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This paper analyzed the journal publications of mathematics flipped classroom studies in
K-12 and higher education contexts. We focused specifically on a set of flipped classroom
studies in which pre-class instructional videos were provided prior to face-to-face class
meetings. We examined the following four major issues: (a) the types of out-of-class and
in-class instructional activities used, (b) the effect of flipped learning on student
achievement, (c) the participant perceptions of flipped classroom benefits, and (d) the
main challenges of flipped classroom implementations. A meta-analysis of 21 comparison
studies showed an overall significant effect in favor of the flipped classroom over the
traditional classroom for mathematics education (Hedges' g = 0.298, 95% CI [0.16, 0.44]),
with no evidence of publication bias. A broader research synthesis of 61 studies revealed
that the flipped classroom approach benefited student learning in three main aspects:
increasing in-class time for task/practice, integrating new knowledge with existing beliefs,
and real-time feedback. The two most frequently reported flipped classroom challenges
were students' unfamiliarity with flipped learning and significant start-up effort on the
part of instructors. We hence propose a set of design principles to help foster the transition
to the flipped classroom and improve the out-of-class and in-class learning designs. This
set of design principles can also provide a more focused agenda for future research to
examine the effect of the flipped classroom approach on student learning and motivation.
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1. Introduction

Mathematics plays an important role in furthering the development of individuals and society (Hoyles, Morgan, &
Woodhouse, 1999). Students' performance and learning experience in mathematics is critical in STEM (science, technol-
ogy, engineering, and mathematics) education (Dove & Dove, 2015; McGivney-Burelle & Xue, 2013; Ogden, 2015; Petrillo,
2016; Van Sickle, 2016). However, Phillips and Phillips (2016) observed that students often experienced high levels of
mathematics anxiety or “statisticophobia” (Dillon, 1982). As Petrillo (2016) and Ogden (2015) cautioned, students' negative
experiences in learning mathematics could discourage them from choosing careers in STEM fields. Petrillo (2016) added that
in some universities, more than 40% of engineering students eventually leave their disciplines largely because of their
underperformance in mathematics courses. Weng (2015) highlighted that 70% of the U.S. college students taking remedial
mathematics failed the course and thus could not continue their studies. Accordingly, there is a critical need to improve the
teaching and learning of mathematics.

Some mathematics instructors (e.g., Ford, 2015; Ichinose & Clinkenbeard, 2016; McBride, 2015) have suggested that the
flipped (or inverted) classroom approach has the potential to improve mathematics instruction. This technology-enhanced
pedagogy is now frequently used in many undergraduate mathematics and statistics courses (Naccarato & Karakok, 2015).
In a typical flipped classroom, instructors deliver lectures before class meetings using instructional videos or other multi-
media learning materials (Bishop & Verleger, 2013; Lo & Hew, 2017). The in-class time is then freed up from instructor-
centered teaching and can be spent on student-centered learning activities such as collaborative problem solving with the
instructor's guidance (Bishop & Verleger, 2013; Giannakos, Krogstie, & Chrisochoides, 2014; O'Flaherty & Phillips, 2015).

With interest growing in the flipped classroom approach to mathematics education, practitioners want to know its impact
in addition to the benefits and challenges of using this instructional approach (Naccarato & Karakok, 2015). Although several
systematic review studies have been undertaken (e.g., Betihavas, Bridgman, Kornhaber, & Cross, 2016; Bishop & Verleger,
2013; Chua & Lateef, 2014; Giannakos et al., 2014; Lo & Hew, 2017; O'Flaherty & Phillips, 2015; Presti, 2016; Seery, 2015),
none have specifically focused on the effects of flipped learning on student mathematics achievement using a meta-analytic
approach.

Several articles (e.g., Ford, 2015; Gundlach, Richards, Nelson, & Levesque-Bristol, 2015; Overmyer, 2015; Yong, Levy, &
Lape, 2015) have revealed that some mathematics educators lack the knowledge or experience to use the flipped classroom
approach. Inexperienced instructors tend to design their flipped classrooms based on their intuitive beliefs, which can affect
the efficacy of the approach (Overmyer, 2015; Yong et al., 2015). A recent study by Ronau et al. (2015) evaluated 1165 scholarly
papers pertaining to the use of technology in mathematics education and found that only 28% of them (i.e., dissertations,
journal articles, and other publications) were connected to empirically driven principles. This missing link could become a
major obstacle to the success of flipped mathematics learning. What, then, are some empirically based design principles that
mathematics instructors can use to design their flipped courses?

Other resources have been dedicated to developing design principles for the flipped classroom approach, including the
Flipped Learning Network (http://flippedlearning.org), Flipped Learning Global Initiative (http://flglobal.org), and Bergmann
and Sams's (2012) book on flipped learning. Although these resources have made significant contributions to flipped learning,
not all of their recommendations have been grounded in the recent empirical studies on mathematics flipped classrooms. At
the time of writing, we could only find Kim, Kim, Khera, and Getman's (2014) study that attempted to identify a set of design
principles for the flipped classroom approach. However, the design principles were somewhat limited because they were
based on the single context of one urban American university with only 41 students and three instructors. More importantly,
their principles were developed outside the context of mathematics education. To advance the flipped classroom approach,
there is a need to establish a set of design principles grounded in empirical research on mathematics education.

2. The purpose of this review

This review first examines the types of out-of-class and in-class instructional activities used in mathematics flipped
classrooms. We then examine student achievement in mathematics flipped classrooms compared to traditional classrooms.
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By the traditional classroom approach, we refer to an environment in which students attend class in which instructors use a
range of strategies such as lectures, student group work and presentations; although a portion of in-class time may be spent
doing homework, students complete most of their homework after school due to a packed lecture schedule (Dove & Dove,
2015; Jungi¢, Kaur, Mulholland, & Xin, 2015). Based on the comments of the instructors and students, we also investigate
how the flipped classroom approach benefits student learning in mathematics and identify the challenge to flipping a
mathematics course. The overarching goal of this review is to develop a set of empirically based design principles for
mathematics flipped classrooms. The following specific questions guided our review:

1. What types of instructional activities are used outside and inside mathematics flipped classrooms?

2. What is the effect of mathematics flipped classrooms on student achievement compared to their traditional counterparts?
3. How does the flipped classroom approach benefit student learning in mathematics courses?

4. What are the challenges to implementing mathematics flipped classrooms?

3. Definition of the flipped classroom approach

EDUCAUSE, one of the leading associations focusing on instructional technology in higher education, defined the flipped
classroom approach as “a pedagogical model in which the typical lecture and homework elements of a course are reversed ...
Short video lectures are viewed by students at home before the class session, while in-class time is devoted to exercises,
projects, or discussions” (EDUCAUSE, 2012, p. 1). In a highly cited paper, Bishop and Verleger (2013) defined the flipped
classroom approach as “an educational technique that consists of two parts: interactive group learning activities inside the
classroom, and direct computer-based individual instruction outside the classroom” (p. 5). Essentially, the flipped classroom
approach (Fig. 1) consists of some form of pre-class activity (e.g., viewing videos) before class meetings and complete indi-
vidual or group activities during face-to-face lessons (Abeysekera & Dawson, 2015; Dove & Dove, 2015; He, Holton, Farkas, &
Warschauer, 2016; Jungic et al., 2015). He et al. (2016) argued that a classroom “is not genuinely flipped” (p. 62) unless face-to-
face class attendance is mandatory because in-class instruction is vitally important to promoting student learning.

There is currently no standard practice for the flipped classroom approach (Guerrero, Beal, Lamb, Sonderegger, &
Baumgartel, 2015; Larsen, 2015; Love, Hodge, Grandgenett, & Swift, 2014; Ziegelmeier & Topaz, 2015). Naccarato and
Karakok (2015) interviewed 19 mathematics instructors from 14 higher institutions and found that although all of the in-
structors provided pre-class video lectures, there were many different approaches to in-class activities, including a combi-
nation of short quizzes at the start of lessons, reviews of video lectures, small-group or large-group discussions, student
presentations, and application projects. Some mathematics instructors still reserved in-class time for traditional lecture-
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Fig. 1. A comparison of the traditional classroom and the flipped classroom approaches (Dove & Dove, 2015, p. 169; Jungic et al., 2015, p. 509).
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based instruction in their flipped courses. Despite the variation of in-class learning activities, it appears that no mathematics
instructors regarded the diversity of these activities as violations of the flipped classroom approach.

The major contention of both EDUCAUSE (2012) and Bishop and Verleger's (2013) definitions is the requirement that
instructional videos be used in out-of-class learning sessions (Bernard, 2015). This definition excludes the sole use of pre-class
reading materials as a form of flipped learning. Some educators, however, have objected to this constraint, arguing that
“qualifying instructional medium is unnecessary and unjustified” (He et al., 2016, p. 61). The Flipped Learning Network (2014)
offers the following definition:

Flipped Learning is a pedagogical approach in which direct instruction moves from the group learning space to the
individual learning space, and the resulting group space is transformed into a dynamic, interactive learning envi-
ronment where the educator guides students as they apply concepts and engage creatively in the subject matter. (p. 1)

Without specifying the instructors' technological choices, this definition defines flipped learning in terms of student
activity relative to whether they are acting individually or in groups. Although a wide-range of pre-class materials can be used
under this definition, we believe that text-based materials cannot “closely mimic what students in a traditional setting would
experience” (Love, Hodge, Corritore, & Ernst, 2015, p. 749) given that the use of these materials does not involve instructors'
explanations or elaboration of the content (Lo & Hew, 2017). As a student of Muir and Geiger (2016) commented, “[a] book
doesn't really walk through the steps on how to do something” (p. 164). In contrast, the use of instructional videos enables the
instructors to elaborate on course content just as they would in a traditional lecture (Lo & Hew, 2017; Muir & Geiger, 2016).

Following the definitions of EDUCAUSE (2012) and Bishop and Verleger (2013), the scope of our discussion is confined to
flipped classrooms that have used video-recorded lectures when shifting lecture-based instruction outside the classroom. We
include various commonly used video styles (see Chen & Wu, 2015; Chorianopoulos & Giannakos, 2013; Guo, Kim, & Rubin,
2014), such as instructor-created classroom lectures, YouTube, Khan Academy, TED talks, screencast, PowerPoints with
instructor talking head, and PowerPoints with instructor voiceover. For in-class learning, attendance is mandatory (He et al.,
2016), and we include a variety of learning activities in the definition. We define the flipped classroom approach as a
technology-enhanced pedagogy that delivers parts of the course materials through video resources before class, followed by
the integrated use of assessments, mini-lectures, individual problem solving, and small-group learning activities inside the
classroom.

4. Method
4.1. Search strategies

The process of selecting relevant literature followed the preferred-reporting of items for systematic reviews and meta-
analyses (PRISMA) statement (Moher, Liberati, Tetzlaff, & Altman, 2009). To be as comprehensive as possible, the
following seven electronic databases were searched: (1) Academic Search Complete, (2) British Education Index, (3) Edu-
cation Research Complete, (4) ERIC, (5) Library, Information Science & Technology Abstracts, (6) Teacher Reference Center,
and (7) TOC Premier. The search terms with Boolean operators used in this review were as follows: (flip* OR invert*) AND
(class* OR learn*) AND (math* OR algebra OR trigonometry OR geometry OR calculus OR statistics). The asterisk was used as a
wild card to include most of the common expressions of mathematics flipped classrooms (e.g., inverted classroom, flipped
learning, flipping statistics class).

4.2. Inclusion and exclusion criteria

Based on the existing flipped classroom reviews, the inclusion and exclusion criteria to be studied were developed (Table
1). To be included in this review, the flipped mathematics courses must have satisfied the aforementioned definition of the
flipped classroom approach. In other words, we excluded studies that did not provide video instructional materials for
students' class preparation or did not offer regular face-to-face lecture hours (Lo & Hew, 2017). Given that little flipped

Table 1
Inclusion and exclusion criteria for selection.
Criterion Inclusion Exclusion
Definition of the  Flipped classrooms should at least include (1) the use of video  Flipped classrooms that did not use multimedia learning
flipped instructional materials for students' class preparation and (2) materials in out-of-class learning activities or cancel regular
classroom regular face-to-face class meetings. lecture hours after flipping.
approach
Subject area All content areas in mathematics education such as algebra, All subject disciplines other than mathematics.
trigonometry, geometry, calculus, and statistics.
Time period January 2012 to December 2016 (five years). Studies outside the time period.
Type of article Empirical research published in peer-reviewed journals. Studies that were not peer-reviewed; non-empirical studies or

articles that provided little empirical evidence.
Language English. Non-English reported studies.
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classroom research was published before 2012 (Giannakos et al., 2014), the period of our search was from January 2012 to
December 2016 (i.e., the most recent five years).

No constraints were imposed on the education contexts (e.g., K-12 or higher education); however, the studies must have
been based on empirical research focused on the implementation of mathematics flipped classrooms. Non-empirical studies
or articles that provided little empirical evidence were excluded (Betihavas et al., 2016; O'Flaherty & Phillips, 2015). No
constraints were imposed on the language of instruction or the location of the studies; however, the manuscripts must have
been written in English and published in peer-reviewed journals (Betihavas et al., 2016; Lo & Hew, 2017; O'Flaherty & Phillips,
2015; Seery, 2015). Peer review is a useful criterion for selecting studies of sufficient quality (Korpershoek, Harms, de Boer,
van Kuijk, & Doolaard, 2016).

In the next stage, we selected eligible studies for further quantitative meta-analysis. To be included in the meta-analysis,
selected studies must satisfy the following more restrictive criteria:

(a) Studies must have compared student achievement under a flipped classroom approach and a traditional classroom
approach.

(b) Student achievement (i.e., the dependent measure) must have been based on some objective quantitative measures of
mathematics performance such as post-tests, final exams, or other standardized tests. Such objective measures have
commonly been used by other authors of meta-analytic studies (e.g. Li & Ma, 2010; Rakes, Valentine, McGatha, &
Ronau, 2010; Zheng, Warschauer, Lin, & Chang, 2016). Self-reported measures such as survey data on self-perceived
learning were excluded.

(b) Studies must have provided enough statistical data to compute the effect size.

(c) Studies that found a significant difference between students' initial knowledge must have used appropriate statistical
tests to control for this difference and provided the adjusted means data.

4.3. Data extraction and analysis

The first two authors contributed to the extraction and categorization of the data. The data included author(s), year of
publication, research context, instructional activities (for RQ1), results of student achievement (for RQ2), how the flipped
classroom approach benefited student learning (for RQ3), and challenges of the flipped courses (for RQ4). For student
achievement, we adopted a meta-analytic approach. Based on the comments of the instructors and students, we then syn-
thesized the benefits and challenges using a thematic analysis.

To analyze participant perceptions of flipped classroom benefits, we drew upon the work of Kuiper, Carver, Posner, and
Everson (2015). Relying on the cognitive learning theory (Lovett & Greenhouse, 2000), they stated that (1) sufficient time
on task/practice, (2) integrating new knowledge with existing beliefs, and (3) real-time feedback are factors that contribute to
learning. In this review, we adopted the framework of Kuiper et al. (2015) for the initial coding of flipped classroom benefits.

As for the flipped classroom challenges, the general framework for coding followed the three categories defined by
Betihavas et al. (2016): (1) student-related challenges, (2) faculty challenges, and (3) operational challenges. This framework
covered all major aspects of flipped learning and was used in other review studies (e.g., Lo & Hew, 2017). However, it is
important to note that our analysis could only focus on what the authors reported in their articles. The absence of a theme did
not necessarily imply the absence of a specific dimension; instead, it only indicated that the authors did not explicitly report
that aspect in their articles. To establish coding reliability, 20% of the articles were randomly selected and coded by the first
two authors. Inter-coder reliability was high (93%). In the event of disagreements, the two authors re-examined the studies in
question together to come to a consensus.

5. Results
5.1. Study selection

Using the search terms, a total of 1469 peer-reviewed journal articles (published from January 2012 to December 2016)
were found by early February 2017 (the time of writing). Some articles were removed due to replication across databases. Our
search terms enabled us to capture various relevant studies. However, after reviewing their titles and abstracts, many articles
in the search outcomes were found to be irrelevant, particularly those that did not report on empirical research or were not
related to mathematics education. For example, many irrelevant search outcomes came from engineering (e.g., electric
inverters).

Finally, 72 full-text articles were assessed for eligibility. Eleven were excluded: five studies did not provide pre-class
videos, one did not mention the provision of face-to-face lessons, three reported minimal empirical data, and two (i.e.,
Eisenhut & Taylor, 2015; Naccarato & Karakok, 2015) merely interviewed mathematics instructors without reporting the
details of their flipped courses. Nevertheless, some of the removed literature was used for background reference. The final
selection yielded a total of 61 articles for qualitative synthesis (see Appendix A) and 21 articles for meta-analysis. Fig. 2
outlines the process of article selection.
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Fig. 2. PRISMA flow diagram of article selection.

5.2. Characteristics of the reviewed studies

The majority of the studies were conducted in the United States (n = 51), followed by Taiwan (n = 4) and Canada (n = 3).
There was a scattering of studies from Australia (n = 1), Germany (n = 1), and New Zealand (n = 1). Most of the studies were
carried out at the undergraduate level (n = 50), with a notable paucity of research in secondary (n = 7), elementary (n = 2),
doctorial (n = 1), and adult (n = 1) education. Table 2 shows that among the 61 articles, 59 flipped classroom studies were
reported. A total of 21 studies provided sufficient data for meta-analysis (RQ2). Grouping the findings on the same in-
terventions in flipped classrooms (see Love et al. (2014, 2015) and Van Sickle (2015, 2016) for reviews) yielded a total of 59
distinct studies for the thematic analysis of flipped classroom benefits (RQ3) and challenges (RQ4). Eight articles (i.e., Braun,
Ritter, & Vasko, 2014; Carney, Ormes, & Swanson, 2015; Jungi¢ et al., 2015; Kuiper et al., 2015; McBride, 2015; McCallum,
Schultz, Sellke, & Spartz, 2015; Schroeder, Xue, & McGivney, 2013; Zack, Fuselier, Graham-Squire, Lamb, & O'Hara, 2015)
reported more than one flipped course. However, some of these courses were not in mathematics (e.g., McCallum et al., 2015)
or did not satisfy the definition of the flipped classroom approach (e.g., Kuiper et al., 2015). A total of 72 flipped mathematics
or statistics courses were involved in the analysis of instructional activities (RQ1). Most of the courses (84.7%) were under-
graduate courses; secondary and elementary flipped classrooms only constituted 9.7% and 2.8% of the courses, respectively.
Fig. 3 shows that calculus (43.1%), statistics (19.4%), and algebra (19.4%) were the three most common content areas of the
flipped courses.

Table 2
Number of studies and flipped courses for data analysis and the related research questions.

Count Data analysis and research questions

Total number of publications reviewed 61
& Number of distinct studies 59 Analysis of flipped classroom benefits (RQ3) and
challenges (RQ4)
& Number of distinct studies providing sufficient data for a meta-analysis on student 21 Meta-analysis of student achievement (RQ2)
achievement
Total number of flipped courses involved in the reviewed studies 72 Analysis of instructional activities (RQ1)
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Fig. 3. Content areas of the flipped courses (n = 72).

5.3. RQ1: instructional activities of mathematics flipped classrooms

The instructional activities of the 72 flipped courses were analyzed (Fig. 4). All of the flipped courses provided instructional
videos for students' out-of-class learning, and instructors from 52 flipped courses produced their own videos for students.
Some instructors used existing videos such as those from the Khan Academy (n = 4) or textbook publishers (e.g., Cilli-Turner,
2015), or they made multiple types of videos available to their students (e.g., Scott, Green, & Etheridge, 2016; Van Sickle, 2015;
Wright, 2015). The instructors in 13 flipped courses provided worksheets or content notes to guide students' video watching.
In addition to the instructional videos, text-based materials (e.g., textbooks, readings, notes) were assigned as supplements in
22 of the flipped courses, and online quizzes were provided in 39 flipped courses. Only 10 flipped courses provided online
discussion through online discussion boards or other technologies such as web-based media players (Schroeder & Dorn,
2016).

For in-class learning, the instructors in 23 of the flipped courses provided structured formative assessments such as
quizzes at the start of face-to-face lessons. Small-group activities (n = 69) were generally used in the 72 flipped courses. Some
specific approaches to small-group activities included Crouch and Mazur's (2001) peer instruction (e.g., Jungic et al., 2015;
Phillips & Phillips, 2016; Saumier, 2016; Talbert, 2014; Touchton, 2015), cooperative learning (e.g., Chen, Chen, & Chen,
2015; Ogden, 2015; Overmyer, 2015), and a team-based approach (Carney et al., 2015). Some instructors also used individ-
ual practices (n = 26), student presentations (n = 12), or quizzes near the end of the lessons (n = 3) inside their flipped
classrooms. Instructors in 14 flipped courses delivered in-class lectures on new materials. In other words, part of the course
material was still presented inside the classroom.

5.4. RQ2: effect of mathematics flipped classrooms on student achievement

In this section, we report our findings on whether flipped learning improved student mathematics achievement compared
to the traditional classroom. We previously defined the traditional classroom as one in which students come to class, where
teachers use a range of strategies such as lectures, student group work and presentations, and then the students complete
most of their homework after school (Dove & Dove, 2015; Jungic et al., 2015). A total of 21 articles yielding 22 independent
effect sizes were meta-analyzed using student performance data (e.g., exam scores) as the outcome variable. The first and
second authors independently checked the data, and any concerns or differences were resolved through discussion. These 22
effect sizes involved 3184 participants. Our coding protocol was as follows.

Coding: multiple assessments. In cases where articles reported multiple assessments, we selected the assessment that was
most summative. By summative assessment, we mean the most comprehensive assessment such as course final exams. Course
final exams were used because they encompassed all of the course content that students learned throughout the entire
semester, unlike mid-terms or weekly tests. The most comprehensive assessment in our meta-analysis was consistent with
other researchers' practice (e.g., Freeman et al., 2014).

Coding: student initial equivalence. To determine students' initial equivalence, we examined whether the comparison
design was based on the following categories: (a) treatment-and-control studies in which the authors provided no data on
student equivalence in terms of initial academic performance, or where the authors claimed that the students were equiv-
alent but failed to provide a relevant statistical test; or (b) treatment-and-control studies in which the data indicated no
statistical difference on a pre-test that was directly related to the topic, or on a metric of academic performance (e.g., college
GPA), or where any significant difference on a pre-test had been handled by using a statistical test and providing adjusted
data.

Coding: instructor equivalence. Gundlach et al. (2015) cautioned that “the difference in student performance may depend
on the particular instructor” (p. 24). In some studies (e.g., Maciejewski, 2016; Scott et al., 2016; Van Sickle, 2015), the flipped
and the traditional classes were taught by different instructors. For example, the traditional classes in Maciejewski's (2016)
study were taught by two graduate students and a postdoctoral research fellow, but the flipped classes were taught by two
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Fig. 4. Instructional activities of mathematics flipped classrooms (n = 72).

professors and a postdoctoral research fellow. Although Maciejewski (2016) argued that the graduate student instructors had
completed their teacher training, the concern over instructors with different levels of experience highlighted the need to
conduct a heterogeneity analysis on instructor equivalence. To evaluate instructor equivalence, we checked whether the study
involved: (a) identical instructors for both the flipped and the traditional classes; or (b) different instructors for different
classes, or if no data were provided.

We computed effect sizes using the comprehensive meta-analysis software package. All reported p values were two-tailed
unless otherwise reported. To compare the effect sizes, we used a random effects model or random effects analysis (Gurevitch
& Hedges, 1999) because conditions that could affect student achievement differed among studies in the analysis, including
the frequency of the lessons flipped, student population, and course level. We computed effect sizes as Hedges' g from the
means and standard deviations of the student achievement data (e.g., exam scores, post-test scores). If standard errors but not
standard deviations were used in the empirical studies, we used the following formula (Altman & Bland, 2005) to calculate
the standard deviations:

SD

\/sample size

If the means and standard deviations were not reported in the previous empirical studies, the standardized mean dif-
ference was estimated using a variety of sources, including t-tests (or formulas; see Borenstein, Hedges, Higgins, & Rothstein,
2009; Lipsey & Wilson, 2001). Overall, as Fig. 5 indicates, the results show significant evidence in terms of student perfor-
mance in favor of the flipped classroom (Hedges' g = 0.298, 95% CI [0.16, 0.44], Z = 4.186, p < 0.001).

In Table 3, the heterogeneity analyses show no statistically significant variation among studies based on specific content
areas (Q =4.951,df = 6, p = 0.550). Thus, the data suggest that the flipped classroom approach increased student performance
across the various content areas of mathematics.

We also looked for heterogeneity in the effect sizes of the student performance data based on whether the studies
controlled for student or instructor equivalence (Table 4). We found no evidence of heterogeneity between the studies that
reported initial student equivalence and the studies that did not provide such data (Q = 2.316, df = 1, p = 0.128). Analyzing
variation with respect to instructor equivalence also suggested no evidence of heterogeneity (Q = 0.159, df = 1, p = 0.690).
Thus, the overall effect size for the student performance data appears to be robust in terms of the varying methodological
rigor of the published studies (e.g., less well-controlled studies with different instructors or no data provided on student or
instructor equivalence).

The heterogeneity analysis shown in Table 5 indicates that the effect size was significantly higher when instructors used a
structured formative assessment such as a quiz at the start of face-to-face lessons to assess students' pre-class learning
compared to instructors who did not (Q = 6.199, df = 1, p = 0.013). By the structured formative assessment, we mean specific
questions that were developed by the instructor beforehand and used to assess student learning based on pre-class learning.
These included questions specific to the learning items presented in the video lectures that had been answered by the
students at the start of class (e.g., Adams & Dove, 2016); open-note quizzes given at the start of class asking students to write a
definition, give a formula, explain a notation (e.g., Cilli-Turner, 2015), or solve a problem similar to the one given in the pre-
class videos (e.g., Schroeder, McGivney-Burelle, & Xue, 2015); or multiple-choice questions using electronic devices (e.g.,
Clickers) at the start of class (e.g., Scott et al., 2016). The data suggested the importance of activating students' pre-class
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Study name S for each study Hedges's g and 95% CI
Hedges's Standard Lower Upper

g error Variance limit limit Z-Value p-Value
Adams & Dove (2016) 0.051 0.335 0.112 -0.606 0.708 0.152 0.879
Anderson & Brennan (2015) 0.482 0.117 0.014 0253 0.710 4.127 0.000 -
Bhagat et al. (2016)-high 0.054 0.352 0.124 -0635 0.743 0.155 0.877
Bhagat et al. (2016)-low 0.591 0.484 0.234 -0.358 1.540 1.221 0.222 —
Braun et al. (2014) 0.018 0.124 0.015 -0.225 0.261 0.145 0.885
Cilli-Turner (2015) 1.139 0.188 0.035 0.772 1.507 6.075 0.000 —il—
Clark (2015) 0.033 0.219 0.048 -0.396 0462 0.152 0.879
DeSantis et al. (2015) -0.120 0.289 0.083 -0.686 0.446 -0.417 0.677
Dove & Dove (2015) 0.744 0.262 0.068 0.231 1.256 2.843 0.004 —i——
Guerrero et al. (2015) 0.294 0.242 0.059 -0.180 0.769 1.215 0.224
Gundlach et al. (2015) -0.163 0.212 0.045 -0.579 0.252 -0.771 0.441
Kenneddy et al. (2015) -0.114 0.161 0.026 -0.429 0.202 -0.707 0.480
Kirvan et al. (2015) 0.845 0.281 0.079 0.294 1396 3.007 0.003 —lr—
Maciejewski (2016) 0.389 0.083 0.007 0.225 0.552 4.663 0.000 E 3
Murphy et al. (2016) 0.629 0.249 0.062 0.140 1.118 2523 0.012 ——
Overmyer (2015) 0.220 0.116 0.013 -0.007 0.448 1.902 0.057
Peterson (2016) 0.731 0.312 0.097 0.120 1.342 2347 0.019 —_—l—
Petrillo (2016) 0.406 0.163 0.026 0.087 0.724 249 0.013 —i—
Schroeder et al. (2015) 0.313 0.190 0.036 -0.060 0.686 1.645 0.100
Scott et al. (2016) 0.032 0.217 0.047 -0.393 0457 0.146 0.884
Van Sickle (2015) 0.427 0.190 0.036 0.055 0.800 2250 0.024 ——
Yong et al. (2015) -0.096 0.150 0.023 -0.391 0.198 -0.640 0.522

0.298 0.071 0.005 0.159 0.438 4.186 0.000 L3

-2.00 -1.00 0.00 1.00 2.00

Fig. 5. Forest plot of effect sizes (Hedges' g) using the random effect model.

learning by implementing a structured formative assessment of the out-of-class learning content at the beginning of face-to-
face lessons. This helps instructors quickly identify students' misconceptions of the pre-class materials and provide remedial
action if necessary (Kirvan, Rakes, & Zamora, 2015; Talbert, 2015).

We also examined our data corpus of 21 studies to see whether the previous studies explicitly described and assessed the
type of questions used (e.g., near transfer and far transfer questions). However, our efforts were hampered because most of
the studies (n = 17) studies did not clearly describe their types of questions. In the following section, we briefly report on two
studies (i.e., Kennedy, Beaudrie, Ernst, & St. Laurent, 2015; Kirvan et al., 2015) that provided clear descriptions of the types of
questions used and another two studies (i.e., Gundlach et al., 2015; Maciejewski, 2016) that used some validated assessment
tools (e.g., Calculus Concept Inventory) in their summative assessments.

In their undergraduate calculus course, Kennedy et al. (2015) reported data on their overall final exam together with the
types of the questions used in the exam. The exam was comprised of computational and conceptual problems. For the
computational problems, students were expected to use a known formula or algorithm to solve problems such as “Given the
formula for arc length, find the length of the curve y = 2x3/2/3 for 0 < x < 1” (p. 897). The Conceptual problems required
knowledge from a known formula or algorithm to be applied or extended, such as “If a car leaves at noon and travels along the
curve y = 2x>/2/3, at what time has the car gone a distance of 2(23/2—1)/3 miles?” (p. 897). The conceptual problems required
students to recognize that the formula for arc length was needed, whereas in the computational problem, students were
directly told to use the formula for arc length (Kennedy et al., 2015). Kennedy et al. (2015) found that the levels of student
achievement for both the computational questions (flipped class: M = 79.9, SE = 2.0; traditional class: M = 82.1, SE = 2.0,
p = 0.44) and the conceptual questions (flipped class: M = 77.0, SE = 2.1; traditional class: M = 78.7, SE = 2.1, p = 0.58) were
similar for both the flipped class and the traditional class.

In their high school algebra course, Kirvan et al. (2015) reported data on three types of questions: analyze (examine the
meaning of constituent parts of a system and/or context), model (develop a system to represent a situation), and solve
(compute solutions). Their results showed that students in the flipped classroom (M = 0.402, SD = 0.136) had significantly
higher solve scores than those in the traditional classroom (M = 0.284, SD = 0.139), t(52) = 3.14, p = 0.0028. However, no
significant difference was found with the analyze scores (flipped class: M = 0.179, SD = 0.169; traditional class: M = 0.123,
SD = 0.126, t(52) = 1.39, p = 0.169) or model scores (flipped class: M = 1.267, SD = 0.329; traditional class: M = 1.162,
SD = 0.331, t(52) = 1.166, p = 0.249).

Two other studies (i.e., Gundlach et al., 2015; Maciejewski, 2016) conducted assessments using validated concept in-
ventories, namely the calculus concept inventory (Epstein, 2013) and the statistical reasoning assessment instrument
(Garfield, 2003). Gundlach et al. (2015) found a non-significant difference between the flipped class (M = 1.92, SD = 0.89) and
the traditional class (M = 1.79, SD = 0.84), (216) = 0.72, p = 0.47 in terms of students' misconceptions of statistical concepts
using the statistical reasoning assessment instrument. Administering the calculus concept inventory test, Maciejewski (2016)
found that the flipped class (M = 52.16, SD = 16.71) significantly outperformed the traditional class (M = 49.17, 17.93),
t(275) = 1.76, p = 0.04, d = 0.18.
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Table 3
Comparing effect sizes among different content areas.
Content area n Hedges' g SE 95% confidence interval
Lower limit Upper limit
Algebra 6 0316 0.136 0.049 0.584
Calculus 8 0.203 0.114 —-0.021 0.427
Finite math 1 0.294 0.364 -0.420 1.008
Geometry 1 -0.120 0.397 —0.898 0.657
Trigonometry 2 0.264 0.347 -0.416 0.944
Math for preservice teachers 1 0.744 0.378 0.004 1.484
Statistics 3 0.570 0.205 0.167 0.972
Table 4
Comparing the effect sizes from well-controlled versus less well-controlled studies.
Type of control n Hedges' g SE 95% confidence interval
Lower limit Upper limit
For student equivalence
No data provided 10 0.409 0.102 0.209 0.610
No statistical difference on pre-tests or other metric scores 12 0.191 0.101 —0.007 0.388
For instructor equivalence
No data, or different instructors 8 0.332 0.111 0.115 0.550
Identical instructor 14 0.274 0.097 0.084 0.463
Table 5

Comparing the effect sizes of studies using structured formative assessments at the start of face-to-face lessons versus studies that did not.

Structured formative assessment n Hedges' g SE 95% confidence interval

Lower limit Upper limit

With a structured formative assessment (e.g., quiz) at the start of face-to-face lessons 6 0.572* 0.129 0.319 0.824
Without a structured formative assessment, or no data provided 16 0.198 0.077 0.048 0.349
*p < 0.05.

To sum up, a meta-analysis of 21 studies showed an overall significant effect in favor of the flipped classroom over the
traditional classroom for mathematics education (Hedges' g = 0.298, 95% CI [0.16, 0.44]). However, our attempt to further
investigate the possible effects of flipped learning on specific types of questions was hampered by the fact that most studies
did not clearly describe the types of questions used in their method sections. We found only two studies that provided clear
descriptions of their question types and two studies that used validated assessment tools in addition to their final exams.

So far, the effects of flipped learning on the types of question have been mixed. Some studies (Gundlach et al., 2015;
Kennedy et al., 2015) have reported that students in both flipped and traditional classrooms performed equally well on
conceptual questions. However, Maciejewski's (2016) flipped classroom students did better than his traditional classroom
students on the calculus concept inventory test. For questions that required students to compute solutions, there was also no
clear conclusion. Kennedy et al. (2015) found that their flipped and traditional classes did equally well on computational
problems. Kirvan et al. (2015), however, reported that their flipped classroom students showed greater improvement in their
ability to compute solutions to linear equations. Unfortunately, the small sample of studies limits the generalizability of the
results on question types. None of the previous studies explicitly described and assessed the effects of flipped mathematics
learning on near transfers (for similar problems that were sufficiently different from the practice problems) versus far
transfers (for problems that are entirely different from the practice problems). We therefore urge future research to include
the variable of question type in examining how flipped learning may benefit students.

To evaluate the possibility of publication bias in this review, we performed four analyses: (a) assessing the funnel plot, (b)
computing Begg and Mazumdar rank correlation, (c) calculating Egger's regression, and (d) calculating the classic fail-safe N
test. Visual inspection of Fig. 6 suggests there is no presence of publication bias. This is supported by two statistical analyses:
Kendall's Tau with continuity correction 0.10, one-tailed p = 0.249; and Egger's regression intercept 0.208, one-tailed
p = 0.415.

We also conducted a classic fail-safe N test to determine the number of null effect studies needed to raise the p value
associated with the mean effect above an arbitrary alpha level (a = 0.05). The results showed that 289 additional missing
studies with zero mean effect size would be required to make the overall effect statistically insignificant. There would
therefore have to be an unreasonably large number of undetected studies with zero effect to bring the effect sizes reported in
this review to values that might be statistically insignificant. Based on the visual inspection of funnel plot, statistical analyses,
and fail-safe Ns, we believe that our overall mean effect size is not inflated by publication bias.
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Fig. 6. Funnel plot of standard error by Hedges' g.

5.5. RQ3: how mathematics flipped classrooms benefit student learning

The top three most frequently reported benefits of flipped learning were instructor feedback (n = 40), peer-assisted
learning (n = 33), and more in-class time to apply concepts during activities (n = 30). These three benefits pertained to
the in-class learning experiences of flipped classrooms. Overall, the flipped classroom approach helped to increase the
students' interactions with their instructors and classmates during in-class sessions. Many of the in-class activities, such as
group discussions, promoted the students' interactions with their peers (e.g., Jungic¢ et al., 2015; Kennedy et al., 2015;
McCallum et al., 2015). Instructors also indicated that they had greater opportunities to provide students with more feed-
back during in-class sessions (e.g., Bhagat, Chang, & Chang, 2016; Clark, 2015; Guerrero et al., 2015). Further, there were more
opportunities for students to apply their knowledge to solve problems in flipped classes (e.g., Kirvan et al., 2015; Overmyer,
2015; Ziegelmeier & Topaz, 2015).

Another two commonly reported benefits were the on-demand accessibility of video lectures (n = 27) and preparing
students for class (n = 17). The students reported that watching video lectures before class helped to prepare them for class
activities (e.g., Kraut, 2015; McGivney-Burelle & Xue, 2013; Schroeder et al., 2013). They had time to review the videos as often
as they wished (e.g., Grypp & Luebeck, 2015; Love et al., 2014; Tawfik & Lilly, 2015). Some students also revisited the videos
when they encountered problems during the problem-solving process (Tawfik & Lilly, 2015) or when they studied for exams
(Zack et al., 2015). Two less frequently stated benefits were that the flipped classroom approach allowed some instructors to
use differentiated instructional activities in the classroom (n = 10) (e.g., Kirvan et al., 2015; McBride, 2015; Muir & Geiger,
2016) and that this instructional approach enabled them to make adjustments to in-class teaching by analyzing the stu-
dents' completed pre-class activities (n = 9) (e.g., Love et al., 2014; Strayer, Hart, & Bleiler, 2015; Talbert, 2015).

Together with the other benefits identified, the findings can be organized into three themes from cognitive learning theory
(Kuiper et al., 2015; Lovett & Greenhouse, 2000): (1) sufficient time on task/practice, (2) integrating new knowledge with
existing beliefs, and (3) real-time feedback. Several sub-themes emerged during data analysis. Representative citations from
the studies are provided in Table 6 to exemplify each sub-theme.

5.6. RQ4: challenges of mathematics flipped classrooms

Notwithstanding the positive participant satisfaction, there are several concerns regarding the use of the flipped class-
room approach in practice. In this review, the top two major challenges to implementing flipped mathematics courses were
the students' unfamiliarity with flipped learning (n = 26) and the instructors' significant start-up effort (n = 21). These two
challenges largely occurred because the flipped classroom approach was new to both the students and the instructors. In a
traditional classroom, students typically learn about the subject matter through a teacher-led lecture format during class
time; however, in a flipped classroom, students are required to complete some pre-class learning tasks (e.g., watching video
lectures, doing online exercises) before class. Not every student responded favorably to this new learning model (e.g., Braun
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Table 6
Identified benefits of mathematics flipped classrooms.

Themes and sub-themes (Count) Representative citation

Sufficient time on task/practice
& More in-class time for important “In the flipped model, by having the mathematical content explained through online video instruction, the
concepts/activities (n = 30) instructors were able to have sufficient face-to-face time to utilize collaborative and inquiry-based
instruction” (Overmyer, 2015, p. 799).
& On-demand accessibility of video lec- “The learners would often revisit the videos as needed. This on-demand aspect allowed students to seek

tures (n = 27) out answers to questions that arose at various stages of the problem-solving process” (Tawfik & Lilly, 2015,
p. 310).
& The use of differentiated instructional “Mr. Hill rarely engaged in whole class teaching, adopting instead a pedagogical approach that allowed
activities (n = 10) him to differentiate individual instruction” (Muir & Geiger, 2016, p. 168).
Integrating new knowledge with existing beliefs
& Preparing students for class (n = 17) “The videos prompted students to see the big ideas of the section before class” (McGivney-Burelle & Xue,
2013, p. 482).
& Adjustment to teaching based on pre- “Students were required to submit their daily [pre-class] readiness test responses by 2 pm on those days,
class analysis (n = 9) so the instructor had two hours to read through the answers to question 3 and determine what to focus

upon in the upcoming class” (Love et al., 2014, p. 321).
Real-time feedback

& Instructor feedback (n = 40) “In the flipped classroom, the teacher was able to speak with every student in every class and address
unique concerns or questions about the current topic being studied” (Clark, 2015, p. 106).
& Peer-assisted learning (n = 33) “Sometimes, the teacher or professor isn't always able to explain it the way you are thinking about it, and

your partner may be able to explain it a different way” (McCallum et al., 2015, p. 49).

et al., 2014; DeSantis, Van Curen, Putsch, & Metzger, 2015; Van Sickle, 2016). As for the instructors, common complaints
included the large amount of time needed to create and edit the video lectures in addition to preparing the in-class activities
(e.g., Anderson & Brennan, 201; McGivney-Burelle & Xue, 2013; Talbert, 2015).

Another three frequently reported challenges included the students' unpreparedness for pre-class learning tasks (n = 14)
(e.g., Kraut, 2015; Sahin, Cavlazoglu, & Zeytuncu, 2015; Scott et al., 2016), being unable to ask questions during out-of-class
learning (n = 13) (e.g., Anderson & Brennan, 2015; Guerrero et al., 2015; Zack et al., 2015), and being unable to understand the
pre-class video content (n = 11) (e.g., Palmer, 2015; Scott et al., 2016; Tawfik & Lilly, 2015). These three challenges can be
categorized as student-related challenges specifically related to their out-of-class learning. Together with the other chal-
lenges identified (Table 7), the findings can be organized into three categories defined by Betihavas et al. (2016): (1) student-

Table 7
Identified challenges to mathematics flipped classrooms.

Themes and sub-themes Representative citations

Student-related challenges

& Unfamiliarity with flipped learning “This study took place in a setting where traditional lesson planning was routine. Students might have
(n =126) reacted negatively to the change in their learning routines” (DeSantis et al., 2015, p. 50).

& Unpreparedness for pre-class learning “39% of participants indicated that they did not do any preparation for the class” (Sahin et al., 2015, p. 146).
tasks (n = 14)

& Unable to ask questions during out-of- “The most frequent response from students in the flipped sections was that they could not ask questions

class learning (n = 13) directly to the instructor while taking notes from the videos” (Zack et al., 2015, p. 807).

& Unable to understand video content “The last chapter was difficult to learn via video. I had to go over these concepts again when they [the
(n=11) students] arrived in class.” (Scott et al., 2016, p. 261).

& Increased workload (n = 9) “Half of the eight students who would be unwilling to take another flipped class cited the additional time

required to succeed as a reason” (Murphy, Chang, & Suaray, 2016, p. 668).

& Disengaged from watching videos (n = 3) Student: “When [ watch the videos, if I'm not writing down what you're lecturing about I did find myself
spacing out a lot more” (Ogden, 2015, p. 786).

Faculty challenges

& Significant start-up effort (n = 21) “Creating, editing, and posting videos are time-consuming endeavors as is the development of the in-class
quizzes and problem sets. On average, for every class meeting, it took us about 1.5 h to make one short
video and an additional 45 min to prepare the quiz and in-class problem set” (McGivney-Burelle & Xue,
2013, p. 484).

4 Not accustomed to flipping (n = 10) “One flipped section instructor, who had previously been successful in traditional lecture courses, found
himself to be very uncomfortable with the format, and despite his best efforts his students did worse than
other sections” (Anderson & Brennan, 2015, p. 867).

& Ineffectiveness of using others' videos “In statistics courses, notation varies dramatically between textbooks and instructors, making it difficult to

(n=4) use videos prepared by other instructors” (Kuiper et al., 2015, p. 603).
Operational challenges
& Instructors' lacking IT skills (n = 3) “we hit our first major obstacle — one of us (Anderson) found the technology maddeningly unwieldy”
(Anderson & Brennan, 2015, p. 866).
& Students' lacking IT resources (n = 3) “They did not have access to hardware/software at home and thus had to practice the skills at school”

(Chen et al., 2015, p. 628).
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related challenges, (2) faculty challenges, and (3) operational challenges. Several sub-themes emerged during data analysis.
Representative citations from the studies are provided in Table 7 to exemplify each sub-theme.

6. Discussion

Based on the above findings, we propose a framework (Fig. 7) with a set of 10 design principles for mathematics flipped
classrooms. As shown in Table 8, these principles emerged and were established based on the benefits and challenges
identified in addition to the findings of our meta-analysis. This section discusses these resulting principles, focusing on three
aspects, namely the transition to the flipped classroom (Principles 1 and 2), out-of-class learning design (Principles 3 to 5),
and in-class learning design (Principles 6 to 10).

First, there is a need to manage the transition to the flipped classroom because unfamiliarity with this instructional
approach was the top challenge for both the students (Principle 1) and the instructors (Principle 2).

Second, instructors can consider presenting introductory materials and providing online support to manage students’
problems during class preparation (Principle 3). Then, they can produce short instructional videos (Principle 4) and motivate
student learning by using online exercises with grades (Principle 5).

Third, in-class learning experiences are critical to the success of flipped classrooms. Once students have finished the online
pre-class learning tasks, instructors can design face-to-face lessons based on the students' performance of the tasks (Principle
6). At the beginning of the lessons, instructors should activate students' pre-class learning by using a structured formative
assessment such as a quiz (Principle 7). After that, students should have a chance to apply their knowledge to solve varied
tasks and real-world problems (Principle 8). Throughout the learning process, instructor feedback (Principle 9) and peer
support (Principle 10) are essential in promoting student learning.

6.1. Transition to the flipped classroom (Principles 1 and 2)

Principle 1. Manage the transition to the flipped classroom for students.

Twenty-six studies reported that not all students were familiar with flipped learning. A few students even wrongly
perceived their flipped course to be an online independent study course and “felt like they did not have a teacher for the class”
(Zack et al., 2015, p. 807). Instructors should therefore promote students’ understanding of this new instructional approach at
the beginning of flipping, and the following issues should be articulated:

. The rationale for using the flipped classroom approach (Carney et al., 2015; Eager, Peirce, & Barlow, 2014; Talbert, 2015);

. The potential benefits and challenges of flipped learning (Eager et al., 2014; Van Sickle, 2015);

. The syllabus and how the flipped course is implemented (Carney et al., 2015; Cilli-Turner, 2015; Lai & Hwang, 2016);

. The tasks that students are required to do, especially in out-of-class learning (Cilli-Turner, 2015; Palmer, 2015; Talbert,
2014).

DA WN =

Instructors can also demonstrate the learning activities for their flipped courses during the first few lessons. For example,
Kirvan et al. (2015) and Van Sickle (2015) played instructional videos during class time. In the lessons, they demonstrated

Flipped classroom
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Fig. 7. Framework for the flipped classroom design.
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Table 8
Overview of the design principles for the flipped classroom approach.

Theme Design principles Empirical rationale

Transition to  Principle 1: Manage the transition to the flipped classroom for
the flipped students
classroom  Principle 2: Manage the transition to the flipped classroom for
instructors

Student-related challenge: Unfamiliarity with flipped learning

Operational challenge: Students' lacking IT resources

Faculty challenge: Significant start-up effort

Faculty challenge: Not accustomed to flipping

Operational challenge: Instructors' lacking IT skills

Out-of-class Principle 3: Consider presenting introductory materials and Integrating new knowledge with existing beliefs: Preparing stu-
learning providing online support in video lectures dents for class

*
L 4
*
*
L 4
*

design 4 Student-related challenge: Unable to understand video content
& Student-related challenge: Unable to ask questions during out-of-
class learning
Principle 4: Enable effective multimedia learning by using # Sufficient time for task/practice: On-demand accessibility of video
instructor-created short videos lectures
& Faculty challenge: Ineffectiveness of using others' videos
4 Student-related challenge: Disengaged from watching videos
# Student challenge: Increased workload
Principle 5: Use online exercises with grades to motivate & Student-related challenge: Unpreparedness for pre-class learning
students' class preparation tasks
In-class Principle 6: Modify in-class teaching plans based on students'  Integrating new knowledge with existing beliefs: Adjustment to
learning out-of-class learning performance teaching based on pre-class analysis
design Principle 7: Activate students' pre-class learning by using a & Findings of meta-analysis: A structured formative assessment of
structured formative assessment such as a quiz at the start of pre-class learning at the start of face-to-face lessons promoted
face-to-face lessons student achievement
Principle 8: Require students to solve varied tasks and real- & Sufficient time for task/practice: More in-class time for important
world problems concepts/activities
Principle 9: Meet the needs of students through instructor & Real-time feedback: Instructor feedback
feedback and differentiated instruction & Sufficient time for task/practice: The use of differentiated
instructional activities
Principle 10: Facilitate peer-assisted learning through small- & Real-time feedback: Peer-assisted learning

group learning activities

some note-taking strategies and reminded their students to revisit the videos whenever necessary. If students forget to visit
the video lectures, instructors can send a reminder to them a day before the pre-class learning tasks are due (Schroeder et al.,
2013).

Three studies (i.e., Clark, 2015; D'addato & Miller, 2016; Chen et al., 2015) reported that a few students encountered
technical problems when accessing flipped learning materials. In this regard, instructors can extend their office hours in the
first few weeks to offer needed assistance for such things as setting up accounts, downloading materials, or submitting as-
signments (Kraut, 2015). Instructors can prepare extra IT resources (e.g., instructional DVDs or flash drives) for students who
do not have Internet access at home (Clark, 2015). D'addato and Miller (2016) reserved computer facilities on campus to
support the implementation of their flipped classrooms. In this way, even socioeconomically disadvantaged students can
benefit from flipped learning.

Principle 2. Manage the transition to the flipped classroom for instructors.

For mathematics instructors, the significant start-up effort was a major challenge when they changed their course format
to a flipped classroom. For example, Adams and Dove (2016) estimated that a total of 70 working hours was invested to flip
their undergraduate calculus course. In Talbert's (2015) experience, the time spent on producing an instructional video
roughly followed a 6:1 ratio (i.e., a 5-min video required 30 min of production time). In addition to the videos, various flipped
learning materials had to be prepared, such as online follow-up quizzes, in-class problems, and assessment tasks (Adams &
Dove, 2016; Grypp & Luebeck, 2015; McGivney-Burelle & Xue, 2013). Apart from their start-up effort, the instructors' un-
familiarity with this new instructional approach and their dearth of IT skills were barriers reported in the studies reviewed.

These challenges can be addressed by taking small steps in flipping (Grypp & Luebeck, 2015; Naccarato & Karakok, 2015;
Palmer, 2015) and working with other instructors (Carney et al., 2015; Naccarato & Karakok, 2015). First, instructors can
convert their courses progressively and produce a bearable amount of flipped learning materials in each semester. In this way,
they can gradually accumulate instructional resources and gain experience using the flipped classroom approach. Second, as
Carney et al. (2015) highlighted, there is a benefit to working as a team when preparing flipped courses. Instructors can, for
example, discuss their video production tips, activity ideas, and even teaching philosophies. This kind of knowledge sharing
can enhance their technique in implementing the flipped classroom approach.

6.2. Out-of-class learning design (Principles 3 to 5)

Principle 3. Consider presenting introductory materials and providing online support in video lectures.
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Eleven studies reported that some students did not understand the materials presented in the video lectures. As a result,
several mathematics instructors (e.g., Anderson & Brennan, 2015; Kirvan et al., 2015; Scott et al., 2016) had to re-teach the
concepts during class meetings. In addition, the inability to ask questions during out-of-class learning was a flipped classroom
challenge reported in 13 studies. Therefore, a deliberate selection of flipped content (Kuiper et al., 2015) and instructors’
online support (Bhagat et al., 2016) are essential to managing student problems during class preparation. As Scott et al. (2016)
stated, “some topics were easy to learn through video while others were too complex for students to understand” (p. 262).
Thus, instructors can consider covering the introductory materials for each topic through instructional videos, with the details
and more advanced content being handled inside the classroom (Anderson & Brennan, 2015; Carney et al., 2015; Cilli-Turner,
2015; Talbert, 2014; Wright, 2015). For example, Young (2015) introduced the definition of inverse functions and its asso-
ciated properties through instructional videos, but the more complicated materials (e.g., the proofs of the product and
quotient rules for differentiation) were presented during in-class mini-lectures. In this way, instructors can explain and
elaborate these materials in a more interactive environment and prevent students from having too many questions during
their independent study (Anderson & Brennan, 2015). In addition, instructors can provide support through online discussion
boards or other social networking sites (e.g., Twitter) in their flipped courses. These kinds of technologies also make it
possible for instructors and peers to provide timely feedback and assistance outside the classroom.

Principle 4. Enable effective multimedia learning by using instructor-created short videos.

Our findings suggest that it is more desirable to use instructor-created instructional videos as the primary instructional
materials in mathematics flipped classrooms, and to use existing resources such as the Khan Academy videos as supple-
mentary resources (Schwartz, 2014; Zack et al., 2015). From the instructor perspective, mathematics symbols and notations
inevitably vary among videos (Kuiper et al., 2015; Schwartz, 2014), and videos produced by others may not feature the host
instructor (DeSantis et al., 2015). Several studies have reported that students preferred their own instructor to a stranger in
the video lectures (Jungic et al., 2015; Palmer, 2015; Van Sickle, 2015; Zack et al., 2015). By using self-created videos, in-
structors can establish a cohesive relationship between their out-of-class and in-class learning activities (Carney et al., 2015;
Peterson, 2016; Van Sickle, 2015).

To produce instructional videos in mathematics, we suggest that instructors consider two main issues: the video's
duration and style. First, Mayer's (2014) cognitive theory of multimedia learning recommends dividing a long video into a
series of short video segments. According to Mayer (2014), breaking video lectures into short segments can reduce students’
cognitive load and thus facilitate student learning. In the reviewed studies, we found several instructors (e.g., Maciejewski,
2016; Saumier, 2016) who used the six-minute guideline of Guo et al. (2014) in their video productions. Guo et al. (2014)
analyzed 6.9 million video-watching sessions across four edX massive open online courses. They found that the duration
of the videos was the most significant predictor of engagement, and the median engagement time was six minutes. Their
findings suggest that instructors should keep each video within six minutes. In addition to the duration of individual videos,
the preliminary findings suggest that a total of 20—25 min for all combined video segments would be a bearable workload for
most students in flipped classrooms (Kennedy et al., 2015; McGivney-Burelle & Xue, 2013). Otherwise, they may feel over-
whelmed by the pre-class work requirements.

Second, we recommend using a write-while-speaking video style in mathematics flipped classrooms because the natural
motion of human handwriting is more engaging than static computer-generated fonts (Guo et al., 2014). To show the ma-
teriality of mathematics, Greiffenhagen (2014) argued that even a sequence of well-prepared slides might not be as effective
as a blackboard drawing that “makes visible the process of mathematical reasoning” (p. 521). Echoed in the research of flipped
learning, Ford (2015) recommended showing the mathematics process by “animating” (p. 374) the writing in videos. This kind
of instructional video could give students a step-by-step approach to a problem and thus enhance their learning (Grypp &
Luebeck, 2015; McGivney-Burelle & Xue, 2013; Muir & Geiger, 2016).

Principle 5. Use online exercises with grades to motivate students’ class preparation.

To promote student learning, students should have a chance to apply what they have learned and receive feedback (Gagné,
1985; Merrill, 2002). The use of online exercises allows students to apply the knowledge they have learned in video lectures.
Computerized feedback from these online exercises enables students to monitor their own learning progress so that they can
purposely review the video lectures to gain a deeper understanding (Petrillo, 2016; Wright, 2015). However, we found that
only about half (54.2%) of the flipped courses used online pre-class quizzes/exercises in students' out-of-class learning. In
future flipped classroom practice, we suggest providing online exercises with computerized feedback for student practice and
self-checking.

The use of pre-class online exercises that become a small portion of the students' course grade can also motivate them to
watch the video lectures (Eager et al., 2014; Kuiper et al., 2015; Scott et al., 2016; Van Sickle, 2015). Students' unpreparedness
for out-of-class learning tasks was a flipped classroom challenge reported in 14 studies. In some cases, more than 70% of the
students skipped the pre-class video lectures (Palmer, 2015). By using online exercises with grades, instructors can motivate
students to complete the assigned learning tasks before class and make their efforts accountable (Kennedy et al., 2015;
Talbert, 2014; Van Sickle, 2015).
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6.3. In-class learning design (Principles 6 to 10)

Principle 6. Modify in-class teaching plans based on students' out-of-class learning performance.

The flipped classroom approach enables the use of a data-driven decision-making process to design in-class learning
activities (Schroeder & Dorn, 2016). The out-of-class online exercises can serve as formative assessments providing infor-
mation for instructors to modify their teaching plans to meet the needs of their students (Black, Harrison, Lee, Marshall, &
Wiliam, 2003; Schroeder & Dorn, 2016). In response to students' out-of-class learning performance, Jungic¢ et al. (2015)
proposed four kinds of possible in-class follow-up actions: reviewing prior knowledge, reinforcing new concepts, modi-
fying individual activities, and revising the entire lesson. For example, some mathematics instructors (Jungic et al., 2015; Love
et al., 2014; Schroeder & Dorn, 2016) reviewed students' answers to the online exercises to determine the focus of upcoming
lessons. In the practice of Jungi¢ et al. (2015), the instructor prepared a list of in-class discussion questions centered around
students' misconceptions of their out-of-class learning. This data-driven teaching plan allowed the instructors to better
address the students’ difficulties and misunderstandings (D'addato & Miller, 2016; Schroeder & Dorn, 2016).

Principle 7. Activate students' pre-class learning by using a structured formative assessment such as a quiz at the start of
face-to-face lessons.

At the beginning of face-to-face lessons, we suggest that instructors use a structured formative assessment such as a quiz
to assess students' mastery of the out-of-class learning materials. McBride (2015) reported that having a quiz at the start of
face-to-face lessons improved attendance at class meetings in his flipped course. Most importantly, we found in our meta-
analysis that the use of a structured formative assessment at the start of face-to-face lessons significantly promoted stu-
dent achievement in mathematics flipped classrooms. By performing this assessment, students were prompted to recall and
apply the knowledge they had learned outside the classroom. According to Merrill (2002), the activation of their previous
learning experience facilitates students' learning because it lays a solid foundation for them to learn the new material pre-
sented inside the classroom. Further, the quiz results provide information on the students' readiness to assume the in-class
learning tasks (Kirvan et al., 2015). Based on student performance, instructors can decide whether to review the pre-class
video lectures or make adjustments to their in-class teaching plans (Talbert, 2015).

Principle 8. Require students to solve varied tasks and real-world problems.

Thirty studies reported that the flipped classroom approach benefited student learning because the instructors could
spend more in-class time handling important concepts or problem-solving activities. From a cognitive psychology
perspective, students learn better when they are engaged in solving problems (Mayer, 1992). Merrill (2002) recommended
that instructors require their students to apply their new knowledge and skills to solve a sequence of varied problems. The in-
class learning tasks of flipped classrooms should thus begin with a few basic exercises and progress to some challenging
problems (Eisenhut & Taylor, 2015; Petrillo, 2016; Van Sickle, 2015). In this way, the problem-solving activities can reinforce
and extend the content presented in the video lectures (Kennedy et al., 2015; Kirvan et al., 2015; McCallum et al., 2015; Strayer
et al,, 2015; Yong et al., 2015).

Merrill (2002) pointed out that engaging students in solving real-world problems helps to promote student learning.
Consistent with Merrill (2002), Tawfik and Lilly (2015) found that students were interested and motivated to learn when the
course materials were similar to real-world problems. However, we found that the use of real-world problems has not been
emphasized in all mathematics flipped classrooms. Based on the studies reviewed, we provide an example of using real-world
problems in calculus, algebra, and statistics (i.e., the three most common content areas) flipped classrooms:

@ Calculus (introductory differential equations course): Using differential equations to model real-world situations (Yong
et al., 2015).

@ Algebra (linear algebra course): Using least-squares methods to handle a system arising from real-world situations
(Talbert, 2014).

@ Statistics (statistical literacy course): Using real data and stories, and discussing materials from everyday life such as
advertisements, medical advice, and legislation (Gundlach et al., 2015).

Principle 9. Meet the needs of students through instructor feedback and differentiated instruction.

One widely reported benefit of flipped learning is its ability to free up more in-class time for individualized feedback from
the instructor (e.g., Bhagat et al., 2016; Larsen, 2015; Muir & Geiger, 2016; Van Sickle, 2015; Weng, 2015). Because certain parts
of the course materials are delivered outside the classroom, instructors can spend more time answering students' questions
when demonstrating difficult concepts or examples. Instructors can also circulate around the classroom to provide assistance.
For example, Clark (2015) offered individualized instruction to confirm students' understanding, clarify concepts, and direct
their further study; Strayer et al. (2015) scaffolded students’ mathematical thinking and supported their sense-making of
course materials.
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In addition to individualized feedback, differentiated instruction can be used to meet the other needs of students in flipped
classrooms (Chen, Yang, & Hsiao, 2016; Kuiper et al., 2015; Tawfik & Lilly, 2015). As Talbert (2015) explained, although some
students finish assigned learning tasks within minutes, underperforming students may even struggle with basic terminology.
Instructors can therefore prepare different levels of in-class learning tasks. For the high-achieving students, more challenging
questions can be provided to strengthen their learning (Talbert, 2015; Young, 2015). For the underperforming students, in-
structors can provide more simple exercises at the beginning of lessons to help them acquire the basic concepts (Anderson &
Brennan, 2015; Talbert, 2015).

Principle 10. Facilitate peer-assisted learning through small-group learning activities.

In this review, 33 studies reported on the benefits of peer-assisted learning. Topping and Ehly (1998) defined peer-assisted
learning as “the acquisition of knowledge and skill through active helping and supporting among status equals or matched
companions” (p. 1). They argued that although students could benefit from peer assistance, those who offered help could also
benefit because helping others stimulates cognition. In the context of flipped learning, some mathematics instructors (e.g.,
Love et al., 2014; Van Sickle, 2015) observed that students could gain a deeper understanding by explaining a problem or an
idea to their peers. Sometimes the students were even better than the instructors at explaining concepts in a way their peers
could understand (McCallum et al., 2015; Wright, 2015). Therefore, instructors should encourage their students to ask
questions and discuss them with their classmates (McCallum et al., 2015; Touchton, 2015).

In a peer-assisted learning environment, the students of Jungic et al. (2015) generally agreed that “[h]earing other students
explain their understanding of a problem helps [them] learn better” (p. 518) and that “[h]aving to explain [their] own un-
derstanding of a problem to other students helps [them] to learn better” (p. 518). The specific model that Jungi¢ et al. (2015)
used in their flipped courses was peer instruction (Crouch & Mazur, 2001). The peer instruction approach has also been
adopted in other flipped mathematics courses (e.g., Phillips & Phillips, 2016; Saumier, 2016; Talbert, 2014; Touchton, 2015).
Jungic et al. (2015) and Saumier (2016) provided detailed procedures showing how they implemented it. First, the instructor
posed a question for the students to work on independently. After a few minutes of individual thinking, the students sub-
mitted their answers through an electronic device (i.e., Clickers). If the rate of correct answers was unsatisfactory, the students
would be asked to convince, discuss, or seek help from their neighbors and then submit the answer again. If the rate of correct
answers upon re-submission was still unsatisfactory (e.g., lower than 80%), the instructor would give a hint or demonstrate
how to solve the problem. After that, the instructor would either move on to the next question or provide students with a
similar question so they could make another attempt. As Jungic et al. (2015) and Talbert (2014) noted, these kinds of activities
facilitated peer interactions and furthered the students' understandings. In their experience, the students' responses to the
questions usually converged to the correct answer following group discussion with minimal instructor input. Mathematics
instructors can thus consider using the peer instruction approach in flipped learning.

7. Conclusion

This review highlighted the need to improve mathematics teaching and learning. Whereas the flipped classroom approach
has become increasingly popular in mathematics education, we need empirically based principles rather than mere instructor
intuition to guide the design and implementation of flipped courses. A systematic literature review was conducted, aimed at
examining the effects of flipped learning, synthesizing the findings of how this instructional approach benefits student
learning, and identifying the challenges encountered in flipped mathematics courses. The results showed an overall signif-
icant effect in favor of the flipped classroom over the traditional classroom for mathematics education (Hedges' g = 0.298, 95%
CI1[0.16, 0.44]), with no evidence of publication bias. In addition, we found that the top three benefits reported were all related
to the students' in-class learning experiences, namely the instructor's individualized feedback, peer-assisted learning, and
more in-class time for important concepts/activities. Finally, we found that the students' unfamiliarity with flipped learning
and the instructors' significant start-up effort were the two major challenges to implementing flipped classrooms. Based on
the findings, we proposed a set of 10 design principles focusing on three aspects of flipped classroom practices, including the
transition to the flipped classroom, out-of-class learning design, and in-class learning design.

This review contributes to the literature by offering a rudimentary set of design principles for mathematics flipped
classrooms. All of the principles were established on the basis of relevant empirical evidence and aimed at addressing the
major challenges and highlighting the practices that could benefit student learning in mathematics flipped classrooms. This
set of principles provides insight for mathematics instructors wanting to offer a rigorously designed flipped classroom. For
example, Principle 6 suggests modifying in-class teaching plans based on students' out-of-class learning performance, which
had only been discussed in nine of the reviewed studies. In another example, Principle 7 recommends using a structured
formative assessment such as a quiz at the start of face-to-face lessons to assess and recall students' out-of-class learning.
Using these principles may enhance the effectiveness and efficiency of the flipped classroom approach. This set of design
principles thus provide a potential agenda for future research to examine the effect of the flipped classroom approach on
student learning and motivation. We hope mathematics instructors and instructors from other disciplines (e.g., science,
technology, engineering) adopt and test this set of principles in their educational contexts so that the generalizability of the
principles can be enhanced.
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8. Limitations and recommendations for future research

Before the principles proposed in this review are applied, several of its limitations must be acknowledged. First, although
we searched for publications across various databases, the articles included in this review largely focused on higher education
in the United States. Most of the research participants were undergraduate students from Western cultures. Therefore, one
should consider whether the principles are context-specific. Modifying or extending them may be necessary before applying
them to other educational contexts (e.g., secondary education in Asian countries).

Second, this review focused on a specific set of flipped classroom studies in which pre-class videos were provided (Bishop
& Verleger, 2013; EDUCAUSE, 2012) and class attendance was mandatory (He et al., 2016). To broaden the scope of review,
future studies can adopt other definitions of flipped learning (e.g., Flipped Learning Network, 2014) that do not specify in-
structors' technological choices or physical locations.

Third, although all of the proposed principles emerged from the studies reviewed and were supported by empirical ev-
idence, the quality and quantity of empirical support largely depended on the researchers' methodology and the focus of their
reports. For example, some studies (e.g., Jungic et al., 2015; Muir & Geiger, 2016; Sahin et al., 2015) relied on students' self-
reported data of out-of-class learning efforts instead of their online learning data. It is somewhat difficult to objectively
investigate student performance outside the classroom. In future research, we recommend that instructors use a learning
management system (e.g., Moodle, Blackboard) that can trace students' online behavior so that instructors can have a more
comprehensive understanding of how students learn in flipped courses.

Fourth, the dependent measures used in our meta-analysis included objective quantitative measures of mathematics
performance such as post-tests, final exams, or other standardized tests. Unfortunately, we cannot determine from our data
how many previous flipped classroom studies specifically “taught to the test” because no study explicitly mentioned it.

Apart from the limitations to this review, there are four limitations associated with the reviewed articles. First, the
duration of the existing studies was usually short and not more than one semester. Several researchers (e.g., Clark, 2015;
Guerrero et al., 2015; Haughton & Kelly, 2015; Phillips & Phillips, 2016) acknowledged that a possible novelty effect could
result in a short-term boost to student achievement and perceptions of flipped learning. Initially, students might be excited by
this new instructional approach (Guerrero et al., 2015; Haughton & Kelly, 2015). Clark (1983) argued that students' tendency
to pay increased attention to newer media could be a confounding variable of learning gains. As Guerrero et al. (2015)
observed, “[o]nce the novelty of the videos wore off, fatigue and boredom with the same instructional approach day after
day became a factor” (p. 827). Therefore, one should exercise caution when viewing our results because some of the effects
found in this review could be the result of novelty (Clark, 1983). Further research with a longer duration is needed to examine
the effects of flipped learning when students have more experience with it (Clark, 2015; Phillips & Phillips, 2016).

Second, although various studies have attempted to compare student achievement in flipped classrooms with traditional
lecture-based classrooms, about half have provided insufficient data for a meta-analysis. Specifically, several studies provided
only the letter grades of their research groups. Without detailed descriptive statistics, further quantitative analysis (e.g., effect
size) of these studies is unfeasible.

Third, students’ knowledge and skills acquired in flipped learning have not been adequately evaluated. Only two reviewed
studies (i.e., Kennedy et al., 2015; Kirvan et al., 2015) described and assessed some specific types of questions used (e.g.,
conceptual problems and computational problems). Future research can, for example, examine how flipped mathematics
learning may affect student performance in both near transfers and far transfers.

Fourth, the flipped classroom designs in the reviewed studies were not always clearly reported. We suggest that future
research provide more detail on flipped courses, including the duration (e.g., average, range) of the videos used, the time
allocation for different instructional activities (e.g., individual practices, small-group activities), the intensity of flipping (e.g.,
the percentage of course materials flipped, the exact duration of flipped courses), and the actual description of small-group
learning activities. Specifically, with regard to small-group learning activities, there has been no consensus about what
various activities actually meant in practice (Freeman et al., 2014). As a result, we could not really differentiate between
activities when the authors merely indicated the use of group discussion, in-class collaboration, or group problem solving,
without providing details on the actual tasks involved in the group activities (because group discussions, collaboration, and
problem-solving all involved discussion; and problem-solving can also be a form of collaboration). Therefore, the meta-
analysis in this review is limited, based on the information available in the reviewed studies.

Appendix A

Summary of the reviewed studies

Author(s) and Location Subject area (Grade level) Course Number of Major findings
year duration  students
Adams and USA Calculus T(UG) T semester TC = 41# FCwas not found to have any significant impact on students different
Dove (2016) (10 weeks) FC =20  from TC; students showed appreciation for FC and wished to take
more math courses that used it.
USA Calculus 1 (UG) 1 semester TC = 186#
FC = 126#

(continued on next page)
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Author(s) and Location Subject area (Grade level) Course Number of Major findings

year duration  students

Anderson and The quantitative analysis found moderate benefits to FC over TC; FC
Brennan students were more engaged and the instructors were able to give
(2015) students more individualized attention.

Bhagat et al.  Taiwan Trigonometry (HS) 6 weeks TC =41 FC students had significantly higher learning achievement and
(2016) FC =41 motivation than TC students; the performance of low achievers in FC

was better than those in TC.

Braun et al. Germany Course I (Algebra) (UG) 6 lessons FC = 190# FC students appreciated the increased amount of practice in the

(2014) TC = 116# classroom and the possibility of learning at their own pace; exam
Course III (Calculus) (UG) 3lessons FC=19 performance remained constant in the topics taught using FC

Carney et al.  USA
(2015)

Chen et al.
(2015)

Chen et al.
(2016)

Cilli-Turner USA
(2015)

Clark (2015)  USA

D'addato and USA
Miller
(2016)

DeSantis et al. USA
(2015)

Dove and Dove USA
(2015)

Eager et al. USA
(2014)

Ford (2015) USA

Grypp and USA
Luebeck
(2015)

Guerrero et al. USA
(2015)

Gundlach et al. USA
(2015)

Haughton and USA
Kelly (2015)

Ichinose and

TC = 536# FC

FC = 133#
had

Taiwan

Taiwan

students

Introductory linear algebra

(UG)

Introductory linear algebra

(UG)

Introductory statistics (UG)

Precalculus (HS)

Introductory statistics (UG)

Algebra I (HS)

Mathematics (ES)

Geometry (HS)

Mathematics Content for

Teachers I (UG)

Mathematical biology (UG)

Math content courses for pre-
service elementary school

teachers (UG)
Calculus (HS)

Finite Math (UG)

Statistics literacy (UG)

Introductory business statistics

(UG)

Clinkenbeard (2016)

consistently higher levels of
achievement throughout the
course than TC students; FC
students reported greater gains

1 semester FC = 159#

(15 weeks)
1 semester
(10 weeks)
1 semester FC = 45
(16 weeks)

5 weeks FC =632

1 semester TC = 56#

FC = 78#
7 weeks  TC = 40#
FC = 42#

Appeared FC =27
to be half
year

TC = 21
FC =26

1 lesson

1 semester TC = 27
FC =35

1 semester FC = 48#
(14 weeks)

1 semester FC = 32
(16 weeks)

3 weeks FC=21

1 semester TC = 37
FC =39

1 semester TC = 330

(16 weeks) FC = 56
0S =74

1 semester TC seems

to be ~380

FC seems

to be ~200

USA Algebra
(UG)

compared to TC.

FC students had generally positive responses; most students believed
that the videos helped them understand new and confusing concepts
and helped them prepare for class, and they found the format
enjoyable.

Cooperative learning was an effective instructional strategy in FC;
individual levels of support should be provided in FC.

Feelings predicted the final grades for males, whereas the course
design predicted the final grades for females; even when females and
males showed interest in different topics, they performed equally
well.

Course grades improved significantly when the course was taught
using FC; however, the majority of students did not enjoy FC or they
preferred TC.

FC students responded favorably to FC, experienced an increase in
their engagement and communication, recognized improvements in
the quality of instruction and the use of class time; no significant
changes in terms of academic performance were demonstrated
between FC and TC.

FC shifted the role of the teacher to become a classroom facilitator; FC
created an engaging instructional environment, which afforded
students the opportunity to experience a greater sense a
responsibility over their learning process; parents responded to FC in
mixed ways.

No significant differences in the learning outcomes between TC and
FC students; TC students reported significantly higher satisfaction
with their own learning than those in FC.

Both TC and FC had significantly decreased mathematics anxiety
scores; FC showed significantly higher overall achievement in overall
course grades; the post-course math anxiety was significantly
negatively correlated with the overall course grades in TC, whereas
no correlational relationship was found for FC.

FC students performed well in the course and their appreciation for
FC increased as the semester progressed; the mean and median final
grades for the class in spring 2014 cohort were 83% and 89%
respectively.

Compared to TC, more senseful explanations carried over to FC
students' performance on their final exams; the instructor received
high ratings on teaching evaluations in FC.

FC could create meaningful calculus lessons and at-home
assignments while meeting curriculum goals; students could
successfully learn challenging material through FC; FC students felt
supported in their mathematics learning.

FC allowed instructors to repurpose class time for more student-
centered interaction and problem solving; FC had positive effects on
student attitudes toward mathematics, but had no significant impact
on student learning over TC.

TC students scored higher on average on all three exams, but there
were no significant differences among groups on homework,
projects, or university evaluations of the course or instructor.

FC students performed better on the common final exam; however,
there were no significant differences in the final grades or student
satisfaction between TC and FC.

1 semester (16 weeks)



(continued )

CK. Lo et al. / Educational Research Review 22 (2017) 50—73 69

Author(s) and
year

Location

Course
duration

Subject area (Grade level) Number of Major findings

students

Jungic et al.
(2015)

Kennedy et al.
(2015)

Kirvan et al.
(2015)

Kraut (2015)

Kuiper et al.
(2015)

Lai and Hwang
(2016)

Larsen (2015)

Love et al.
(2014
2015)

Maciejewski
(2016)

McBride
(2015)

McCallum et al.
(2015)

McGivney-
Burelle and
Xue (2013)

Muir and
Geiger
(2016)

Murphy et al.
(2016)

Ogden (2015)

Overmyer
(2015)

Canada

USA

USA

USA

USA

Taiwan

Canada

USA

New
Zealand

USA

USA

USA

Australia

USA

USA

USA

in affective variables related to
mathematics than TC students.

Calculus 1 (UG)

Calculus 2 (UG)

Calculus II (UG)

Algebra (HS)

Introductory statistics (UG)

Interdisciplinary data analysis

(UG)

Introductory statistics (UG)

Introduction to business

statistics (UG)
Mathematics (ES)

Mathematics upgrading (Adult

Education)

Applied linear algebra (UG)

Calculus (UG)

Calculus 1 (UG)
Precalculus (UG)

Introduction to statistics (UG)

Calculus with Precalculus I

(UG)

Calculus with Precalculus II

(UG)

Calculus II (UG)

Mathematics (HS)

Linear algebra (UG)

Algebra (UG)

Algebra (UG)

1 semester FC = 682# FC encouraged students to take a more active role in the learning

(12 weeks)

1 semester FC = 256#

(12 weeks)

1 semester TC = 86#

FC = 87#
1 topic TC =25
FC =29

1 semester FC = ~25

1 semester FC = 20

(14 weeks)

1 semester FC = 30

(15 weeks)

1 semester FC = 25

(14 weeks)

4 weeks FC =124
SRFC = 20

1 semester FC = 25
(14 weeks)

1 semester TC = 28
FC =27

process before and during class time, including interactions among
students and between students and the instructor; with a pre-class
quiz and in-class clicker questions, instructors were able to address
misconceptions immediately as they arose.

TC students significantly outperformed FC students on conceptual
portions of some exams; the overall Motivation score for FC students
significantly dropped from the pre-test to the post-test; there was an
increase in both the rehearsal score and peer learning score for FC
students.

There were comparable statistically significant learning gains in both
TC and FC; explicit attention to the substance of FC videos and in-
class activities was needed to shift the instructional focus from
procedural to conceptual understanding.

FC promoted confidence-building, a feeling of success and personal
growth; FC delivered considerably more than foundational
knowledge of statistics, helping students find a new approach to
learning how to learn.

Successful FC incorporated collaborative work that created space to
experiment and struggle with deep concepts; FC students had an
increased interest in statistics, thought more deeply about the
concepts and were better at transferring knowledge to real-world
situations.

The post-test score of SRFC was significantly higher than FC;
integrating the self-regulated strategy into FC could improve
students' self-efficacy in addition to their planning strategies and use
of study time, thereby promoting their learning achievements.

FC could bifurcate student interaction into two types: completely
engaged and self-paced; key interrelated factors in this bifurcation
included adoption of cognitive autonomy support, goal orientation,
and attendance.

FC students experienced a more significant increase between the
sequential exams compared to TC students but performed similarly
in the final exam; FC students were very positive about their
experience in the course and appreciated the student collaboration
and instructional video components.

1 semester TC = 222# FC students on average outperformed TC students on the final exam
FC = 650# by approximately 8%; those with high basic mathematical ability and

1 semester FC = 65
1 semester FC = 20
1 semester FC = 62

1 semester FC = 25

(16 weeks)

1 semester FC = 26

(16 weeks)

1 unit TC=129
FC =31

Appeared FC =27

to be 1

year

1 semester TC = 40
FC =37

1 semester FC = 117#

low initial calculus knowledge were the true beneficiaries of FC.
PowerPoint slides, videos, applets, and other online tools were things
that FC students were more willing to spend time with; there was an
amazing transformation in FC students over a short period of time;
they did better and were more engaged with FC.

FC students' academic involvement was seen through note taking,
viewing video lectures, active in-class learning and collaboration;
peer-to-peer and student-faculty engagement were essential to
relationship building, peer learning, and meaningful involvement
with faculty.

The average score for FC students in the flipped unit (application of
integration) was four points higher than the average score for TC
students; FC students appreciated the way class time was used.
The teacher and students were positive about their experiences with
FC; students were motivated to engage with the teacher-created
online mathematics resources.

FC students performed better in the overall comprehension of
content with a 21% increase in the median final exam score; FC
students felt more confident in their ability to learn mathematics
independently, showed better retention of materials over time, and
enjoyed the FC experience.

FC students felt that the teaching approach enabled them to ask more
questions in class, the course components worked together to foster
increased student learning, and the course design facilitated self-
paced instruction.

1 semester TC = 165# For the FC instructors who had experience with inquiry-based and
FC = 136# cooperative learning methods, their sections had significantly higher

(continued on next page)
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Author(s) and Location

year

Subject area (Grade level)

Course

duration  students

Number of Major findings

Palmer (2015) USA

Peterson USA
(2016)

Petrillo (2016) USA

Phillips and USA
Phillips
(2016)

Rufatto et al.  USA
(2016)

Sahin et al. USA
(2015)

Saumier Canada
(2016)

Schroeder and USA
Dorn (2016)

Schroeder USA
et al. (2013)
Schroeder USA
et al. (2015)
Schwartz USA
(2014)
Scott et al. USA
(2016)
Strayer et al.  USA
(2015)
Talbert (2014) USA
Talbert (2015) USA
Tawfik and USA
Lilly (2015)
Touchton USA
(2015)
USA

Calculus I (UG)

Introductory statistics (UG)

Calculus I (UG)

Business statistics (UG)

Mathematics and its

applications (UG)

Calculus (UG)

Multivariable calculus (UG)

Calculus I (UG)

Precalculus with trigonometry

(UG)
Calculus II (UG)

Discrete Math II (UG)

Calculus I (UG)

Statistics (Doctorial)

Calculus 2 (UG)

Precalculus (UG)

Linear algebra (UG)

Transition-to-Proof (UG)

Psychological statistics (UG)

Advanced statistics (UG)

Algebra (UG)

1 semester FC =17

1 semester TC = 19
(10 weeks) FC = 24

1 semester TC = 70#
FC = 105#

1 semester TC = 35
FC =33
1 semester Not

reported

3 lessons FC =96

1 semester TC = 102
FC =52

1 semester FC = 23

6 lessons FC = 28

1 chapter Not
reported

1 semester FC = 16

(14 weeks)

1 semester TC = 49#
FC = 63#

1 semester FC = ~12

1 semester TC = 45#
(14 weeks) FC = 51#
1 semester FC seems

to be ~28

1 semester FC seems

to
be > 100

1 semester TC = 939#
FC = 39#

1 semester FC = 24
(16 weeks)

1 semester TC = 40
FC =43

1 semester

common final exam scores than TC; otherwise, no significant
difference was found.

60% of the students preferred FC; there was no significant difference
between FC and TC students in subsequent course (Calculus II)
grades; there was no association between their grades and learning
styles or between their preferences and personalities.

FC students outperformed TC students by more than a letter grade on
the final exam; FC students were more satisfied with the course
overall; the result was probably due to the strong cohesion between
the in-class and the out-of-class content.

There were positive and substantial effects of the flipped course on
failure rates, scores on the common final exam, student opinion of
calculus, teacher impact on measurable outcomes, and success in
second-semester calculus.

Student response to FC was somewhat bimodal. Comprehensive final
exam grades in FC were significantly higher on average by almost
one full letter grade and course pass rates also rose.

An analysis of course grades indicated an increased performance for
FC students; there were mixed feelings about FC; FC required
students to complete more preparation work before coming to class,
which was unnatural to them.

Students preferred watching videos (44%) to reading from textbooks
(17%); students achieved significantly higher quiz scores in the
flipped lessons than the non-flipped; 83% of the students stated that
the flipped lessons better prepared them.

The appreciation and effectiveness of choice in videos (a traditional
lecture speed and a shorter version where the instructor commented
on prewritten text and figures) were positive; FC students felt more
engaged and did not perceive an increase in their workload.
Modifications to FC lessons based on formative assessments fell into
four different categories: review of prior knowledge, reinforce new
concepts, modify individual activities, revise entire lesson; student
survey data largely echoed the positive impact of such changes.
The positive effects of FC were generally independent of the students'
abilities and the topics being studied; FC students worked on
mathematics more attentively for longer periods of time than before;
FC students valued the close attention given to them by instructors.

FC students performed better than TC students on the common final
exam,; a follow-up examination of the subsequent course (Calculus II)
grades suggested the benefits from enrolling in FC extended into
performance in the course.

FC was highly effective at supporting Ph.D. nursing students' learning
of statistical materials; the improved efficiency to the use of
classroom instructional time was of great importance.

FC students had similar content knowledge gains to TC students; the
use of online homework and in-class quizzes were critical motivating
factors that likely contributed to increased student performance.
One of the greatest pedagogical affordances of FC appeared when
instructors garnered information from students; instructors could
identify gaps in students’ understandings or misconceptions, when
they could probe during the next class.

69.8% of the students indicated they preferred FC because the daily
homework, which had previously been given as an out-of-class
assignment, was converted to an in-class assignment.

The motivated strategies for the learning questionnaire (MSLQ) data
between TC and FC were inconclusive; a marginal decrease in non-
passing grades and a marginal increase in the top grades occurred
with FC.

FC students had positive perceptions regarding the problem-based
learning experience and described themselves as motivated to solve
the ill-structured problems; FC supported the learners in different
ways compared to other forms of scaffolds; on-demand access to the
videos was important to answer questions when the instructor was
not present.

FC gave students a statistically significant advantage in difficult,
applied areas emphasized in class; FC students said they learned
more and enjoyed the course more than TC students.
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(continued )
Author(s) and Location Subject area (Grade level) Course Number of Major findings
year duration  students
Van Sickle TC =54# FC students achieved higher scores than TC students in the final
(2015, FC = 58# exam; however, their perception of a number of measures decreased
2016) significantly, including how interested they were in the course and

Weng (2015) USA

Wright (2015) USA

Yong et al. USA
(2015)

Young (2015) USA

Introduction to mathematical

thinking (UG)
Linear algebra (UG)

Introductory differential

equations (UG)

Calculus I (UG)

1 semester TC = 63#
(15 weeks) FC = 62#
1 semester Not

reported
Half TC = 90#
semester FC = 86#
(7 weeks)

1 semester FC seems
to be 33#

whether the instructor effectively facilitated learning.

The learning outcome in FC was better than TC; student satisfaction
with FC was high.

FC enabled the instructor to work with individuals and small groups
of students, customizing the questions and examples for students,
while keeping the large class on the same track.

Pre-test and post-test assessments showed no differences between
FC and TC; there were no statistically significant differences between
TC and FC in terms of attitudes toward STEM and motivation
strategies for learning the questionnaire (MSLQ) data.

The instructor was able to better serve the students without strong
math backgrounds, while still challenging those who had stronger
backgrounds; there were low-cost choices, in terms of money and
faculty time, that made flipping a course manageable for a single
instructor.

Zack et al. USA Finite Math (UG) 1 semester Not No statistical difference was found in the test scores of FC and TC
(2015) reported students; qualitative data indicated potential problems with
Precalculus (UG) 1 semester Not implementing FC; many FC students had negative opinions of FC and
reported their attitudes toward math tended to decline in general.
Business calculus (UG) 1 semester Not
reported
Calculus 1 (UG) 1 semester Not
reported
Ziegelmeier USA Calculus I (UG) 1 semester TC =23  Students in both TC and FC scored similarly on the graded
and Topaz FC =22  components of the course; the majority of students were
(2015) comfortable with the format of each section.

# total number of students from multiple sections or cohorts.
ES: elementary school; FC: flipped classroom; HS: High school; OS: Online study; SRFC: self-regulated flipped classroom; TC: traditional classroom; UG:
undergraduate.
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