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This study analyzed 281 lesson plans collected from the producers’ websites of 12 educational
physical computing and robotics (ePCR) devices. We extracted and coded five variables from each
lesson. They were ePCR functionality, coding skills, computational thinking skills, math knowl-
edge, and activity design. First, a two-step cluster analysis was administered to find how three
ePCR-related knowledge: ePCR functionality, coding skills, and computational thinking skills,
were integrated to teach students ePCR technology in middle-grade math lessons. Results showed
three types of lesson plans, including lessons to use basic ePCR functionality to teach students
lower-level CT skills, lessons to teach students basic to intermediate coding skills, and lessons to
use the technology at the advanced level. Next, we applied the Technological Pedagogical Content
Knowledge (TPACK) framework and conducted a second two-step cluster analysis to identify how
the technology (ePCR technology), content (math knowledge), and pedagogy (activity design)
were integrated into those lesson plans. Results suggested ten clusters of lesson plans with distinct
features. We summarized those ten lesson clusters into five categories: 1) ePCR technology les-
sons, 2) transdisciplinary problem-based learning lessons, 3) technology-assisted lessons, 4) les-
sons without real-world connections, and 5) lessons integrating middle-grade math learning into
ePCR projects. Implications for educators and researchers were discussed at the end of the article.

1. Introduction

Physical computing and robotics devices (PCR) are interactive systems that sense and respond to the real world through computer
programming (Blikstein, 2013). The past decades observed new PCRs being developed and adopted in K-12 classrooms. These
educational PCRs (ePCRs) have demonstrated their power of helping young learners to improve problem-solving skills and knowledge
in computer science and engineering (Kopcha et al., 2020; O’Sullivan & Igoe, 2004; Psycharis & Kallia, 2017). According to a recent

market research report, ePCRs will continue

to grow at a double-digit percentage through 2028 (Emergen Research, 2022).

Despite the positive impact shown in studies, there is a lack of ePCR education opportunities for middle-school students in the U.S.
In 2021, only seventeen states offered computer science (CS) education for middle-school students, among which only 3.9% of students

were enrolled in one foundational CS course

(Hendrickson et al., 2021) Code.org. Therefore, CS researchers and educators proposed

infusing ePCR in the middle-school core curriculum to broaden participation (Malyn-Smith et al., 2018; Ntemngwa & Oliver, 2018;
Pollock, Mouza, Guidry, & Pusecker, 2019, February).
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Prior studies have summarized ePCR or CS integration in the K-12 core curriculum from multiple perspectives (Waterman et al.,
2020; Zhong & Xia, 2020). Results of these studies indicate that effective ePCR-integration requires an understanding of different types
of knowledge. In addition, how these different types of knowledge work together is critical for successful integration (Cabrera, 2019;
Ketelhut et al., 2019).

The need for a high-quality ePCR-integrated curriculum warrants research on exploring existing ePCR lessons. Thus, we decided to
focus on analyzing some existing ePCR lessons designed for middle school mathematics integration because math classes observed
more ePCR integration than other subjects (Francis & Davis, 2018; Saez-Lopez et al., 2019; Saqr et al., 2021). In this study, we collected
and analyzed 281 publicly available lesson plans from the major ePCR websites. The lesson plans on those websites were created
mainly by the key stakeholders of ePCR education: teachers and ePCR technology providers. Our study aimed to identify types of ePCR
integration in middle-grade math lessons. The research questions were:

1. How were different aspects of ePCR-related content and technology used together in middle-grade math lessons?
2. How were ePCR technology, pedagogy, and content used together in middle-grade computing-integrated lessons?

1.1. Types of knowledge in CS or ePCR integration

The Technological Pedagogical Content Knowledge (TPACK) framework was initially proposed in 2006 to depict three types of
knowledge in effective technology-integrated learning: technology, pedagogy, and content knowledge (Mishra & Koehler, 2006). Since
then, several TPACK-based frameworks have been developed to explain the different types of knowledge in CS or ePCR integration in
K-16 curriculum. For example, Angeli et al. (2016) suggested that CS-related knowledge, such as computational thinking (CT), should
be considered the content knowledge and used together with the pedagogy and technology knowledge to develop a quality CS
stand-alone course. CT refers to a problem-solving skill set that not only computer scientists typically use in their jobs but also the
general public use to solve real-world problems (Denning, 2017; Wing, 2008). However, Mouza et al. (2017) thought that CS-related
knowledge, like CT concepts, tools, and applications, should be considered technology knowledge. Teachers shall be competent in
using the CS technology, pedagogy, and content knowledge to develop CS-integrated courses. Zha et al. (2020) conducted a
proof-of-concept study in a high-school Spanish class and proposed a Technological Pedagogical Content CT (TPC2T) framework. This
framework considered content knowledge and CT skills as two types of content knowledge that teachers should consider in designing
CT-integrated lessons. In addition, the authors suggested that tools used to help students apply CT skills should be considered tech-
nology. Thus, teachers need to master the CS-related content and technology knowledge, the K-12 core curriculum knowledge,
pedagogy knowledge, and their intersectional knowledge to design and deliver a quality CS-integrated course.

The deviations of the TPACK framework in K-12 CS education and teacher education suggest a need to update the types of
knowledge to better illustrate the CS-integrated instruction where CS concepts and technology may not be appropriate to be considered
either technology or content knowledge. In the following part of this section, we summarized five types of TPACK knowledge found in
the literature review of ePCR K-12 education: ePCR hardware functionality, coding skills, CT skills, math as another content
knowledge, and pedagogy.

It is essential to establish students’ technology efficacy at the beginning of an ePCR-integrated curriculum (Rich et al., 2021b).
Technology-related skills in ePCR classes typically include understanding hardware functionality, programming skills, and CT skills.
Slangen et al. (2011) explained that robots functioned on the sensor-reasoning-action (SRA) loop if they were coded (reasoning) to use
the sensors (sensor) to interact with real-world situations (action). If a robot ran on the reasoning-action (RA) loop without using
sensors or other input, it was in the automatic mode and irresponsive to the real-time changes of the physical world. Researchers found
that novice middle-school students had fewer problems reasoning along an ePCR’s RA loop than the SRA loop (Slangen et al., 2011;
Sullivan & Heffernan, 2016). According to Piaget’s cognitive development theory (Piaget, 1952), it could be because middle-school
students were in the process of transitioning to or just starting the formal operational stage, in which they began to develop ab-
stract reasoning skills. Therefore, they had fewer issues when reasoning concrete actions performed by ePCRs than reasoning and
associating the abstract sensor input with ePCR actions.

Coding and programming skills were a direct way for students to use ePCR functionality. According to the K-12 CS standards by the
national Computer Science Teachers Association (CSTA), students are expected to achieve a set of coding skills at each grade level,
ranging from simple coding (e.g., sequence, loops, and conditionals) to advanced coding (e.g., compound conditionals, variables, and
functions) (Computer Science Teachers Association, 2017). Various coding tools have been developed in consideration of young
students’ cognitive development (Ching et al., 2018). For example, tangible coding tools, such as code-a-pillar, were adopted in PreK to
lower elementary classrooms (Kazakoff et al., 2013; Taylor, 2018). Visual block-based coding programs, such as Scratch, have been
widely used in elementary and middle-school classrooms (Grover et al., 2016; Saez-Lopez et al., 2016). High-school students began to
use text-based programming, like Python (Weintrop & Wilensky, 2017).

A common misconception in K-12 CS education was to equate CT with coding skills (Webb et al., 2017). In fact, CT skills used in
coding, e.g., abstraction, algorithmic thinking, and pattern recognition, were only one subset of CT skills as identified in national and
state standards and frameworks. A broad definition of CT also included the skills of working with data, understanding systems, and
creating computer models and simulations, which required students to learn beyond coding (Lee et al., 2014; Malyn-Smith et al.,
2018).

Math was closely related to the CS discipline. For example, algorithmic thinking, one CT skill, was frequently used by computer
scientists to solve problems step by step. Mathematicians confirmed that they often used this skill set to solve math problems,
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communicate math, and identify math mistakes (Lockwood et al., 2016). As a result, math classes observed more ePCR integration than
other subject courses. Studies have shown that students’ math knowledge, such as understanding of coordinates, integers, and negative
numbers, improved after applying the math concepts to design, code, and debug robotics tasks (Francis & Davis, 2018; Sdez-Lopez
et al., 2019). Zhong and Xia (2020) reviewed twenty studies of robotics integration in K-16 math classes and summarized them into
three categories based on how robotics technology was used in math learning. The most popular integration was that students learned
math by interacting with the robots. Students maneuvered the robots and played the games. The math learning occurred when students

ePCR devices identified from Peer- Additional ePCR devices identified from
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)

Fig. 1. Flowchart of lesson plan selection process.
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followed the rules and executed the gaming tasks. In the second category, students learned the math concepts by building and coding
the robots. In the third category, students learned math concepts through coding.

Pedagogical methods were examined in prior studies of CT or ePCR integration. They included learning progression methods, such
as the use-modify-create method (Lee et al., 2011) and pair programming (Kanika et al., 2020), and design methods, such as game
design (Leonard et al., 2016), project-based learning (Barak & Assal, 2016; Gutierrez et al., 2018), and transdisciplinary problem-based
learning approach (Century et al., 2020). In recent years, the culturally responsive design was introduced in CT or ePCR classes to
engage students from diverse backgrounds (Leonard et al., 2019; Morales-Chicas et al., 2019). Instructions and activities were designed
to connect students’ learning with their lived experiences, heritage culture, social culture, or communities. Results showed that the
culturally-responsive design effectively enhanced students’ self-efficacy, interest, and knowledge of CT (Leonard et al., 2016, 2019).

2. Methods
2.1. Lesson plan search and inclusion

We adopted the identification-screening-inclusion procedure in the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) design guidelines (Page et al., 2021) to find ePCR lesson plans (Fig. 1). At first, we administered a comprehen-
sive search to identify ePCR devices commonly used in secondary education settings from two strands of resources: 1) peer-reviewed
publications published between 2015 and 2021 and accessible in the databases of SCOPUS, PsychINFO, and ERIC and 2) popular K-12
education websites, such as eduporium.com and weareteachers.com. We used the search terms “robot”, “robotics”, and “physical
computing” in the device search. In addition, we used the ePCR device information collected from Coding is Elementary, a site listing
current tools used in K-12 CS education (Rich et al., 2021a). At the end of the device search, we identified 12 ePCR devices for lesson
plan search.

Next, we conducted another search to locate the lesson plans written in English and publicly available before July 2021. We mainly
searched the ePCR device producer websites. We also searched popular coding education websites, such as code.org and csfirst.
withgoogle.com, though we did not find ePCR-integrated math lesson plans.

The initial search rendered 419 lesson plans. At the end of the screening and eligibility assessment, 283 lesson plans were included
in the further analysis. They all met the following criteria:

. The lesson plans were complete, not excerpts.

. The target students were middle-school students.

They explicitly and intentionally required students to learn or use specific math and ePCR knowledge and skills.

. They included the use of free and publicly available coding languages or environments.

. They included the use of physical computing devices and/or robotics.

. Each lesson plan included a complete learning practice or task lasting at least 30 min. Many lessons took more than one class session
to complete. If a curriculum idea had one consistent learning goal but required several lessons to complete, we counted them as one
lesson plan.

o Ul A WwN P

2.2. Data preparation

Four researchers participated in extracting and coding variables from each lesson plan. The two leading researchers extracted and
coded the five variables to be used in the further analysis: ePCR functionality, coding skills, CT skills, math knowledge, and activity
design. We used the a priori coding method, coding each variable based on our literature review (Stemler, 2000). The student re-
searchers were responsible for coding the background information, such as the producer names and the duration of lesson plans.

The coding process was iterative (Strauss & Corbin, 1998). We started with sample coding and randomly selected a list of lessons for
the initial discussion and coding. It resulted in a coding book for future reference. After that, the two leading researchers split and
selected lesson plans for the individual coding. In the next round, we reviewed each other’s coding of each lesson plan independently.
Then, the whole team met several times to discuss and resolve any disagreements until our inter-rater reliability was 100%. The coding
book was updated accordingly. We also reviewed and corrected previously coded lesson plans together if any changes occurred in the
relevant codes.

2.3. Variables

We used each lesson plan as a case and extracted and coded the following variables: ePCR functionality, coding skills, CT skills,
math knowledge, and activity design. For lesson plans that did not provide information on those variables, we treated them as missing
information. Thus, two lesson plans were excluded from further analysis.

ePCR functionality refers to an ePCR’s input-reasoning-action (IRA) functions used in a lesson plan. We adapted Slangen et al.’s
(2011) interpretation of the ePCR’s SRA functionality. We replaced the word sensor with input as some ePCR lessons used
human-controlled input, like keyboards and buttons, instead of sensors. Thus, the full SRA loop became the IRA loop in our study. A
lesson plan was coded as 1 if students were only required to reason an ePCR automatic process along the RA loop; 2 if students needed
to maneuver an ePCR along the IRA loop but the action was displayed on the computer screen instead of through the device; and 3 if
students needed to reason the full IRA loop and the action was executed by the ePCR devices.
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Coding skills refer to the highest level of coding algorithms used in a lesson plan. We followed the progression map in the K-12
Computer Science Standards (Computer Science Teachers Association, 2017). A lesson plan was coded as 0 if the coding blocks were
pre-loaded onto ePCRs or if the coding samples or cheat sheets were not provided on their lesson plans; 1 if students only used the
sequence and simple loop coding blocks; 2 if students used conditional logic in the coding; and 3 if students used advanced algorithms,
such as function and arrays.

CT skills refer to the highest level of CT skills that students were expected to demonstrate in a lesson plan. We followed the def-
initions of traditional CT skills (Malyn-Smith et al., 2018) and coded a lesson plan as 1 if students only used basic skills typically done in
coding, such as abstraction, decomposition, pattern recognition, testing, and debugging; 2 if students were required to work with data;
3 if students needed to understand systems or create computational models; and 4 if students were likely to use all of those CT skills.

Math knowledge focuses on how math knowledge was used in a lesson. This variable was coded based on the Common Core math
standards (Common core state standards initiative, 2010) and types of ePCR integration identified in Zhong and Xia’s (2020) sys-
tematic review. A lesson was coded as 0 if no middle-grade math knowledge was used. In this case, students may use math knowledge
learned before the middle grades, such as addition and subtraction. A lesson was coded as 1 if middle-grade math knowledge was used
outside ePCR planning, coding, assembling, or testing. For example, students may measure and calculate data generated by a working
ePCR. A lesson was coded as 2 if middle-grade math knowledge was used in the ePCR planning, coding, assembling, or testing. A lesson
was coded as 3 if middle-grade math knowledge may be used at any stage of the projects. For example, students were given a real-world
scenario or problem. They needed to develop solutions using ePCR and there was no single correct solution.

Activity design includes two types: instructional practice and projects (Barak & Assal, 2016; Leonard et al., 2019; Morales-Chicas
et al., 2019). Instructional practices were used for students to practice math and/or ePCR knowledge. This type of activity was not
bound to students’ real-world experiences. An example was to require students to code and run ePCRs in geometric shapes. Lesson
plans only including instructional practices were coded as 0. On the other hand, projects were culturally and/or socially related to
students, such as games, movies, or their family culture (Brown, 2017; Eglash et al., 2013). Students were expected to complete
culturally or socially related tasks or solve those problems using math and/or ePCR knowledge. Examples of projects included Harry
Potter finding the rest of Horcrux and autonomous wheeled robots in warehouses. Lesson plans with projects were coded as 1.

2.4. Data analysis

After the five variables were coded with numerical values, the dataset was imported into the IBM SPSS version 27 for cluster
analysis. We used the two-step cluster analysis as it accepted categorical data and identified the optimal number of clusters auto-
matically (Bacher et al., 2004; Chiu et al., 2001). This analysis began with the pre-clustering by using a sequential approach to develop
sub-clusters. Then the sub-clusters were categorized into major clusters using the hierarchical clustering approach. The distance in the
two-step cluster analysis was measured by the Log-Likelihood ratio.

We conducted two cluster analyses. The first analysis focused on categorizing the ePCR technology. The cluster numbers generated
from the first analysis were included in the variable of ePCR technology, which was used together with the variables of math
knowledge and activities in the second analysis. The second analysis aimed to find the types of ePCR-integrated lesson designs for
middle-grade math classes.

Table 1

Background information of lesson plans.
ePCR Devices Number of Lesson Plans
Cue 5
Finch 13
Hummingbird 11
LEGO Education SPIKE Prime Set 27
LEGO MINDSTORMS Education EV3 Core Set 42
LittleBit Core Set 19
LittleBits RVR Topper Kit 4
LittleBits STEAM Student Set 7
MakeyMakey 17
Micro:bit 13
Ozobot Bit + Evo 49
Sphero 74

Coding Languages used by ePCR Devices
Designed only for specific devices
Used by multiple devices
Duration of Lessons

Within 60 min

Between 61 and 120 min

More than 120 min

Not specified

Authors of Lesson Plans
Individual authors identified
Individual authors not identified

Number of Lesson Plans
227

54

Number of Lesson Plans
136

79

14

52

Number of Lesson Plans
119

162
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We used two methods to validate the results of the cluster analyses. One was the Silhouette measure of cohesion and separation
(Rousseeuw, 1987). A Silhouette value ranged from —1 to 1, with a high value representing an object’s cohesion to its own cluster and
dissimilarity to other clusters. The other validation method was Pearson’s Chi-square test (Norusis, 2008). It was used to verify
whether the clusters varied significantly across the variables.

3. Results

Overall, 281 lesson plans were included in the cluster analyses as two lesson plans had missing information on our interested
variables. The selected lesson plans discussed using 12 ePCR devices in middle-grade math lessons (Table 1). Among them, 81% of
lessons used the coding languages developed by the ePCR companies. Nineteen percent of lessons used free coding languages or
environments. Forty-eight percent of lesson plans could be completed in one 60-min class session, and 33% took more than one class
session to finish. We also found that 19% of lesson plans did not clarify the duration. Forty-two percent of lessons showed individual
contributors’ names or usernames, which showed evidence of real classroom implementations with videos in the lesson plans. The
remaining 58% of lesson plans did not show the individual contributors’ names.

3.1. Clusters of ePCR technology

We used three ePCR-related variables: ePCR functionality, coding skills, and CT skills in the first cluster analysis to identify the
types of combinations of ePCR technology in middle-grade math lessons. Results suggested that three clusters were the optimal number
to classify ePCR technology (Fig. 2). The Silhouette measure of cohesion and separation was .4, which suggested the cluster quality was
acceptable (Rousseeuw, 1987). The clustering was also supported by the results of the Pearson Chi-square tests. The three clusters
varied significantly by ePCR functionality (X2 (4, N =281) =278.58, p < .001), coding skills (X2 (6, N=281) = 259.23, p < .001), and
CT skills (Xz (6, N = 281) = 90.07, p < .001) used in the lessons.

Cluster 1 (N = 95) lesson plans were featured using the basic RA functions of ePCR to develop students’ lower-level CT skills (e.g.,
the Navigating Around Town with Coordinates lesson at https://classroom.ozobot.com/lessons/Inz5kGvZ4vQcK3kjAXCOMaKwy7).
Ninety-four percent of the lesson plans explored ePCR’s RA loop. Only 6% required students to use the IRA loop, whose purpose was to
collect and analyze data. Twenty-nine percent of lesson plans did not require students to code, and 26% taught students advanced
coding skills. Forty-five percent of lesson plans did not provide coding samples or cheat sheets though coding was a part of the learning
activities. The CT skills varied in this cluster, with 42% on basic CT skills, 47% on working with data, 6% on systems and computational
models, and 5% possibly using CT skills at any level.

Cluster 2 (N = 79) lesson plans were featured using the technology at the advanced level (e.g., the Training Camp 1: Driving Around
lesson at https://education.lego.com/en-us/lessons/prime-competition-ready/training-camp-1-driving-around#lesson-plan). Stu-
dents explored ePCRs’ functionality using the full IRA loop in all lessons. Sixty-two percent of lessons taught students advanced CT
skills, such as creating computational models. Thirty-five percent taught basic CT skills, while 3% taught working with data. Most of
the lessons focused on intermediate (56%) and advanced (15%) coding skills, while 16% taught students fundamental coding. About
13% of lesson plans did not share the coding samples or cheat sheets though coding was still required.

Cluster 3 (N = 107) lesson plans featured developing novice students’ basic-to-intermediate coding skills (e.g., the Fitness Friend
lesson at https://microbit.org/lessons/fitness-friend/). Eighty-two percent of lessons taught students to explore ePCR’s RA loop, while
18% of lessons required students to code along the IRA loop with actions displayed on computer screens. Coding skills in most lessons

35
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15
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=¢PCR Functionality Coding Skills 11 CT Skills

Fig. 2. Clusters of ePCR technology.
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ranged from fundamental to intermediate skills, with 67% on sequence and simple loop coding and 31% on conditional logic coding.
Only 2% of lesson plans used advanced coding. CT skills varied in the lessons, with 54% focusing on basic CT skills, 16% on working
with data, and 30% on creating computational models.

3.2. Clusters of ePCR-integrated lesson design

The second cluster analysis was conducted to identify the types of ePCR-integrated math lesson design. The cluster variable of ePCR
technology was included together with the variables of math knowledge and activity design. Results showed that ten was the optimal
cluster number (Fig. 3). The Silhouette measure of cohesion and separation was .8, which indicated the clustering quality was good
(Rousseeuw, 1987). Results of the Pearson Chi-square tests also showed the good quality of the clusters. The ten clusters differed
significantly by their ePCR technology (X2 (18, N=280) =481.49, p < .001), math knowledge (X2 (27, N =280) = 524.79, p < .001),
and activity design (X2 (9, N = 280) = 280.00, p < .001) used in the lessons.

In the following part of this section, we grouped nine clusters into superior categories based on their commonalities and discussed
the clusters within each category. We also discussed two strands in Clusters 3 based on our review of the lesson plans.

3.3. ePCR technology lessons

Clusters 4 (N = 33), 7 (N = 18), and 9 (N = 33) lessons aimed to improve students’ competence in ePCR technology by engaging
them in projects with real-world connections. Students did use math knowledge in those lessons. However, the knowledge was at the
elementary grade levels.

The differences between the three clusters were as follows: Ninety-seven percent of the lessons in Cluster 4 taught students
introductory or intermediate coding skills (e.g., the Curved Move lesson at https://education.lego.com/en-us/lessons/ev3-tutorials/
stop-at-line), with only 1 lesson on advanced coding. All lessons in Cluster 7 used ePCR’s RA functionality (e.g., the Code a Tree
lesson at https://edu.sphero.com/cwists/preview/7070x). In this cluster, 78% of lessons did not provide coding samples, and 22%
used advanced coding skills. All lessons in Cluster 9 used ePCR’s IRA functionality (e.g., the Micro:bit Obstacle lesson at https://
classroom.littlebits.com/lessons/microbit-obstacles). More than half (67%) of lessons used the conditional blocks, with 8% on basic
coding blocks and 15% on advanced coding blocks. Unlike Clusters 4 and 7, which taught CT skills at various levels, lessons in Cluster 9
did not teach students to work with data (e.g., 48% on algorithms, 52% on creating computational models).

3.3.1. Transdisciplinary problem-based learning lessons & technology-assisted lessons

Cluster 3 (N = 26) lessons included two strands of lessons worthy of further division. One strand focused on transdisciplinary
problem-solving. It had 54% of lesson plans where their projects mimicked real-world problems and required students to design,
develop, and assess math solutions (e.g., the Super Smiles with Sphero Challenge lesson at https://edu.sphero.com/cwists/preview/
42811x). ePCR technology and content were parts of the solution. Students often needed to use other disciplinary knowledge, such as
science and economy, to find a solution. There were no single solutions to the technology or math problems, and hence, no coding
samples or cheat sheets were provided in the lessons.

ePCR technology was used to assist students’ math learning in the other strand of this cluster. It contained 46% of lessons where
math learning occurred outside ePCR planning, coding, assembling, or testing (e.g., A Simplified Epidemic Experiment lesson at
https://classroom.ozobot.com/lessons/IndqqfKgixTESIONALAa5bCAOB). In some lessons (n = 6), students did not code, and the code
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Fig. 3. Clusters of ePCR-integrated lesson design.
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was pre-loaded onto ePCRs. In this strand, 92% of lessons used lower-level CT skills, such as working with coding algorithms (25%) and
data (67%), with only 1 lesson on creating computational models.

3.3.2. Lessons without real-world connections

Lessons in Clusters 2 (N = 23), 5 (N = 17), and 10 (N = 31) only had instructional practices for students to use their math and ePCR
knowledge. Those instructional practices were not embedded in students’ cultural or social backgrounds. Meanwhile, most of the
lessons in the three clusters taught students lower-level CT skills, such as working with algorithms and data, with only 1 lesson from
each cluster on advanced CT skills.

All Cluster 2 (e.g., the Measuring Distance lesson at https://www.birdbraintechnologies.com/finch/projects/measuring-distance)
and 58% of Cluster-10 lessons embedded math practices in the planning, coding, assembling, and testing ePCR. However, Cluster 5
lessons did not. Fifty-nine percent of cluster 5 lessons used elementary-level math knowledge during the ePCR planning, coding,
assembling, or testing, while 41% of the lessons integrated middle-grades math knowledge outside these processes (e.g., the Coding
Multiplication Fact Families lesson at https://edu.sphero.com/cwists/preview/20222x). Clusters 2 and 5 lessons used basic-to-
intermediate coding skills. However, 32% of Cluster 10 lessons did not require students to code, 35% did not provide coding sam-
ples, and 33% taught students to use advanced coding skills (e.g., The Euclidean Algorithm lesson at https://classroom.ozobot.com/
lessons/InhmCghQrvTDe0z7b1tCMd4gPD).

3.3.3. Lessons integrating middle-grade math learning into ePCR projects

Clusters 1 (N = 38), 6 (N = 29), and 8 (N = 32) lessons engaged students in middle-grade math learning projects while they
planned, coded, assembled, or tested ePCRs. This category included the largest number of collected lesson plans.

The difference between the three clusters fell in the ePCR technology. Cluster 1 lessons were represented using entry-level tech-
nology (e.g., the Mission Ready lesson at https://education.lego.com/en-us/lessons/prime-competition-ready/mission-ready). They
taught students the fundamental to intermediate coding skills. About 93% of lessons required students to reason an ePCR’s RA loop,
while only 7% of lessons required students to code along the IRA loop with actions displayed on computer screens. Cluster 6 lessons
were featured using ePCR’s RA functionality, with only 1 lesson on the IRA functionality (e.g., the Sketching Algorithmic Artwork
lesson at https://portal.makewonder.com/). Contrary to the other two clusters, Cluster 8 lessons featured advanced ePCR technology
(e.g., the Creating Waves with a Gear Motor lesson at https://learn.birdbraintechnologies.com/hummingbirdduo/projects/creating-
waves-with-a-gear-motor/). All lessons used ePCR’s IRA functionality. Eighty-one percent of the lessons taught students advanced
CT skills, and 19% taught basic CT skills.

4. Limitations

Our clusters of lesson plans are not inclusive for several reasons. First, many ePCR producers did not provide free and public lesson
plans. Thus, our selection of lesson plans was limited to those offering public and open access. Second, our study is based on the
affordance of current technology and devices, which may change when new functionality emerges. Third, the TPACK knowledge in our
study does not cover all perspectives on ePCR integration. For example, the pedagogy in our study only focused on the design of the
learning activities. It did not include the delivery or classroom management strategies.

The existing cluster analysis was not intelligent enough to handle the qualitative data automatically and accurately. We coded the
five categorical variables based on the literature review before administering the cluster analyses. Although most of the results were
self-explanatory, Cluster 3 in the lesson design analysis needed further human intervention to be meaningful. Therefore, we call for
more studies with rigorous methods to investigate the types of ePCR integration in K-12 core subject areas.

5. Discussion & implications

The results of this study prompt researchers and teachers to revisit the TPACK framework for CS integration in the K-12 core
curriculum. First, boundaries between the content and technology become blurred, as suggested by Archambault and Crippen (2009).
Only a small percentage (4%) of our collected lesson plans used CS technology as a medium to facilitate students’ learning in the
content area concepts. Students were technology users in those lessons. Codes were pre-loaded onto ePCR devices. Devices moved
around or executed other pre-programmed actions to help students understand mathematical concepts or record numerical data.
Meanwhile, 96% of lesson plans in our study enabled students to be creators. They planned, coded, and tested ePCRs to generate
solutions. CS technology played an equally important role as math knowledge in the lessons, which blurred the border between content
and technology. Second, teachers’ technology knowledge, TK, of how different parts of technology (e.g., hardware and software)
influence and constraint each other is critical in successful CS integration. For example, results of the ePCR technology clusters showed
that lessons utilizing ePCR’s full IRA functionality generally required students to use advanced coding skills. A few lessons taught
students using the basic coding to perform ePCR’s full IRA functionality. It was because the coding blocks in these lessons were
simplified. Students did not need to use advanced algorithms to reason for sensor-based actions. Thus, teachers need to understand the
interplay of different technology before they are able to design a quality CS-integrated lesson. Overall, there is a great need for teachers
to develop various domains of their TPACK to design and implement a quality CS-integrated lesson. Scholarships on cultivating
teachers’ TPACK and best practices are needed.

The clusters of ePCR technology debunk the myth that equates coding skills with CT skills (Webb et al., 2017). First, we do not
observe a directional relationship between coding and CT skills. For example, lesson plans in Cluster 3 teach students to use simple
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sequence and loop coding blocks to create computational models, like simulating a solar-powered Mars rover. We also find lesson plans
in Cluster 2 that teach advanced coding skills, like functions, to move ePCRs in geometric patterns. Second, CT skills can be acquired
outside coding. The strand of technology-assisted lessons augments students’ math learning experiences without them coding. In those
lessons, coding is pre-loaded onto the ePCR devices. ePCR technology works like learning technology and assists students in working
on real data, such as calculating the speed of ePCRs.

The highest level of math integration is embedded in learning activities with real-world connections, as described in the first strand
of section 3.2.2. We adopt the name suggested by Century et al. (2020) and call them transdisciplinary problem-based learning lessons.
These lessons ask students to work in small groups and solve real-world problems, which requires the applications of math and ePCR
knowledge, possibly at any problem-solving stages. An example lesson is designing and building a city and then having a coded ePCR
move to a specific part of the city to accomplish tasks. This lesson requires students to use their rulers and protractors to design a city
with facilities, calculate the distance and angels, and code and maneuver the ePCR to complete tasks. On the other hand, the highest
level of integration is not identified in the lesson plans without real-world connections. Likewise, we do not find the latter lesson plans
developing students’ advanced CT skills.

5.1. Implications for teachers

The clusters of lesson designs indicate a need to share with teachers different types of integration and their benefits to students at
various learning stages. The transdisciplinary problem-based learning lessons, at the highest level of integration, only occupy 5% of the
lesson plans. The largest category of the lesson design focuses on integrating students’ current math knowledge in ePCR planning,
coding, assembling, or testing projects. Although the latter integration provides a great opportunity for students to apply and transfer
their math knowledge to other disciplines, teachers need to understand that it is not the only way to integrate ePCR.

Results of our study suggest a learning trajectory of ePCR integration in middle-grade math lessons. The lesson plans in the category
of ePCR technology can be used at the beginning of an ePCR integration curriculum. They focus on improving students’ competence
and efficacy in ePCR technology and content. The math knowledge that students apply is mostly at lower-elementary levels, like
addition or subtraction, which would not burden their cognitive load in technology learning. Teaching these lessons would help to
improve students’ technology efficacy at the beginning of an ePCR-integrated curriculum. Then students move into the stage when
they apply math knowledge in ePCR planning, coding, assembling, and testing in small group projects. Students will be able to practice
their math and ePCR knowledge in those projects. In the end, they may work in transdisciplinary problem-based learning activities
with teachers’ facilitation. The last stage may aim to develop students’ comprehensive problem-solving skills.

We encourage K-12 teachers and teacher educators to design ePCR-integrated projects relevant to students’ personal, family,
cultural, and social lives. As suggested in motivation and instructional design theories (Keller, 2010; Merrill, 2002), these learning
activities are likely to improve students’ interest and engagement when their prior knowledge or experience is activated. In addition,
these lesson plans have the capacity to further develop students’ CT skills based on the findings of our study.

5.2. Implications for researchers

The clusters of lesson plans in our study differed from the integration categories that Zhong and Xia (2020) identified in their
review of studies. The largest category in their study is featured math learning through playing with the robots, while our analysis of
existing lesson plans shows that the largest category is the math learning in ePCR planning, coding, assembling, or testing projects. It is
possible that more teachers have received the training and grown their knowledge of ePCR planning, coding, assembling, or testing
since 2018. Another possibility is that Zhong and Xia’s (2020) analysis is based on empirical studies, while ours are based on current
practice. Nonetheless, either assumption suggests a need for more research on the largest category of the lesson plans of our study. It
will offer teachers suggestions to improve their design and delivery of ePCR planning, coding, assembling, or testing projects in math
lessons.

We call for empirical studies on the impact of different clusters of lessons on students’ learning. The cluster analyses of this study
generated different types of ePCR integration in middle-grade math classes. We then further grouped them into large categories based
on their commonalities. However, clusters under the same categories differ in other aspects. Empirical evidence is needed on how
different lesson clusters under the same categories impact students’ learning. Results from these studies will provide details, such as the
sequence of teaching CT skills or the staged integration into math learning, and support educators in developing a quality ePCR-
integrated math curriculum.

Results of our study indicate a need to discuss the activity design and ePCR technology, such as their functionality, device design,
and even the related coding environment, in the empirical studies and systematic reviews. The lesson plan clusters identified in our
study suggest that it is challenging to compare the ePCR lessons and their impact without considering the technology usage and activity
design, as the latter factors could vary a lot in different lessons. Even with the same device, lessons varied across spectrums of math and
ePCR knowledge development. Our literature review shows a lack of systematic reviews examining these variables (Anwar et al., 2019;
Benitti, 2012; Xia & Zhong, 2018; Zhang et al., 2021). It could be due to the missing descriptions in primary studies. Therefore, we
suggest more comparison studies discussing the different technology and activity designs as well as their impact on students’ learning.

6. Conclusions

This study aimed to identify how different knowledge was used together in middle-grade ePCR-integrated math lessons. We
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collected 281 lesson plans available on 12 ePCR producers’ websites. We administered a collaborative and iterative coding process and
extracted five variables for cluster analyses: ePCR functionality, coding skills, CT skills, math knowledge, and activity design. Results
showed three types of combinations of ePCR technology in the lessons. They focused on teaching students different technology and
content at different levels. This finding indicates the need to view ePCR technology from different perspectives, such as ePCR design
and functionality. We call for future studies to expand the research scope of ePCR and identify optimal uses of technology for different
student groups.

We also identified five categories of ePCR integration in middle-grade math lesson plans based on the TPACK framework. They
showed the mainstream of ePCR integration as well as other possibilities for improving students’ technology competence, math
knowledge, and problem-solving skills. However, the TPACK knowledge discussed in our study is not inclusive. More research is
needed to examine and compare the ePCR-integrated lessons in K-12 classrooms.
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