting as 

this item seemed reduced to counting the number of representations rather 

than focusing on what students were doing with those representations. Some 

wording changes were made before it was removed, as noted below. 

 

The lesson activities provide opportunities for students to translate between 

multiple representations of a phenomenon and/or real-world problem. 
 

Connections to Big Ideas 

STEM lesson content and 

activities are connected to 

the overarching goals/Big 

Idea of the unit. 

This item was removed at the recommendation of the external advisory board 

as it required knowledge outside of the single observation and this was too 

hard to observe if not stated explicitly by the teacher. 

 

Learning from Failure 

Students learn through 

failure and iteration. 

This item was removed at the recommendation of the external advisory board 

as the item was too specific to engineering. However, the iterative process is 

reflected in the levels of the item related to multiple solutions. 

 

Creativity 

The lesson promotes student 

creativity and creative 

expression. 

This item was removed at the recommendation of the external advisory board 

as observing creativity was too subjective due to many definitions of 

creativity. Creativity is also reflected in the Developing Multiple Solutions 

item. 

 



Each week for a total of six weeks, five videos were scored independently by the coding team 

and one of the PIs. These videos were previewed by another PI and purposefully sampled to 

ensure a variety of grade levels, content areas, teachers, day within the unit of instruction (i.e., 

not all the first day), and engineering design challenges. Coders completed this task 

independently, submitting scores, field notes, and evidence/justification for their scores using a 

Google form. 

 

After 30 videos were scored, we used Krippendorff’s alpha to calculate Inter-Rater Reliability 

(IRR) for each individual item across all the videos scored by all the individual coders. A 

Krippendorff’s alpha value of 0.0 indicates rater agreement is no better than the agreement one 

would expect from random assignment of codes whereas a Krippendorff’s alpha value of 1.0 

indicates complete agreement across all raters. Krippendorff’s alpha was chosen over other IRR 

measures, such as Cohen’s kappa, because it is a more versatile statistic that is not as sensitive to 

missing data and it can better accommodate multiple raters and non-ratio (categorical or ordinal) 

levels of measurement [72]. Although a threshold of 0.67 is commonly considered best practice 

when performing reliability testing, considering the early-stage and exploratory nature of this 

work, we deemed a threshold of 0.60 to be appropriate. 

 

While the reliability of certain items (Multiple Pathways, Collaboration and Teamwork, STEM-

Specific Technology, and STEM Awareness Beyond the Classroom) approached our selected 

acceptable threshold of α ≥ 0.6, four more items (Relating to Students’ Lives, Real-World 

Context, Use of STEM Practices, and Evidence-Based Reasoning) showed progress with respect 

to IRR (α > .4). These preliminary findings suggested that at minimum, these eight items were 

approaching reliability. However, the remaining five items showed low agreement among coders 

(α < .4) (Tables 3 and 4), suggesting inherent problems with the items. In addition to 

unsatisfactory IRR, items related to Prior Knowledge, Effective Questioning, Communicating 

Understanding, and Constructive Feedback had all attempted to measure pedagogical issues that, 

while important for effective instruction, are not specific to integrated STEM education. 

 

Despite the unsatisfactory IRR result of the item related to Integrating STEM Content and 

Practices, this item represents a core component of integrated STEM within our conceptual 

framework and therefore could not be removed from the protocol. The low agreement among 

coders reflects the challenges of observing integrated STEM education consistently across 

multiple coders in different contexts; in other words, identifying the integration of STEM content 

and practices is difficult. To decrease the difficulty and reduce the number of variables in the 13-

item version of this item, we split it into two items to reflect (1) the depth of learning and 

cognitive engagement and (2) the degree of integration between disciplines (Figure 2). 

 

To further address issues related to IRR, as shown in Figure 2, we adjusted the items from a 5-

point scale to a 4-point scale. For most items, this was done by removing the highest level, which 

was rarely observed during the piloting of the STEM-OP; thus, our inability to observe these 

items negatively impacted our ability to establish reliability for 5-point items. An example of 

this, taken from Item 8 related to Evidence-Based Reasoning is: “The teacher requires students to 

make claims and/or design decisions based on evidence, justify them using reasoning, and 

evaluate the quality of the evidence.” Rarely did we observe opportunities for students to assess 

evidence quality. In three cases, middle levels were removed due to issues of clarity and 



Figure 2. Evolution of STEM concept integration item 

 
 

distinction between levels. For example, for Item 3 related to Developing Multiple Solutions, 

level 0 (“The teacher does not promote the development of any solution”) and level 1 (The 

teacher promotes only one solution) were simplified to the new level 0 “The teacher does not 

encourage the development of multiple solutions”. As part of this revision, some item 

descriptions and accompanying levels were reworded to simplify the language and reduce the 

potential for inconsistent scoring so that improved IRR could be achieved. 

 

To pilot these new revisions and provide feedback related to the new draft’s usability, coders 

rewatched and rescored five of the video observations from the previously watched set of 30. 

Feedback concerning usability revealed that the revised 10-item STEM-OP with only four 

distinct levels was easier to manage during observations due to a decrease in the total number of 

levels to account for (40 instead of 65 with the 5-level, 13-item version). Iterative modification 

of the instrument’s wording continued for approximately another two months to prepare the 

coders for the next step of formally establishing IRR on the final 10-item protocol. 

  

Step 5: Establishing Inter-Rater Reliability (IRR). 

The formal IRR phase was initiated with a two-day training on the finalized STEM-OP. The 

training included independent scoring of a classroom video, followed by discussion to clarify the 

items and levels as needed. In the succeeding months, six coders watched and scored six videos 

per week using a new Qualtrics version of the protocol. In addition to the six coders, one of the 

PIs also scored the videos to increase the number of perennial coders from six to seven. This 

seven-coder team then scored 104 videos with the 10-item STEM-OP before calculating IRR. 

Our selected acceptable Krippendorff’s alpha levels (α >.6) were achieved for all but one item – 

Item 5: Integrating STEM Content (Table 5). Given the centrality of integration across the 



disciplines in the integrated STEM conceptual framework, and after another consultation with 

the external advisory board, we decided to keep this crucial item in the protocol; implications of 

this decision are included in the discussion section. The following sections share the details of 

the final protocol, including the levels and connections to supporting literature. 

 

Table 5. Inter-Rater Reliability of final protocol items 

Item Item Name Krippendorff’s Alpha (α) 

1 Relating Content to Students’ Lives 0.654 

2 Contextualizing Student Learning 0.736 

3 Developing Multiple Solutions 0.805 

4 Cognitive Engagement in STEM 0.634 

5 Integrating STEM Content 0.580 

6 Student Agency 0.725 

7 Student Collaboration 0.724 

8 Evidence-Based Reasoning 0.699 

9 Technology Practices in STEM 0.725 

10 STEM Career Awareness 0.870 

 

Description of the Final Protocol 

 

The final observation protocol includes ten items that reflect key components of integrated 

STEM education, aligned to our conceptual framework. Similar to other observation instruments, 

such as the RTOP [18], each item is rated on a Likert-scale from 0 to 3. What is unique in the 

structure of our instrument is that each level additionally includes criteria-specific descriptions. 

Further, each item has a short, descriptive title, and a longer description that describes the intent 

of the item. The sections that follow share the ten items and their scoring levels, plus a 

description of their alignment to the literature and conceptual framework. 

 

Item 1 - Relating content to students’ lives. 

Item 1 (Figure 3) focuses on the extent to which the lesson content is connected to students’ 

lives. The literature suggests that student engagement increases when the content is related to 

their lives and prior experiences outside the classroom [3], [38] – [40]. While noting the 

importance of culturally responsive teaching in STEM, the STEM-OP is not intended to measure 

the nature of cultural relevance in instruction, which can be assessed in other instruments such as 

the CRIOP [82], [83]. As a result, this item focuses on the ways in which the teacher relates to or 

incorporates students’ everyday and personal experiences from outside the classroom. During the 

development of the STEM-OP, the level descriptions for Item 1 did not change significantly 

except for the addition of concrete examples in level 1 and moving away from the phrase “lived 

experiences” to personal and/or everyday experiences. At the lowest level, the item attends to 

mentions of concrete examples or personal experiences that students may have had, but explicit 



connections to the lesson are not necessarily made. The levelling progresses to consider whether 

students’ experiences were activated and elicited in some form or another and then whether these 

experiences were explicitly connected to the lesson. 
 

Figure 3. Item 1 - Relating content to students’ lives 

1 Relating Content to Students’ Lives 

Students’ everyday and personal experiences from outside the classroom are activated, meaningfully incorporated into the lesson, and related 

to the development of STEM knowledge.  

0. The teacher does not acknowledge students' everyday and/or personal experiences related to STEM.  

1. The teacher mentions personal experiences or provides concrete examples to illustrate the STEM content in the 

lesson. 

2. The teacher elicits students’ everyday and/or personal experiences related to STEM during the lesson. 

3. The teacher elicits students’ everyday and/or personal experiences related to STEM and explicitly connects these to 

the lesson. 

 

Item 2 - Contextualizing student learning. 

Item 2 (Figure 4) was constructed to focus on motivating student learning through 

contextualizing the lesson with a real-world problem [2], [33] that makes learning more relevant 

for students [35], [73]. The presence of a real-world problem or engineering design problem, 

however, only makes a surface-level connection to our conceptual framework. As noted above, it 

is important that students explicitly connect and apply science and mathematics to the real world-

problem or engineering design challenge [25], [26]. The increasing levels of this item focus on 

the teacher’s efforts not only to contextualize students’ learning, but to explicitly emphasize the 

connections between the real-world problem or the design challenge with what students are 

learning. This goes beyond just having the connection present, but ensures that students 

understand the connection between the lesson content and the context. 

 

Figure 4. Item 2 - Contextualizing student learning 

2 Contextualizing Student Learning 

Learning is contextualized within an appropriate (e.g., age, gender, race, etc.) real-world problem or design challenge that connects to the 

content of the lesson. Connections between students’ learning and the context are explicit so that students understand the importance of their 
learning. 

0. The teacher does not contextualize the lesson within a real-world problem or design challenge. 

1. The teacher contextualizes the lesson by alluding to a real-world problem or design challenge, but does not connect 

to what the students are learning. 

2. The teacher contextualizes the lesson by briefly connecting a real-world problem or design challenge with what the 

students are learning. 

3. The teacher contextualizes the lesson by emphasizing the connections between the real-world problem or design 

challenge and what students are learning and helps them make explicit connections between the content and the 

context. 

 

Item 3 - Developing multiple solutions. 

Item 3 (Figure 5) highlights the importance of divergent thinking and multiple solutions, 

concepts particularly central to engineering design. This item acknowledges the importance of 



engineering design within our conceptual framework, which enables students to come up with 

multiple solutions [34]. This type of divergent problem-solving requires the development and use 

of critical thinking skills and creativity [62]. Further, design-based integrated STEM education 

features learning from failure [42] wherein students have opportunities to iterate their solutions. 

The conceptual framework highlights that not only should the real-world problem or engineering 

design challenge allow for the development of multiple solutions, but that students should also 

engage in iterative testing, learning from failure and using evidence, to refine their solutions. As 

such, the levels of this item, built from initial draft codes and items, reflect these components 

with the highest level not only promoting multiple solutions to a given problem, but also 

providing opportunities for students to evaluate these solutions and redesign them. 
 

Figure 5. Item 3 - Developing multiple solutions 

3 Developing Multiple Solutions 

The teacher promotes students’ development of multiple solutions during the STEM lesson. Students are encouraged to develop multiple 

design alternatives and evaluate them, identifying the relative advantages and disadvantages of each possible solution. 

0. The teacher does not encourage the development of multiple solutions. 

1. The teacher encourages students to develop multiple solutions, but does not provide opportunities for students to 

evaluate these solutions. 

2. The teacher encourages multiple solutions and provides opportunities for students to evaluate the viability of 

different solutions. 

3. The teacher encourages multiple solutions and provides opportunities for students to not only evaluate the viability 

of different solutions, but also use this information to redesign their solution. 

 

Item 4 – Cognitive engagement in STEM. 

Item 4 (Figure 6) reflects STEM learning as a dynamic process that requires student engagement 

at a variety of cognitive levels. The revised Bloom’s taxonomy [74] was used as a framework for 

developing Item 4’s levels, which reflect the need for students to develop conceptual knowledge 

of STEM content through a variety of means. At the lowest level, students engage in tasks that 

require lower-order skills such as remembering facts and demonstrating their understanding of 

concepts. Lessons that provide students the opportunity to apply what they have learned, analyze 

concepts, and evaluate ideas are given higher scores. In design-centric settings such as an 

engineering lesson, this kind of progression of cognitive engagement is mirrored as well [75]. 

Previous research gives high regard to activities wherein students develop design solutions by 

applying what they have learned and improve these ideas by analyzing their solutions and 

evaluating them [26], [75] – [77]. As a result, cognitive engagement in design-based tasks 

gradually progresses from lower to higher levels of thinking along the design process. 

 

Figure 6. Item 4 – Cognitive Engagement in STEM 

4 Cognitive Engagement in STEM 

Students engage in learning within a STEM lesson at different cognitive levels. While it is appropriate for students to be expected to learn 
facts and definitions, it is important that students have opportunities to work at higher levels of cognitive engagement such as applying 

concepts in new situations, and evaluating and analyzing concepts. In other words, students should experience all levels of Bloom’s taxonomy 

when in a STEM classroom. 



0. The teacher does not provide opportunities for students to learn S/T/E/M concepts. 

1. The teacher provides opportunities for students to remember or understand S/T/E/M concepts and/or a design 

problem. 

2. The teacher provides opportunities for students to use or apply S/T/E/M concepts and/or a design plan. 

3. The teacher provides opportunities for students to analyze or evaluate S/T/E/M concepts and/or design solutions. 

 

Item 5 - Integrating STEM content. 

Item 5 (Figure 7) represents the heart of the STEM-OP. As noted above, this item arose out of a 

more complex item that had attempted to attend to: how students use content (learn vs. use and 

apply), the number of disciplines present (one vs. multiple), and the degree of emphasis on the 

connection among the disciplines. The final version of Item 5 reflects the degree to which the 

teacher helps students recognize and appreciate the relationship of the STEM disciplines by 

making the connections between the disciplines explicit [2], [15], [16], [25], [33]. This reflects 

the need to make these connections visible as noted in the conceptual framework; otherwise, 

students struggle to understand how the various disciplines present in classroom activities relate 

to one another. As a result, this item focuses on the degree to which the teacher makes 

connections among the STEM disciplines explicit to the students, regardless of how many STEM 

disciplines are present in the lesson or how STEM content is used. The levels of this item instead 

build on the explicitness and specificity of the connections. 
 

Figure 7. Item 5 - Integrating STEM content 

5 Integrating STEM Content 

Within the lesson, multiple content areas are represented that cut across two or more STEM disciplines. The tasks assigned to students should 

make it clear that students need to draw from these multiple areas and recognize that they are drawing upon multiple disciplines. 

0. The teacher does not include STEM content or includes content from only one of the STEM disciplines in the lesson 

activities. 

1. The teacher includes content from more than one STEM discipline. 

2. The teacher includes content from more than one STEM discipline and explicitly makes a connection between the 

different content areas for the students. 

3. The teacher includes content from more than one STEM discipline and includes specific and/or sustained 

connections between these content areas within the lesson. 

 

Item 6 - Student agency. 

Item 6 (Figure 8) focuses on students’ engagement in and use of STEM practices. Although 

initial versions of this item focused on students developing an understanding of what STEM 

practices are, the final version emphasized how students engage in those practices to better 

reflect student-centered pedagogies. While the heart of this item is centered on the use of STEM 

practices in the classroom, the item assesses the degree to which students guide their own use of 

those practices, which include, but are not limited to the definition of science and engineering 

practices provided by the NGSS [5] and the NRC’s Framework [4]. As students engage in these 

disciplinary practices, they add to the knowledge building process that is related to the 

disciplinary practices, becoming an epistemic agent [78]. The levels of this item reflect the 

gradual increase of student autonomy and agency, focusing on the student-centered nature of 

integrated STEM education while moving away from lessons directed by the teacher. 

 

Figure 8. Item 6 - Student agency 



6 Student Agency 

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

STEM, these knowledge building practices call for students to engage in STEM practices (behaviors that STEM professionals engage in - e.g., 
problem scoping, developing and using models, planning and carrying out investigations) as they develop their knowledge of STEM concepts. 

In addition to using STEM practices, students should also reflect on the use of these practices to better understand how STEM knowledge is 

developed. 

0. STEM practices are not evident in the lesson. 

1. The teacher presents STEM practices as directions for the students to follow. 

2. The teacher provides opportunities for students to exercise agency when engaging in STEM practices. 

3. The teacher provides opportunities for students to reflect upon their use of STEM practices within the activity. 

 

Item 7 - Student collaboration. 

Item 7 (Figure 9), an item relatively unchanged throughout the process, highlights the 

importance of collaboration and teamwork emphasized in the STEM education literature base 

[26], [42], [79]. This item is not intended to examine student engagement and discourse in small 

groups, which would require focused observations of student groups [60], [61], but rather the 

nature of the tasks and the teachers’ expectations of students when they engage in small group 

work. As students work together, the extent of students’ collaboration is ranked from simply 

completing procedural tasks (such as following the steps of a “cookbook” lab) as a group to 

sharing ideas to co-constructing knowledge of STEM. The highest level of group work includes 

collaborative processes where students must negotiate to come to a group consensus [80]. The 

levels of this item build in complexity and reflect the greater cognitive effort needed to complete 

these different tasks as well as a stronger connection to student-centered pedagogies. 

 

Figure 9. Item 7 - Student collaboration 

7 Student Collaboration 

Students have opportunities to collaborate with one another as they complete learning activities and develop a deeper understanding of STEM 

content. Students are encouraged to consider ideas from multiple individuals, critiquing these ideas and integrating new ideas into their 
existing understanding to co-construct a deeper understanding of STEM content. Students’ voices and ideas are represented, and students are 

empowered to participate and contribute to the collective learning taking place. 

0. The teacher does not provide opportunities for students to collaborate with one another in a group setting. 

1. The teacher places students in groups and requires them to complete a procedural task related to STEM content. 

2. The teacher places students in groups and requires them to collaborate with one another by sharing ideas related to a 

phenomenon, real-world problem, design solution (e.g., brainstorming to generate ideas), and/or STEM content. 

3. The teacher places students in groups and requires them to collaborate with one another to co-construct knowledge 

of a phenomenon, real-world problem, design solution, and/or STEM content. 

 

Item 8 - Evidence-based reasoning. 

Item 8 (Figure 10), another item that was relatively unchanged throughout the process, requires 

students to engage in evidence-based reasoning (EBR). EBR is important for both scientists [32] 

and engineers [46] and requires students to develop and exercise critical thinking skills and 

justify their claims and design decisions with evidence; this can look slightly different in science 

and engineering spaces. Notably, predictions are excluded from our definition of claim since 

stand-alone predictions may not be supported by substantiated evidence. In engineering, making 

design decisions is analogous to making a claim about a design and supporting it with evidence 



[4], [46]. Item 8 mirrors the argumentation and evidence-based reasoning literature where a 

claim with evidence is considered higher in hierarchy than a claim without evidence [81]. 

 

Figure 10. Item 8 - Evidence-based reasoning 

8 Evidence-Based Reasoning 

As students develop their understanding of a STEM phenomenon, real-world problem, or design challenge, they use and evaluate evidence 

generated by themselves and others. This evidence is used to support their claims about phenomena and/or justify design decisions; a claim is 
different from a hypothesis, as a claim is supported by collected evidence and a hypothesis is a prediction. 

0. The teacher does not provide students with opportunities to make claims and/or design choices. 

1. The teacher provides opportunities for students to make claims and/or design choices, but these claims/choices are 

unsupported by evidence. 

2. The teacher requires students to make claims and/or design choices based on evidence, but does not require them to 

justify their reasoning.  

3. The teacher requires students to make claims and/or design choices based on evidence and justify them using 

reasoning. 

 

Item 9 - Technology practices in STEM. 

Item 9 (Figure 11) reflects our conceptual framework and our previous work that suggests 

productive ways to define the role of technology in STEM education be based on reflecting the 

work of STEM professionals [57]. Although there are many ways to conceptualize technology, it 

has been particularly challenging to define the role of technology in STEM education [16], [57]. 

The use of educational technology by teachers, while important, is not specific to STEM 

instruction. Therefore, rather than focusing on what technology is being used, Item 9 emphasizes 

on how the technology (whether analog or digital) is being used in ways parallel to that of STEM 

professionals, namely, “to record, manage, and analyze data; and to model ever more complex 

systems with greater precision” [4, p. 203]. All of these are reflected in the levels of Item 9, 

which represents tools for knowledge construction [58] through problem-solving and decision-

making [28]. Furthermore, the levels become more complex the higher they go as they require 

students to be more cognitively engaged in the knowledge construction process. 

 

Figure 11. Item 9 - Technology practices in STEM 

9 Technology Practices in STEM 

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

should use a variety of technological tools and techniques to identify and solve problems by creating new, useful, or imaginative solutions. 

Students should also develop and employ strategies for understanding the natural world in ways that leverage the power of technological 

methods to represent complex phenomena. 

0. Students do not use technology to collect, analyze or represent data, or create or modify scientific models and/or 

design solutions. 

1. Students use technology to collect data. 

2. Students use technology to analyze and/or represent data.  

3. Students use digital technology to create or modify a scientific model or design solution (e.g., CAD software). 

 

Item 10 - STEM career awareness. 

Item 10 (Figure 12) emphasizes the importance of raising STEM career awareness among 

students to promote STEM career interests with the intention to help students develop STEM 



identities [4], [68]. Although this item originally focused more heavily on developing STEM 

identities through exposure to STEM “beyond school”, this was not clearly observable. By 

shifting the focus to explicitly sharing STEM career trajectories and their job descriptions, 

students can learn about such careers, which may positively influence the development of their 

STEM identities. Integrated STEM lessons allow teachers to intervene and help students develop 

more realistic perceptions of STEM as students engage in authentic STEM practices (see Item 6). 

Item 10 was constructed to address reform efforts and help students develop more accurate 

understandings of STEM careers. The levels build on one another and reflect details about 

STEM careers within a lesson. Such details range from simply mentioning an example of STEM 

careers to also sharing information about the work of STEM professionals. 

 

Figure 12. Item 10 - STEM career awareness 

10 STEM Career Awareness 

Students are made aware of STEM careers at age-appropriate levels. These opportunities may be promoted in different ways, ranging from 

brief mentions of types of STEM careers to explicitly relating what students are doing in class to specific STEM careers. This can be done 

directly by the teacher or through the teachers’ active use of other resources (e.g., videos) in the room. 

0. The teacher does not promote awareness of STEM careers. 

1. The teacher promotes awareness of STEM careers by simply naming a STEM career. 

2. The teacher promotes awareness of STEM careers by broadly describing the types of things that STEM professionals 

do. 

3. The teacher promotes awareness of STEM careers by sharing specific examples and details about one or more 

STEM careers. 

 

Discussion 

 

The work presented here describes the design and development of the STEM observation 

protocol for use in K-12 science and engineering classrooms that leverage integrated STEM 

instruction. Driven by our conceptual framework, our process used a combination of drawing 

from the literature base and available classroom observational video data to develop the protocol 

items. Over the course of approximately two years and various rounds of revisions and external 

review, the STEM-OP was reduced from an initial list of 79 codes down to 10 observable items. 

Considering the novelty of this protocol, we are the first to attempt any sort of instrument for use 

in observing integrated STEM education and in defining distinct, observable levels of these ten 

items. While the STEM-OP does not attempt to measure the quality of the teacher’s pedagogy 

while implementing integrated STEM instruction as described in our ten items, it lays the 

groundwork to develop an instrument to do so. The following sections address our reflections on 

the process as well as potential uses of the final protocol, including limitations. 

 

Validity of the design and development process. 

This iterative and rigorous process included multiple avenues to consider the validity of the final 

STEM-OP. For one, our initial work in reviewing the literature to develop a conceptual 

framework that highlights common characteristics of integrated STEM education helps to 

establish credibility and trustworthiness for our overall process. Each of the final ten items were 

reviewed and revised with respect to how well they reflected the conceptual framework. This 

process helped us better understand the instrument from a user experience by paying attention to 



only observable actions in the classroom and removing the subjectivity that may be found in 

other observation instruments. External to the project team, our external advisory experts 

provided further feedback on the overall process, but more importantly on the items themselves, 

helping to establish face and content validity. Writing the items was an iterative process that 

required separating items and reconfiguring them in meaningful ways. This overall process 

highlights the complexity of integrated STEM education as it is not easy to capture, and we 

anticipate that our instrument may not fit the needs of all those who want to teach integrated 

STEM in their classrooms (see Intended instrument use and Limitations sections below). 

 

Although statistical work related to validity and reliability are underway (see Conclusions and 

Future Directions), our instrument shows to be internally consistent and reliable among our 

coders for all but one item (Table 5); however, it should be noted that Item 5 was close to 

reaching our agreed upon threshold for acceptability. Item 5 relates to the integration of STEM 

content, focusing on the extent to which the connections between different content areas are 

made apparent to students. This particular aspect of integrated STEM education has been seen as 

central to various definitions but appears to be one of the hardest to actualize [2], [15], [16], [28], 

[33], [49]. This item was shaped and revised numerous times throughout the process, reflecting 

the difficulty in capturing and defining the essence and nature of integrated STEM education. 

Although the item may be statistically less sound than the other nine items, its inclusion in our 

protocol is important for the improvement of integrated STEM education. 

 

Intended instrument use. 

Although the primary use of this instrument is for educational research purposes to better 

understand what integrated STEM education looks like in K-12 science and engineering 

classrooms, there are several considerations to be made. First, although each item (except for 

Item 9) focuses on the actions of the teacher, the observed lessons themselves should not be 

teacher-centered, but rather focus on student-centered pedagogies. The choice to focus on the 

actions of the teacher reflects the need for each item to be clearly observable with little room for 

subjectivity; as such, the teacher becomes the vehicle by which the curriculum is enacted. 

 

Second, although the STEM-OP will allow an observer to note when “good STEM” occurs in the 

classroom through high scores on the protocol, it does not necessarily allow observers to 

measure the pedagogical quality. Although the quality of instruction matters, the STEM-OP was 

not designed to assess this aspect. Further, because no other tool yet attempts to measure 

integrated STEM instruction, our protocol could set the bar for specifying what exactly 

integrated STEM education entails. This instrument was not intended to reflect “good teaching”, 

but rather the “STEM-iness” (the degree of STEM integration) within an observed lesson. In 

other words, our instrument is not intended to capture the pedagogical quality of STEM 

implementation, but the extent to which certain aspects of integrated STEM are present in a 

lesson (or the degree of “STEM-iness” of a lesson). Therefore, this instrument is intended to be 

used in conjunction with other measures (e.g., other observation instruments, debriefing or 

coaching discussions, examination of curricular materials, assessment of student work). For 

instance, although we include an item related to student collaboration, we would need a separate 

instrument to effectively capture effective and productive student collaboration. 

Third, outside of research purposes, this protocol may be used in more formative rather than 

summative spaces. While the instrument generates numerical data, that is not the only intended 



use. The conceptual framework and protocol could be used to design pre-service courses or 

professional development for in-service teachers who are looking to embed integrated STEM 

instruction into their practice. Additionally, this instrument could be used by teacher educators 

and classroom coaches to provide formative feedback to pre- and in-service teachers. In addition 

to course development, the protocol could also be used in a coaching or mentoring conversation 

to identify what aspects of integrated STEM education might be missing in a lesson or repeatedly 

missing from a complete unit of instruction. This has the potential to alleviate tensions 

surrounding communication among various stakeholders by using a common language and 

understanding [1]. As noted above, what should be emphasized is that this instrument does not 

assess pedagogical quality; this is where additional instruments or qualitative comments could be 

utilized to complement the scores on the ten items. 

 

Limitations. 

The STEM-OP is not without limitations. Although our definition and conceptual framework of 

integrated STEM education reflect much of what is commonly addressed in the literature due to 

the focus on solving real-world contextualized problems, we prioritize science and engineering. 

This reflects the educational climate in the United States, where engineering and integrated 

STEM education are most often present in science classrooms due to current reforms and 

standards [4], [5]. Not all STEM educators adopt our focus on engineering and engineering 

design. For example, mathematics and computer science educators may find the STEM-OP to be 

flawed for their particular environments. Although this instrument was not designed for K-12 

mathematics and computer science classrooms, nor was it piloted within such classrooms, it is 

possible that the instrument could be modified for use in those spaces. Similarly, based on our 

conceptual framework, we narrowed our vision of technology to focus on students’ use of 

technology to support their learning of science, engineering, and mathematics. 

 

Another limitation relates to the suite of videos collected through a prior project. The prior 

project used specific frameworks [25], [26] to develop lessons and curriculum units, which 

included specific engineering-centric design features, such as the use of client letters. Although 

our own conceptual framework incorporated these characteristics of integrated STEM education, 

other items within our conceptual framework were not explicit in the prior project. As a result, 

items related to the use of technology and raising STEM career awareness were not 

predominantly featured in these lessons. Further, the suite of videos did not include many 

examples of lower elementary (i.e., K-2) or high school (i.e., 9-12) classrooms. While the 

STEM-OP may be used for these grade bands, modifications may be necessary to make it more 

appropriate for teaching younger students, whose cognitive abilities are still developing, or for 

older students, whose cognitive abilities allow them to engage in abstract thinking. The video 

recorded observations themselves are also limited to the camera’s position in the room, and the 

observer is limited by what they can see and hear; this can be overcome with live observations, 

which may offer additional visual and audio cues. 

 

Conclusions and Future Directions 

The STEM-OP is intended to allow its users to observe and characterize integrated STEM 

instruction. We acknowledge that it cannot identify or describe all aspects of an integrated 

STEM lesson, a fact that reflects the complex nature of integrated STEM instruction. However, 

the STEM-OP does attend to many of the features of integrated STEM repeated in the literature. 



It allows users to reflect on these features and continue the dialogue surrounding integrated 

STEM education. Specifically, our instrument focuses on the observable dimensions of 

integrated STEM education. 

 

Future work with the STEM-OP is still needed and we are continuing work on statistical validity 

and reliability through exploratory and confirmatory factor analysis. Other work related to the 

usability of the protocol is also needed. Specifically, although the expected use of the STEM-OP 

will be primarily for a single, one-day classroom observation (reflecting current observation 

practices such that observations typically occur on a day-by-day basis), we expect that collective 

observations over the course of a conceptually coherent lesson or unit of instruction will be 

illuminating. This line of work is influenced by our previous work in which we noted that over 

the course of a curriculum unit, teachers attend to various aspects of STEM education differently 

throughout implementation [14], [49]. Additionally, continued research with the STEM-OP also 

includes better understanding of differences across grade levels and content areas (e.g., physical 

versus life science). This research will help the education community better comprehend the 

complexity of integrated STEM education with the eventual goal of exploring student outcomes, 

whether achievement or affect based. The STEM-OP provides the foundation for identifying 

observable components of integrated STEM education, making this goal achievable. 

 

In addition to on-going research, we are developing STEM-OP training procedures for 

prospective users of the instrument. As part of this, we have begun to develop a set of user 

guidelines that would assist future users in understanding each items’ intention, including non-

exhaustive examples of how to score or what to look for with respect to each scoring level for 

any given item. This set of user guidelines will support new users in better understanding each 

item. Furthermore, this on-going work will be made available to educators and educational 

researchers wishing to better understand the instrument provided here and learn how to use it in 

classroom settings as part of a formal training program. 
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