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Abstract: Curricula enhanced through the use of digital games can benefit students in their interest
and learning of Science, Technology, Engineering, and Mathematics (STEM) concepts. Elementary
teachers’ likelihood to embrace and use game-enhanced instructional approaches with integrity in
mathematics has not been extensively studied. In this study, a sequential mixed methods design
was employed to investigate the feasibility of a game-enhanced supplemental fraction curriculum in
elementary classrooms, including how teachers implemented the curriculum, their perspectives and
experiences as they used it, and their students’ resulting fraction learning and STEM interest. Teachers
implemented the supplemental curriculum with varying adherence but had common experiences
throughout their implementation. Teachers expressed experiences related to (1) time, (2) curriculum
being too different, and (3) too difficult for students. Their strategies to handle those phenomena
varied. Teachers that demonstrated higher adherence to the game-enhanced supplemental fraction
curriculum had students that displayed higher STEM interest and fraction learning. While this
study helps to better understand elementary teachers’ experiences with game-enhanced mathematics
curricula, implications for further research and program development are also discussed.

Keywords: digital games; fractions; elementary mathematics; teacher experiences; mixed methods

1. Introduction

Science, Technology, Engineering, and Mathematics (STEM) fields as well as Informa-
tion, Communication, and Technology (ICT) careers benefit from the expertise of a diverse
workforce [1]. Issues of access and equity related to STEM and ICT fields often begin in
elementary school, where students from historically excluded populations have limited
access to mathematics instruction that links to STEM and ICT careers [2]. For example,
typical instructional practices may provide limited ways in which students can engage,
represent, or express their STEM knowledge; may not connect students” knowledge and/or
experiences to STEM or ICT; or may not be engaging for students [3-5].

Game-enhanced mathematics curricula may be a way for elementary teachers to
promote access, improve engagement, and empower their students by bolstering their
learning outcomes and their interest in foundational STEM and ICT content [6-10]. Games
can bolster students” problem-solving and situate students” learning opportunities in
problem based scenarios through multiple representations, tools, or solution strategies that
embrace students’ prior knowledge [6,7]. They can also link foundational mathematics
content to STEM and ICT careers, potentially increasing students” engagement and learning
outcomes (e.g., [6]).

However, elementary teachers’” propensity to embrace and use game-enhanced in-
structional approaches with integrity in mathematics is not well understood. Teachers
ultimately make decisions regarding how and to what extent curricular experiences, such
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as games, are implemented in classrooms [11]. While much research exists on middle-
and high-school teachers’ use of game-enhanced programs in mathematics, there is little
research that focuses on elementary school teachers [12,13]. Therefore, it is necessary to
understand how elementary school teachers use game-enhanced curricula with their stu-
dents, what their successes and challenges are in implementation, and the extent to which
students’ outcomes might change as a result of different teacher implementations.

The purpose of this paper is to explore how elementary school teachers perceive
and implement a game-enhanced supplemental curriculum for fractions called Model
Mathematics Education (ModelME). ModelME is a 36-lesson supplemental curriculum
with a game built into it. The program is designed to increase student engagement,
fraction knowledge, and STEM/ICT career interest and is designed using the Universal
Design for Learning (UDL) framework, an efficacious design framework for accessible
and equitable instructional materials [3]. A sequential mixed methods design is em-
ployed to investigate the feasibility of the curriculum in elementary classrooms, including
how teachers implemented the curriculum, their perspectives and experiences as they
used it, and their students’ resulting fraction learning and STEM interest. The research
questions are:

1.  To what extent do elementary teachers implement a game-enhanced supplemental
fraction curriculum with integrity?

2. What are elementary teachers’ experiences and perspectives after implementing the
game-enhanced fraction intervention in their classrooms?

3. To what extent did students’ fraction schemes and STEM interest change after partici-
pating in a game-enhanced intervention?

2. Literature Review
2.1. Game-Enhanced Instruction in Elementary School

Over the past 20 years, digital game-based mathematics instruction has emerged as a
means to improve student outcomes, such as motivation, engagement, and learning, for
a diverse array of students [14-18]. Games can be important and helpful instructional
tools in elementary mathematics classrooms because they can be used to: (1) supplement
core instructional content, (2) serve as alternative or unique instructional experiences
across different STEM content (e.g., [10,15,16]), and (3) provide additional instructional
support (e.g., [17]). The potential of games to enhance STEM content accessibility, increase
collaborative problem-solving, and allow for exploration of mathematics concepts in in-
novative ways is also promising [10,15]. For example, games have been developed to
enhance content accessibility and increase problem solving as well as improve cognitive
functioning [18-23].

The research base that examines the impact of game-based instruction on student
outcomes in mathematics, specifically, is growing. For example, we know that digital game-
based instruction can positively impact learning in mathematics [4], with larger effects
typically found for students in middle- or high-school [7,24]. Smaller gains are documented
in elementary school [12], although the overall use of games by elementary school students
is historically under-researched [19,25]. Research also shows that the propensity of games
to produce positive effects on student outcomes rests in how and to what extent teachers
use games to support content learning as well as the training, development, and support
they receive to do so [11]. In this study, we posited that the extent to which our game
enhanced program aligned with teachers” experiences and beliefs regarding instruction
would also impact the teachers’ use of games in important ways.

2.2. Theoretical Framework: Teachers’” Beliefs and Use of Game-Enhanced Interventions

Each individual has their own set of beliefs which strongly direct their perceptions
within their particular context [26]. In the case of the classroom, a teacher’s beliefs can
include views about themselves, their roles and responsibilities, their students, their sub-
ject, and the curriculum material. Beliefs surrounding educational topics and issues can
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influence teacher actions within their classroom, specifically whether or not practices or
programs are implemented with fidelity in those classrooms. For example, when required
to implement technology practices, teachers’ beliefs about knowing and learning impact
their implementation [11]. Moreover, because teacher beliefs impact the structure and
climate of the classroom that students are a part of, teacher beliefs also impact students’
learning [27].

One technology tool with increased prominence in the elementary mathematics class-
room is digital games. Teachers’ beliefs surrounding the use of digital games to bolster
student learning is documented (e.g., [28,29]), with varied findings. One finding is that
teachers prefer more traditional teaching methods (e.g., explanation of concepts, repeated
drills, and practice) over the use of digital games for mathematics. Teachers were open
to using digital games if they perceived that it could increase their students” mathematics
performance [29]. Another finding is that teachers may link the use of digital games to
increased engagement while learning new content as well as increased opportunities for
practice to master concepts, something teachers see as necessary pedagogically [28]. At
the same time, teachers may view digital games as a distraction and not as advantageous
for student practice as other tools, such as physical manipulatives. While some teachers
believe that the games can be useful, they are not always viewed as the most beneficial tools
of instruction and thus not always worth the time the games would take to incorporate into
their teaching [30,31]. A fourth finding rests in the additional teaching load that including
digital games brings for teachers, even amidst overall positive views of the use of digital
games in the mathematics classroom more generally [29].

The varied beliefs and attitudes teachers hold towards the use of digital games in the
mathematics classroom play a role in if the games are used, and how. For instance, Yeo
et al. [32] showed there was a direct relationship between teachers’ attitudes surrounding
games’ use to the likelihood of the games actually being implemented as intended in
the classroom. But, this relationship was also mediated by teachers’ perceptions of other
environmental factors, such as how well it fit into the curriculum or the time afforded
them to use the games in class. Even with positively held beliefs towards digital games,
teachers occasionally hesitate to implement them in the classroom due to factors such as
cost and an educational focus on increasing scores on standardized tests [33]. So, while
beliefs held by the teacher about using digital games in math could indicate the likelihood
of implementing them [32], it is not always the case [30,32].

There is a small amount of research that illustrates elementary school teachers” perspec-
tives on and experiences with the use and implementation of digital games in mathematics
and the challenges teachers face. Time is a consistent theme: concern over lack of time
to be able to successfully implement digital games to support mathematics learning was
a common concern (e.g., [34,35]). For example, in a survey conducted in 2002 and then
again in 2003, time was listed as a major obstacle in effectively utilizing games in the
classroom [34]. Teachers stated they do not have enough time to implement games that
they believe are not directly instructing students and that they themselves have not had
sufficient time to become familiar with those games. However, when teachers are able to
have more experience with a digital game, they are much more confident in its effectiveness
and how to best support their students [36].

2.3. The Current Study

The current study investigates how elementary teachers implement a game-enhanced
supplemental fraction curriculum, their experiences and perspectives, and the extent to
which students’ fraction schemes and STEM interest change after participating in a game-
enhanced intervention. The game-enhanced curriculum investigated in this study is a
supplemental program that sits on top of students’ core mathematics curriculum [6,37,38].
Teachers use the program with their students three days a week for 35 min a day. Core
components of the program include multiple means of expression (MME), representation
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(MMR), and engagement (MME), carefully selected tasks, cognitive prompts, and social
mediation of learning.

First, MME, MMR, and MME are supported by a choice of problem-solving meth-
ods, materials, and tools [4] that players can select based on their preferences in the
game’s user interface. Additionally, the sandbox play design of the game allows stu-
dents to create fractions using various actions, such as iterating, partitioning, or splitting
quantities, in a way that encourages risk taking and yields opportunities to learn from
mistakes. Second, the task challenges that students encounter in the game are based on
documented pathways that students use to generate and, eventually, abstract fractional
quantities [6,37,38]. Third, gameplay is supported by the game’s cognitive prompts. Cog-
nitive prompts are designed to support the students” generation of goals, monitoring
of problem solving, and reflection on the results of their game actions—techniques that
are largely underutilized in math instruction [4,37-40]. Finally, the curriculum integrates
students’ gameplay with opportunities to engage in mathematical explanation, and justifi-
cation through one of three pedagogical routines: a worked example, a game replay, or a
number string.

To prepare teachers to implement the supplemental curriculum, researchers provided
four one-half day training sessions. Day one opened with the study’s purpose, the target
population, and the theory of change and logic model for the overall project. For the
next two days, teachers studied student gameplay to deepen their understanding of how
the core program components are used to bolster student learning and played the game
themselves as learners. Researchers gave teachers a curriculum guide on the final day to
drive small group practice opportunities, where teachers delivered the curriculum using
the curriculum guide as a resource through role playing, rotating between teaching roles
and student roles. For each role, the groups also engaged in the after-game tasks, discourse,
and talk moves to facilitate a sample student conversation. Finally, researchers prepared
the teachers to administer the study’s measures.

3. Methods
3.1. Participants and Setting

Six fourth- and fifth-grade teachers and their students (1 = 133) in two different schools
in the southeast United States participated in the study. Each school was located in a rural
setting and included students with intersecting identities in terms of race, language, and
disability. The supplemental curriculum was administered by the teachers in their core
mathematics classrooms, which included approximately 15-25 students with each teacher.
The program took place over nine weeks, which is considered best practice in terms of
time period for technology-based interventions [41]. Prior to the study, informed consent
and assent were gathered from teacher and student participants using Institutional Review
Board (IRB) approved documents. Demographic information for the six participating
teachers and their students is given in Table 1.

Table 1. Teacher and student demographics.

Teachers Students
School Gender Yrs. Exp Math Content Math Ped School Grade Gender Race Dis.
Hours Hours Status
o Female o o o o o o Female Hispanic o
1(67%) (100%) 2-5 (16%) <6 (0%) <6 (17%) 1 (44%) 4th (43%) (41%) (28%) Yes (16%)
2 (33%) Male (0%) 6-20 (68%) 6-12 (50%) 6-12 (50%) 2 (56%) 5th (57%) Male (59%) White (32%) No (84%)
>20 >12 (50%) >12 (33%) African American (21%)

(16%)
2 or more races (19%)

3.2. Data Sources and Measures

To understand the extent to which teachers implemented the program with integrity,
we observed approximately 35% of all teachers’ lesson enactments. Teachers audiotaped
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all lessons; lessons were selected for review via a random number generator. Once a lesson
was identified for review by the random generator, that lesson was observed for all teachers
using a checklist (see Appendix A and data collection procedures), provided the tape
was of acceptable quality to listen to the lesson in its entirety. If it was not, then a lesson
immediately preceding or following the selected lesson was observed.

Teacher focus groups were held at the conclusion of the study to gauge teacher
perspectives on, and overall experiences implementing, the game-enhanced curriculum.
Two separate focus groups were held and distinguished by school. The focus groups were
held virtually using semi-structured questions and lasted anywhere from 45 to 60 min.
Participants were not compensated for their time. Focus-group questions included asking
teachers about the kinds of student data they would like to access in the game, the strengths
and weaknesses of the curriculum and its materials (e.g., embedded game, previews, after
game tasks), aspects of the curriculum teachers found easy or difficult to implement in their
classrooms, their perspectives regarding the amount of scripting provided, whether or not
they would change anything about the curriculum and, if so, what they would change and
why, and aspects of the embedded game in particular that the teachers saw as beneficial or
challenging. See Appendix A for the full list of questions and protocol.

Finally, to gauge changes in students’ fraction schemes and STEM interest, two
measures were used: (a) the Fraction Schemes Test [42] and (b) the Upper Elementary
School (4-5) Student Attitudes Toward STEM (S-STEM) survey [43]. The Fraction Schemes
test is a 12-item measure of the effects of the intervention on students’ fraction concep-
tions. Internal consistency reliability for the test was reported as 0.70; criterion-related
validity was reported as 0.58 (p < 0.01). The S-STEM was developed as part of a US
National Science Foundation (NSF) funded research program and measures students’
confidence and self-efficacy in STEM subjects, 21st century learning skills, and interests
in STEM careers. It contains 56 items across six constructs. For this study, the math
attitudes (8 items) construct and the interest in STEM career areas construct were used
(12 items). Responses are supported by a five-point Likert scale, with response options
ranging from “strongly disagree” (1) to “strongly agree” (5). Higher scores reflect the
greater perceived value of participants. Cronbach’s « of the S-STEM ranged from 0.84 to
0.86 for the grade 4-5 subscales.

3.3. Procedures
3.3.1. Intervention Procedures

Teachers followed the curriculum guide to teach the supplemental program for nine
consecutive weeks, 35 min a day, three days a week. Each lesson contained a five-minute
preview, 10-15 min of student gameplay, and a 15-20 min after-game task (i.e., a number
string or a game replay). Previews were supported by videos and were often presented with
questions for students to discuss. One preview showed students the location and prevalence
of windmills across the country as well as in the students’ state and counties, while others
illustrated how wind turbines work. Students were invited during the previews to elaborate,
converse, or ask questions about a STEM or ICT career depicted in the game. After the
preview, students played the universally designed video game for 10-15 min. The game
presents fraction challenges along a learning trajectory that spans five game worlds using
sandbox, puzzle-like play. Students play the role of “Bunny”, a character whose attributes
they can change according to their preferences.

Fraction challenges range in concepts from unit fractions to partitive (i.e., non-unit)
fractions, to reversible fractions (e.g., using a non-unit fraction to produce a whole), and to
multiplicative concepts (e.g., taking a part of a part, distributing m fractional units over
n whole units) [37,44]. Some challenges are more constrained to invite particular actions
on objects (e.g., find the length of exactly one share of a rectangular length) while other
challenges invite a range of approaches and ways of quantification. In every challenge,
players are given a choice of tools that they can use to engage with the fraction challenges.
The current version of the game is leveled; that is, students must successfully complete each
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challenge in order to advance to the next challenge, subworld, and game world. Gameplay
is individualized and saves student progress along the way. As students play, different
features of the character customizer “unlock”.

After gameplay, students engage in a 15-20 min discussion with their classmates
and their teacher through number strings and either a game replay or a worked example.
Game replay procedures resemble think-pair-shares where students are given a game
world challenge to recreate their strategy (four minutes). Students then pair with another
classmate and share their strategies (four to five minutes). To do so, they are given a
structure called ‘talk and share’, where sentence stems provide support for students to
both share (e.g., “my strategy was...”; “my strategy makes sense to me because. ..”) and
listen to and question what is being shared (e.g., “I noticed that you said...”; “I had a
question about. ..”). Students wrap up the game replay in a whole group share out, where
they share their strategies around the discussion focus for the lesson (e.g., partitioning
or iterating strategy to make n/n from m/n) and the overall learning goal for the world
(e.g., m/n reflects a multiplicative relationship between the denominator—how many
times 1/n repeats to form n/n—and the numerator—how many 1/n are being considered).
Procedures for worked examples are similar, with the exception that teachers show students’
worked solutions for problems they encountered in the game that were either correct,
incorrect, or partially correct. Thus, students spend the think, pair, and share writing
about their analysis of the worked examples by responding to given thinking prompts
(e.g., “What did... do first?”; “Do you think ... would have gotten a different answer
if they...?”).

Procedures for number strings involved students being shown a problem and asked to
solve it in their heads and indicate with a nonverbal symbol when they had a solution. The
teacher then called on students to share their reasoning; teachers used a core representation
(e.g., anumber line) to illustrate students’ strategies. The process was then repeated with
two to four additional problems; with each repetition, teachers asked students if they could
use their thinking from the previous problems to engage with the newly presented problem.

3.3.2. Data Collection Procedures

Qualitative data collection. One week after the conclusion of the final curriculum
lessons, teachers were gathered into focus groups to inquire about their experiences and
perspectives implementing the game-enhanced curriculum. There were four teachers in
one focus group and two teachers in another (i.e., one focus group per school site). Teachers
were sent a Zoom link to take part in each focus group. Upon logging in, the lead facilitators
read a standard statement about the purpose of the focus group and that teachers were free
to participate as little or as much as they felt comfortable. Teachers were asked if they gave
permission for the Zoom session to be recorded; upon consent, the facilitator began the
focus group and asked each question one at a time. A secondary facilitator took detailed
notes of the discussion, prompted the lead facilitator on time, and made a notation each
time a participant made a comment to note trends. At times, the facilitators would restate
teachers’ responses for member checking and would also ask questions to follow up or
gain elaboration on a response.

Quantitative data collection. To gauge teachers’ integrity to the curriculum, a research
assistant listened to each selected lesson tape while completing a checklist (see Appendix A)
to identify the essential points the teacher implemented. The checklists are a point-by-
point accounting of each statement and teacher action required by the curriculum. The
research assistant checked off each item as it was enacted by the teacher as captured by
the recording. The research assistant also recorded, at the top of each checklist, the timing
of each lesson (i.e., the amount of time the teacher spent in each lesson segment). They
also added descriptive information into sections embedded into the checklist areas of the
curriculum that teachers added to, deleted, or changed.

Teachers were also asked to administer the Test of Fraction Schemes and the S-STEM
survey to their students in their whole classroom settings in the morning hours right
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after the start of the school day. Students completed these assessments right before and
immediately following the nine-week curriculum program. Students were given 30 min
each to complete the pre- and the post-test. Teachers read specific directions to students
(i.e., told students to write their name at the top of the tests, and to do their best work) and
gave no other direction, except to read aloud questions upon individual student requests.
Similar procedures were used for the surveys, with a slight change in the direction given to
students (i.e., to answer the questions using their own perspectives and experiences).

3.4. Data Analysis Procedures

To understand teachers” perspectives of the curriculum, researchers initially analyzed
the focus-group data using concurrent rounds of open coding for each school for a within-
case analysis [45]. After the data were transcribed into transcripts (including teacher
names) and field notes and drawings were added, two research assistants cleaned the
data and placed it in a spreadsheet. Data were chunked into smaller, more meaningful
parts (i.e., sentences). Descriptive coding [46] was used by each researcher to capture the
experiences of teachers and their perspectives using the game-enhanced curriculum. A
descriptive title (i.e., code) was used to label each talk turn. Initial codes included but are
not limited to (a) task too easy or too hard, (b) scripting, (c) discussing thinking, (d) deficit
language for students, (e) understanding game tasks, (f) tool use, and (g) characters in
game. Two research assistants refined the codes and their meanings using comparison and
collaborative work [47], which also built trustworthiness. Inter-coder agreement initially
ranged from 75% to 90% for the data from each focus group. The process was then repeated
to gain additional detail and specificity, which yielded two levels of codes. Categories were
then identified by grouping codes together (i.e., axial coding). Inter-coder reliability across
codes was 100% after collaborative work resolved disagreements [47]. Next, a cross-case
analysis was conducted to identify the shared experiences of teachers who implemented
the game-based curriculum [45]. Researchers then used the memos and collaborative work
from the within-case analysis to guide this analysis. Similar and contrasting evidence across
cases was identified, compared, and contrasted to create holistic descriptions of teacher
perspectives of implementing the game-based curriculum. Combining focus-group data
with memos ensures trustworthiness of the results [48].

To understand the teachers” adherence to the curriculum, researchers examined the
fidelity checklists used to observe each teacher to calculate adherence and dosage informa-
tion. For each area of the curriculum (i.e., previews, after game tasks), researchers counted
how many items teachers enacted. They then divided that total by the total number of
possible items, generating a percentage for each lesson component within each lesson as
well as an overall adherence score for the lesson holistically. Researchers then repeated the
process for all lessons observed for each teacher. To generate final percentages, researchers
averaged all lesson adherence scores to obtain an average level of adherence for each
teacher. Lesson timings were averaged to determine teachers” mean time spent teaching
the intervention lessons (i.e., dosage). One-way ANOVAs were conducted to determine if
teachers’ mean adherence and dosage were significantly different.

Finally, to understand the extent to which students’ fraction schemes and STEM
interest change after participating in a game-enhanced intervention, researchers calculated
normalized learning gains, which is used as an assessment of student knowledge of
fractions and their STEM interest. Normalized learning gain (NLG) is the difference in post-
and pre-test scores standardized by the maximum possible amount of increase (for learning
gains) or decrease (for learning losses) from the pre-test score of the student. For fraction
knowledge and STEM interest specifically, this metric helps create a fair comparison among
students of different measured prior knowledge, as students who scored high on the pre-
test were still capable of achieving high NLG scores since their maximum possible amount
of increase is comparably lower than a student who scored low on the pre-test. NLGs and
one sample t-tests were also used to evaluate responses to the S-STEM before and after
the intervention. Univariate ANOVAs were also run to determine if differential program



Educ. Sci. 2023,13,1071

8 of 21

N

School

l

5

effects (fraction and STEM interest NLGs) could be found across teachers, adherence levels,
or dosage levels.

3.5. Merging and Final Interpretation

To gain a final interpretation of the data, trends in the data were identified, merged,
and compared. First, researchers prepared a classical content analysis to quantify and
identify trends in the focus group data by teacher. Researchers counted how many times
each category and its indicators (i.e., strategies; consequences) were present in the data (i.e.,
coded talk turns) and then divided by the total number to obtain percentages to understand
which category or subcategory were dominant for each teacher. Next, results of the classical
content analysis were merged with each teacher’s integrity data and their students’ change
in fraction schemes scores and change in S-STEM. Commonalities or divergences across
these analyzed data were compared, and f-tests were used to determine any significant
differences in the number of codes appearing in each category and subcategory for each
teacher and yield a multifaceted understanding of teacher implementation, perspectives,
and student success in the game-enhanced supplemental curriculum.

4. Results
4.1. Teachers’ Integrity to the Curriculum

Our first research question addressed the extent to which teachers implement a game-
enhanced supplemental fraction curriculum with integrity. To evaluate this question, we
calculated teachers’ average adherence and dosage for the supplemental curriculum, which
are shown in Figure 1.

Mean
(adherence)

W <85%

0 70-84%

N

_ >70%

Mean
(dosage)

B <45min
I 40-45min

School

-

B 3540 min
I 30-35min ‘ i | [
6 7 8 25-30 min 1 3 5 6 7 8

Teacher ID Teacher ID

Figure 1. Teacher average adherence and dosage.

We can see that the highest adherence was observed in T3 and T7, with mid-level
adherence observed in T1, T5, and T8. T6 had the lowest observed adherence. For dosage,
three teachers (I5, T7, and T8) fell within 35—40 min of instruction, on average, per session.
T3 had an observed average of 30-35 min per session. T1 was observed as having the
highest dosage at an average of over 45 min. T6 was observed at the lowest average dosage
per session of 25-30 min. A one-way ANOVA was conducted to evaluate if teachers’ mean
levels of adherence and/or dosage differed significantly from each other. The test showed
a statistically significant difference in adherence (F(5) = 9001.64, p < 0.001) but not dosage.
Teachers 3 and 7 had significantly higher adherence than teachers 1, 5, 6, and 8.

4.2. Teache