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Abstract
Educational applications (apps) are ubiquitous within 
children's learning environments and emerging evi-
dence has demonstrated their efficacy. However, 
it remains unclear what the active ingredients (ie, 
mechanisms), or combination of ingredients, of suc-
cessful maths apps are. The current study developed 
a new, open- access, three- step framework for as-
sessing the educational value of maths apps, com-
prised of type of app, mathematical content and app 
design features. When applied to a selection of avail-
able maths apps previously evaluated with children in 
the first 3 years of school (the final sample included 
23 apps), results showed that practice- based apps 
were the most common app type tested (n = 15). 
Basic number skills, such as number representation 
and relationships, were the most common area of 
mathematics targeted by apps (n = 21). A follow- up 
qualitative comparative analysis showed observed 
learning outcomes with maths apps were enhanced 
when apps combined the following: a scaffolded and 
personalised learning journey (programmatic level-
ling) and explanations of why answers were right or 
wrong (explanatory feedback), as well as praise, such 
as ‘Great job!’ (motivational feedback). This novel evi-
dence stresses the significance of feedback and lev-
elling design features that teaching practitioners and 
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INTRODUCTION

Educational applications (apps) are interactive software designed to support learning and 
are primarily used on a hand- held touch screen tablet or smartphone device. These tech-
nologies are ubiquitous within children's school and home learning environments. In the 
United Kingdom, over 94% of children own or have access to touchscreen tablet devices. In 
other countries, such as South Africa, children are also more likely to have access to a tablet 
device, compared to a laptop or television (Marsh et al., 2020). Since the Covid- 19 pan-
demic, the use of educational apps has increased with the aim to support learning and raise 
educational attainment (Department for Education, 2021a; Ofcom, 2020). However, with 
approximately 100 new apps for young children released every year since 2016 (Kanders 
et al., 2022), determining whether or what kind of apps provide a high- quality learning expe-
rience remains a significant challenge.

A recent systematic review identified 77 educational maths apps, which have been pre-
viously evaluated across 50 studies with children in the first 3 years of compulsory school 

other stakeholders should consider when deciding 
which apps to use with young children. Directions for 
future research are discussed.

K E Y W O R D S
early years, iPad, mathematics

Practitioner notes

What is already known about this topic
• Educational apps have been shown to support maths attainment in the first 3 years 

of school.
• Several existing frameworks have attempted to assess the educational value of 

some of these maths apps.
• Emerging experimental evidence also demonstrates the benefits of specific app 

design features, including feedback and levelling.

What this paper adds
• Practice- based maths apps are the most common type of app previously evalu-

ated with young children.
• These evaluated maths apps have mostly focused on basic number skills.
• The combination of explanatory and motivational feedback, with programmatic 

levelling (either dynamic or static), was a necessary condition for enhancing learn-
ing outcomes with maths apps.

Implications for practice and policy
• The inclusion of feedback and levelling in maths apps should be considered by 

app developers when designing apps, and by educational practitioners and par-
ents when deciding which apps to use with their children.

• Further consideration is also needed for the development of educational apps that 
include a broad range of maths skills.
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    | 3ANALYSIS OF MATHS APPS

(Outhwaite et al., 2023). Overall, the studies predominately reported greater learning out-
comes for children using the evaluated maths apps, compared to a range of control condi-
tions. While this systematic review addressed if educational maths apps can be an effective 
learning tool, it remains unclear what the active ingredients (ie, mechanisms), or combina-
tion of ingredients, of successful maths apps are. To examine how different maths apps 
work, the underpinning pedagogy and app design features need to be examined (Griffith 
et al., 2020) and linked to the observed learning outcomes (Outhwaite et al., 2019).

The need to develop a new content analysis framework

To date, only one systematic review on educational apps (maths and literacy) has attempted 
to consider the potential relationships between the app design features and observed learn-
ing outcomes. Kim et al. (2021) scored 36 identified apps in their systematic review using 
five questions based on Hirsh- Pasek et al.'s (2015) theoretical framework. This framework 
proposed that high- quality educational apps should include active, engaged, meaningful 
and socially interactive learning with a specific learning goal. Questions included, ‘do activi-
ties promote meaningful learning?’, which were then rated on a 3- point Likert scale, from 
‘low (app contains many features that distract from learning)’ to ‘high (app promotes concep-
tual mastery that is consistently connected to a broader learning context)’ (Kim et al., 2021, 
p. 4, Supporting Information). Moderation analyses showed no relationship between the 
quality of app score and the learning gains in the reported meta- analysis.

However, the questions used to assess the apps did not include specific app design 
features. For example, feedback, levelling, social interaction, task instruction, meaningful 
learning and solving problems are all prevalent across existing frameworks on the educa-
tional values of apps (Callaghan & Reich, 2018; Herodotou, 2021; Kolak et al., 2020; Meyer 
et al., 2021; Papadakis et al., 2017) (see Table S1). Of these specific app design features, 
feedback and levelling have been shown to be particularly important components of app- 
based instruction (Callaghan & Reich, 2021; Vanbecelaere et al., 2021).

Feedback in educational apps

Feedback within educational maths apps can be defined as immediate responses from the 
app, based on the actions, input and performance of the user (Tucker, 2015). Feedback 
can be understood according to its explanatory and motivational components. Explanatory 
feedback within the apps provides the user with an explanation of why their answer is cor-
rect/incorrect. Motivational feedback provides general feedback to the user such as ‘You did 
it!’ or ‘Great job!’ but is not directly associated with the answers or performance of the user 
(Herodotou, 2021).

Research shows children made more deliberate decisions while using educational apps 
with explanatory feedback, compared to a no feedback condition, where more trial- and- error 
responses were observed (Blair, 2013). Further experimental evidence shows preschool- 
aged children who received explanatory verbal feedback, made significantly fewer errors 
during a novel practice- based mathematics sorting game compared to children who re-
ceived motivational non- verbal feedback (eg, cheering sound effects). Motivational verbal 
feedback (eg, ‘Great job!’) did not increase performance accuracy compared to other forms 
of feedback. However, the effect of explanatory, verbal feedback was no longer observed 
after increased engagement with the maths app (Callaghan & Reich, 2021). This is consis-
tent with other studies demonstrating that once children can complete a learning task, the 
requirement for detailed feedback is reduced (Bartoschek et al., 2013).
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4 |   OUTHWAITE et al.

Levelling in educational apps

Levelling can be defined as tailoring learning content so that it accounts for and builds on 
children's prior knowledge and progression (Hsin & Wu, 2011; Magliaro et al., 2005). This 
can provide meaningful and accessible challenges, just beyond the child's current ability 
level (Inal & Cagiltay, 2007; Masterman & Rogers, 2002), in the zone of proximal develop-
ment (Vygotsky, 1978).

Levelling can be implemented in educational maths apps in three ways: (1) participa-
tory free form, (2) programmatic static and (3) programmatic dynamic (Kucirkova, 2018; 
Vandewaetere & Clarebout, 2014). Participatory free form levelling refers to apps that pro-
vide a suggested but not enforced sequence of learning content (Kucirkova, 2018). Evidence 
suggests young children can benefit from this form of levelling (Schenke et al., 2020), as 
they have greater agency and can be guided by their own interests. However, there is the 
risk that children may choose content that is too easy and thus hinder learning efficiency.

In contrast, programmatic levelling places children on a scaffolded and personalised 
learning journey. In programmatic static levelling, the learning content is tailored to a child 
based on an initial attainment assessment or is preselected by an adult. In programmatic 
dynamic levelling, the presented learning content is adapted in response to a child's per-
formance while using the app (Vandewaetere & Clarebout, 2014). Experimental evidence 
shows app- based learning tasks were completed quicker and with increased accuracy when 
learning tasks gradually increased in difficulty (ie, programmatic levelling), compared to a 
non- strategic sequence of learning activities (ie, participatory free form levelling) (Callaghan 
& Reich, 2021; Hooshyar et al., 2018). Further research has found no overall group differ-
ences between dynamic and static forms of programmatic levelling in app- based instruction, 
but some individual differences were observed. Lower ability children appeared to benefit 
most from the predetermined and structured trajectory in the programmatic static levelling 
condition, whereas higher ability children thrived in the programmatic dynamic levelling con-
dition. This is most likely due to the opportunity for higher ability children to skip learning 
content that had already been mastered, and thus, the app was able to provide more chal-
lenging content (Vanbecelaere et al., 2021).

Existing frameworks for the educational value of apps

Many existing frameworks assessing the educational value of apps have been devel-
oped. For example, Herodotou (2021) took a bottom- up approach and identified, through 
a literature review, app features that may facilitate or hinder learning across different 
subject areas including main figure (eg, a character or figure included in the app that 
communicates objectives, introduces concepts and models responses to activities), feed-
back, instructions, highlighting information, constraints (eg, restricting certain interac-
tive features or limiting options), linking multiple representations, experimentation, as 
well as other features such as progression, sounds and language (Falloon, 2013; Moyer- 
Packenham et al., 2016). The proposed framework by Herodotou (2021) was then ex-
panded through the observational study of 17 children using one practice- based maths 
app (Moose Math), which emphasised the importance of feedback, experimentation and 
learning theories in app design.

In contrast, other frameworks have been developed based on developmental and learning 
science theory (eg, Hirsh- Pasek et al., 2015) and thus adopted a top- down approach to cod-
ing (Callaghan & Reich, 2018; Kolak et al., 2020; Meyer et al., 2021; Papadakis et al., 2017). 
For example, Meyer et al. (2021) designed a detailed coding scheme and scoring system 
based on Hirsh- Pasek et al.'s (2015) four- pillar theoretical framework, which includes an 
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    | 5ANALYSIS OF MATHS APPS

emphasis on off- screen social interaction. However, many of the items included in these 
frameworks are biased towards certain types of apps (see Kay & Kwak, 2018). For exam-
ple, Meyer et al. (2021) list off- screen social interaction as a key component for successful 
outcomes. But this is a predominate feature of parent- based apps (eg, Bedtime Math) and 
is not aligned to the design principles of other types of apps, such as practice- based and 
game- based apps, which are typically designed to be individually used by the child. As 
such, when using this scoring scheme, parent- based apps will inherently gain a higher score 
compared to other types of apps. This is problematic, as no intervention studies to date have 
directly compared the learning outcomes of these different types of apps with these features 
(see Outhwaite et al., 2023). Thus, it is currently unknown whether this distinction between 
face- to- face interaction and in- app character engagement is appropriate within the context 
of app- based instruction.

A similar issue is also present in Kolak et al.'s (2020) framework, with the inclusion of 
the storyline items, which are a key component of game- based apps and are less relevant 
to other types of apps. To develop unbiased conclusions about the potential mechanisms 
underpinning learning outcomes with app- based maths instruction, it is important to develop 
framework items that are applicable to the different types of maths apps.

Overall, within the previous research examining the educational value of apps (Callaghan 
& Reich, 2018; Herodotou, 2021; Kolak et al., 2020; Meyer et al., 2021; Papadakis et al., 2017), 
it is assumed that all app design features, such as feedback and levelling, are equally im-
portant and combine in equivalent ways. However, some app design features may be neces-
sary, sufficient or inconsequential. As such, the associated scoring systems within many of 
these frameworks are not suitable for making meaningful connections to intervention study 
outcomes. Therefore, a new framework for evaluating the educational value of maths apps 
is needed that affords more nuanced approaches and analyses to understand how specific 
maths app features interact (or not) with each other and support learning.

Current study

To address these limitations, the current study used a new three- step framework that extends 
the breadth and depth of previous research (ie, Callaghan & Reich, 2018; Herodotou, 2021; 
Kolak et al., 2020; Meyer et al., 2021; Papadakis et al., 2017) to examine: (1) the type of app, 
(2) mathematical content and (3) app design features of educational maths apps that have 
been evaluated in previous research. Specifically, the current study builds on the systematic 
review reported by Outhwaite et al. (2023) on educational maths apps with young children 
aged 4– 7 years in the first 3 years of compulsory school. The current study addresses two 
research questions (RQs). First, this study asked, what type of apps, mathematical content 
and app design features have been included in maths apps previously evaluated? (RQ1). 
Using content analysis methods, the current study combined top- down (deductive) and bot-
tom- up (inductive) approaches to answer RQ1. This enabled the current study to build on 
existing frameworks and ensure other app features, not currently included in existing frame-
works, were also captured.

Second, this study asked, which app design features, or combination of design features, 
underpin children's learning outcomes with maths apps? (RQ2). To address the limitations 
of previous frameworks, the current study used a qualitative comparative analysis (QCA). 
QCA is an evidence synthesis approach, which is designed to identify configurations of fac-
tors (eg, app design features) that may be associated with a given outcome (eg, enhanced 
learning outcomes) (Thomas et al., 2014). It is a useful tool for synthesising components 
of complex interventions, where there are a limited number of evaluation studies identified 
through a systematic review, combined with a relatively large number of possible factors 
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6 |   OUTHWAITE et al.

that may influence the observed outcomes. Unlike previous moderation analysis (eg, Kim 
et al., 2021), QCA does not rely on a linear additive model. Instead, QCA seeks to examine 
how multiple possible factors can contribute to the observed outcomes, and so identifies 
‘causal recipes, not net effects’ (Thomas et al., 2014, p. 4).

METHODS

The current study builds on the systematic review reported in Outhwaite et al. (2023). A 
systematic search of academic and grey literature identified 50 studies that have evalu-
ated 77 educational maths apps with 23,981 children in the first 3 years of compulsory 
school, across 18 countries. A narrative synthesis of this evidence highlighted that most 
studies evaluated the selected maths app(s) with typically developing children (n = 43) 
within a randomised control trial or quasi- experimental design (n = 33). Most studies 
found some positive benefits on mathematical learning outcomes (n = 46). The current 
study expanded on this evidence by examining the underpinning pedagogy of the identi-
fied apps (RQ1) and assessing how app design features may combine to support learning 
outcomes (RQ2).

The current study protocol was preregistered on the Open Science Framework (osf.io/
pzkmh) and ethical approval was granted by the IOE ethics committee (REC 1376).

Inclusion criteria

For the purposes of this study, an educational app was defined as interactive software pri-
marily used on a hand- held touch screen tablet or smartphone device. The current study 
focused on children in the first 3 years of compulsory school.

To be eligible for inclusion in the content analysis, the maths apps identified in the system-
atic review Outhwaite et al. (2023) had to meet the following criteria:

• An app needed to be the individual focus of an intervention study that had mathematical 
attainment as the primary outcome measure, which was measured before (pre- test) and 
after (post- test) the intervention period. If multiple apps were included in one study, the re-
sults needed to be reported separately for each app, or app- specific learning data needed 
to be provided by the lead author of the study, following communication from the research 
team.

• Additionally, apps needed to be commercially available and accessible for download from 
the Apple and/or Google Play store(s) in the United Kingdom. If the app was not com-
mercially available (eg, it has been developed by a research team for the purposes of the 
study), the lead author was contacted to request access. Access to the apps was required 
for later coding (see below).

App screening

As shown in Figure S1, of the 77 apps identified in the systematic review (Outhwaite 
et al. 2023), 23 apps met the eligibility criteria (references included in Supporting Information). 
Thirty- three apps identified in the systematic review could not be linked to learning out-
comes for the content analysis. This was the result of the apps being included in interven-
tions with multiple apps and the respective effect of each not being disaggregated (eg, Parks 
& Tortorelli, 2020). The remaining 21 apps were excluded due to: the app was unavailable 
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    | 7ANALYSIS OF MATHS APPS

and no response was received from the lead author/app developer when emailed to request 
access (including two follow- up emails) (n = 7), the app was no longer available (n = 6), the 
app was unavailable on the Apple or Google Play stores in the United Kingdom (n = 6) and 
the app was not available in English (n = 2).

App coding

Each of the included apps (n = 23) was then coded following a three- step process: (1) the 
type of app, (2) the mathematical content covered by the app and (3) the design features. 
This three- step coding process was designed to extend the breadth and depth of previ-
ous research (ie, Callaghan & Reich, 2018; Herodotou, 2021; Kolak et al., 2020; Meyer 
et al., 2021; Papadakis et al., 2017) and the details are outlined below.

Type of app

First, the 23 apps were classified by type. This was based on Kay and Kwak (2018) taxon-
omy of different types of educational apps. While these categories were exclusive (ie, there 
was no overlap across the different categories), they were not exhaustive (ie, the catego-
ries did not cover all types of educational apps currently available); an important feature of 
qualitative coding (Braun & Clarke, 2006). As such, the taxonomy was expanded to include 
parent- based apps (see Table 1).

Mathematical content

Second, the mathematical content within the 23 included apps was catalogued, based on 
four areas of mathematical development relevant to the first 3 years of school: (1) number 
representation and relationships (11 description points including transcoding, number bonds 
and number line estimation), (2) counting (7 description points including one- to- one cor-
respondence, cardinality and skip counting), (3) arithmetic (10 description points including 
addition, subtraction and arithmetic symbols and language) and (4) shape, patterns and 
measurement (10 description points including working with patterns, shape recognition and 
sequence of events) (see Table S2).

These four initial categories and their description points were developed based on current 
theories of mathematical development, which highlight the importance of a range of specific 
maths skills (Butterworth, 2005; Clements & Sarama, 2009; Gilmore et al., 2018). They were 
also aligned to best practice guidelines for effective early mathematics teaching (Clark et al., 
2020), as well as content covered in mathematical curriculums in the first 3 years of school 
in England (Department for Education, 2021b, 2013) and the USA (Common Core State 
Standards Initiative, n.d.).

Included apps were dichotomously coded (not present [0] or present [1]) for the four out-
lined areas of mathematical development. Apps had to meet at least one of the description 
points, for the area of mathematical development to be coded as present. To capture more 
detail about how well the different areas of mathematical development were covered within 
the included apps, each of the description points was also dichotomously coded (not present 
[0] or present [1]). There was also the opportunity to include other mathematical skills, not 
currently listed, to ensure exhaustive coding.
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8 |   OUTHWAITE et al.

Design features

Third, the presence of five app design features in the 23 maths apps were dichotomously 
coded (not present [0] or present [1]): (1) feedback, (2) levelling, (3) social interaction, (4) 
task instruction and (5) meaningful learning and solving problems. A description of each 
design feature (Table S1) and how it was coded (Table S4) is included in the Supporting 
Information. This list of five app design features was collated based on their predominant 
presence in existing frameworks evaluating the educational value of apps (Callaghan & 
Reich, 2018; Herodotou, 2021; Kolak et al., 2020; Meyer et al., 2021; Papadakis et al., 2017; 
see Table S1). Additional design features were also identified through reviewer engagement 
with the app and by re- visiting the associated papers and applying the principles of an inter-
vention component analysis (Sutcliffe et al., 2015) (see Table S4).

TA B L E  1  Summary of the different types of apps with descriptions and content analysis results.

Type of app Description Number of apps
Name of included 
apps

Practice- based Designed to support the 
acquisition of learning 
content, such as 
mathematical facts and 
concepts, through targeted 
practice. Primarily designed 
to be used by children 
individually and is self- 
paced. Child is the user of 
the learning content

15 Fingu; Friends 
of Ten; Intro 
to Math; IXL; 
KinderTEK; Know 
Number Lite; 
MathemAntics; 
Maths 3– 5; 
Maths 4– 6; Math 
Shelf; Montessori 
Numbers for Kids; 
Native Numbers; 
Pink Tower; 
Splash Math 2nd 
Grade; Teaching 
Number Lines

Game- based Same as practice- based 
apps, with the addition 
that learning content is 
embedded within broader 
immersive player narrative

4 Addimal Adventure; 
Slice Fractions; 
Vektor; Zorbit's 
Math Adventure

Constructive Designed to encourage the 
exploration and active 
manipulation of mathematical 
ideas and concepts. Child 
is the user of the learning 
content

2 Montessori Bead 
Skip Counting; 
100s Board

Productive Designed to support children to 
produce their own content, 
for example, to present their 
own ideas on a particular 
maths topic; they are 
creators of their own learning 
content

1 Quizlet Plus

Parent- based App content is primarily 
designed for parents/
caregivers and encourages 
offline interactions and 
learning opportunities with 
children

1 Bedtime Math
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Coding procedure

Included apps were coded using a data collection form developed for this study (see 
Table S4). To understand the app design features, reviewers (first and second authors) 
played with each app for 20– 30 minutes and engaged with a minimum of 10 different activi-
ties from across the app. During play, reviewers gave both correct and incorrect answers to 
understand how each maths app responded to user behaviour. The first reviewer (second 
author) completed the coding procedure for all the included maths apps. A second reviewer 
(first author) repeated the coding procedure for 20% (randomly selected) of the apps. There 
was excellent agreement between the reviewers (κ = 0.85). Any disagreements were re-
solved through discussion.

Effect sizes on learning outcomes

To capture children's learning outcomes with the evaluated maths apps that met the inclu-
sion criteria, the following data were extracted from the relevant studies:

• Group mean and standard deviation for pre- test and post- test mathematical attainment 
scores for the intervention group(s).

• Final sample size of the intervention group(s).
• Intervention intensity: number of weeks the intervention was implemented for and the 

number and length of sessions per week.
• Whether the mathematical assessment tool used as the outcome measure was stan-

dardised or researcher developed.

The extracted data on pre- test and post- test mathematical attainment scores were used 
to calculate within- subject (ie, pre- test to post- test) effect sizes for the progress made in 
maths attainment over the duration of the intervention period for the intervention group only. 
Maths attainment was measured using a range of standardised and research developed as-
sessment tools (see Table S5). The final sample size was used to calculate the confidence 
interval for the observed within- subject effect size. Hedges' g corrections were applied for 
final sample sizes equal to or <50 (Lin, 2018) (see Table 2).

In line with the preregistered protocol, a highly effective intervention in the QCA was de-
fined as within- subject effect size >1. In cases where maths apps were evaluated in multiple 
studies (eg, onebillion Maths 3– 5 and Maths 4– 6; Math Shelf), the most robust study (eg, 
a randomised control trial with the largest sample size) that had sufficiently reported data 
to calculate the within- subject effect size was used as an indication of children's learning 
outcomes (eg, Outhwaite et al., 2018; Schacter & Jo, 2017).1

Qualitative comparative analysis

To address RQ2, a QCA was conducted to understand which of the specific app design 
features, or combination of features, were necessary or sufficient2 for enhancing children's 
learning outcomes with educational maths apps. To be included in the QCA analysis, apps 
needed to be the individual focus of an intervention study that had mathematical attainment 
as the primary outcome measure and included, sufficiently reported outcome measures 
before (pre- test) and after (post- test) the intervention period. If the study included multi-
ple maths apps and the reported results were not disaggregated for each app, the identi-
fied apps were excluded. This was because there was no guarantee that these apps, with 
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    | 11ANALYSIS OF MATHS APPS

combined results, would have the same app design features and thus, the identification of 
active ingredient/s would be unclear.

Eight apps were suitable for this analysis (see Figure S1). The associated included studies 
focused on typically developing children aged between 4 and 7 years old with an experimen-
tal design (randomised control trial or quasi- experimental design) (Berkowitz et al., 2015; 
Cary et al., 2020; Grimes et al., 2020; Kosko & Ferdig, 2016; Outhwaite et al., 2018; Schacter 
& Jo, 2017; Spencer, 2013; Wu, 2020). Two studies reported subgroup analyses on children 
identified as underachieving in mathematics (Cary et al., 2020; Wu, 2020). However, for 
the purposes of this analysis, the extracted within- group effect sizes focused on the whole 
sample. Details of the eight studies, including intervention intensity and outcome measures, 
are included in Table S5.

RESULTS

To address RQ1, an overview is presented for the content analysis, which describes the 
types of apps, mathematical content and app design features, that were included in a sam-
ple of 23, previously evaluated, maths apps. To address RQ2, a QCA is presented, which 
examines the app design features, or combination of design features that were associated 
with enhanced learning outcomes with the eight eligible maths apps.

Content analysis: Type of app (RQ1)

As outlined in Table 1, practice- based apps were the most popular type of app that has been 
evaluated (n = 15). Productive (n = 1) and parent- based apps (n = 1) were the least common.

Content analysis: Mathematical content (RQ1)

Number representation and relationships were the most common area of maths develop-
ment covered within the included apps (n = 21). There were 18 apps that targeted counting 
skills, 12 apps targeted arithmetic and 13 apps targeted shape, patterns and measurement. 
Table S2 summarises the specific mathematical skills included within these overall areas of 
mathematical development.

Four apps also included additional mathematical areas that were not categorised in 
the initial coding (IXL; Slice Fractions; Splash Maths 2nd Grade; Vektor). IXL included 
the exploration of probability, data and graphs. Slice Fractions included the addition and 
subtraction of fractions. Splash Maths 2nd Grade explored how to read data from line, 
picture and bar graphs. Vektor included visuo- spatial working memory tasks and shape 
rotation tasks.

Content analysis: App design features (RQ1)

Table S3 summarises the app design features included within the sample of maths apps. 
Most maths apps included explanatory (ie, explaining why an answer is right or wrong) and 
motivational feedback (ie, ‘Great job!’) (n = 12).

The levelling of maths content was most commonly provided in a suggested, but not en-
forced sequence of activities (ie, participatory free form levelling) (n = 12). In contrast, four 
apps provided learning content that was tailored to the child based on an initial assessment 
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or learning content that was preselected by an adult (ie, programmatic static levelling). Five 
apps offered learning content that was adaptive to the individual child based on their perfor-
mance while using the app (ie, programmatic dynamic levelling).

Ten apps included an in- app character who provided task instructions and, in some 
cases, modelled the learning activity. Only two apps included support for adult– child 
interactions.

Evidence of task instructions was mixed. In seven apps, instructions could not be re-
peated, and no instructions were available in five apps. However, six apps provided task 
instructions, which could be repeated by the child, as often as required.

Most apps provided the opportunity to practice basic maths skills in isolation (n = 17), but 
very few offered practice in multiple basic maths skills in relation to each other (n = 3). No 
apps embedded the maths skills practice within a real- life context or were applied to solve 
novel problems.

Three apps also included additional design features that were not categorised in the initial 
coding (Maths 3– 5; Maths 4– 6; Pink Tower). Maths 3– 5 and Maths 4– 6 included end- of- 
topic quizzes, which were designed to assess and monitor children's progress through the 
app. Pink Tower provided children with multiple opportunities to respond but constrained 
incorrect moves to facilitate accuracy.

Qualitative comparative analysis (RQ2)

Preliminary analyses

To ensure the relative heterogeneity of the included studies, preliminary analyses showed 
no significant association was observed between intervention intensity (ie, time spent on the 
app) and the observed within- subject effect sizes, r = −0.12, p = 0.822 (see Table S5). An in-
dependent samples t- test also showed no significant differences in observed within- subject 
effect sizes based on if the outcome measure was standardised or researcher developed, 
t(6) = 0.307, p = 0.769 (see Table S5).

Qualitative comparative analysis selected conditions

The QCA aimed to identify configurations of app design features that may be associated 
with enhanced learning outcomes. Due to the small number of maths app interventions 
available for this analysis (n = 8), the number of included app design features within the 
QCA needed to be restricted to three (see Table 2). To explain differences between learning 
outcomes reported in the associated studies, the QCA also needed to include app design 
features that were considered the most salient (Thomas et al., 2014). As such, feedback (ex-
planatory and motivational) and levelling (programmatic and participatory) were the chosen 
features to be included as conditions in the QCA because of the observed variation across 
the sample of apps (see Table 2). These features have also been the focus of previous 
experimental research (eg, Callaghan & Reich, 2021; Vanbecelaere et al., 2021), which the 
current study can build upon.

Specifically, Model 1 focused on the potential combinations of explanatory feedback, mo-
tivational feedback and programmatic levelling. Next, Model 2 further examined the potential 
combinations of the different types of programmatic levelling (ie, dynamic and static) as sep-
arate conditions and collapsed the different forms of feedback features into one condition 
(ie, a fuzzy set— see below).
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    | 13ANALYSIS OF MATHS APPS

Model 1

Model 1 included the following three conditions: explanatory feedback, motivational feed-
back and programmatic levelling (either dynamic or static), all entered as dichotomous 
variables (yes = 1, no = 0). As shown in Table 3, results indicated the combination of 
explanatory and motivational feedback present within the apps, together with program-
matic levelling (static or dynamic, rather than participatory levelling) was a necessary 
condition for highly effective maths apps. Although motivational feedback on its own was 
not associated with highly effective maths apps, importantly, it was not a hindrance on 
children's learning outcomes. It is also important to highlight that the differential effects 
of explanatory and motivational feedback could not be disentangled in this analysis. 
This is because within this sample, there were no maths apps that included explanatory 
feedback only.

Model 2

Model 1 focused on programmatic levelling, which can be dynamic or static. To further 
explore any differential effects between these different types of levelling, the three condi-
tions included in Model 2 were programmatic dynamic levelling, programmatic static level-
ling (both entered as dichotomous variables) and feedback entered as a fuzzy set. Within a 
QCA approach, a fuzzy set can include multiple categories to allow for partial membership 
in a specified set, whereby a score of 1 represents full membership in the set, 0 indicates 
full non- membership in the set and a score of 0.5 signifies neither fully in, nor fully out of the 
set (Thomas et al., 2014). In the context of model 2, explanatory and motivational feedback 
was given a stronger weighting (score of 1), compared to motivational feedback only (score 
of 0.5) and no feedback (score of 0; see Table 4).

Consistent with Model 1, results showed the combination of explanatory and motiva-
tional feedback combined with programmatic dynamic levelling was a necessary condition 
for highly effective maths apps. The same pattern of results was also observed for pro-
grammatic static levelling. This suggests that there were no differential effects between the 
different types of programmatic levelling for enhancing children's learning outcomes within 
app- based mathematics instruction.

DISCUSSION

The current study uses a new three- step framework for analysing the educational value 
of maths apps for children in the first 3 years of compulsory school. Specifically, the 
content analysis framework examined the type of app, mathematical content and app 
design features within 23 educational maths apps. These maths apps have been evalu-
ated in previous research in terms of their impact on young children's learning outcomes 
(Outhwaite et al., 2023). The reported QCA extended on these descriptive results to ex-
amine which specific app design features, or combination of features, were associated 
with enhanced learning gains. To our knowledge, this is the first study to examine how 
educational maths apps are designed to support learning with a comprehensive (top- 
down and bottom- up) approach that was inclusive of different types of apps. Moreover, 
the innovative use of QCA provides actionable recommendations for app designers, 
educational practitioners and other stakeholders designing, using and evaluating maths 
apps with young children.
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Type of apps

The current content analysis identified that to date, practice- based maths apps are the most 
common type of app to be evaluated (n = 15) (see Table 1). This is consistent with broader 
reviews, which show a greater emphasis on the evaluation of mobile learning where the 
child is the user of the learning content, rather than producers, collaborators and creators 
of knowledge (Crompton et al., 2017). Productive apps (eg, Quizlet Plus), which align with 
these characteristics, were identified in the current study as one of the least common types 
of app to have been evaluated in the context of early maths development.

Similarly, only one parent- based maths app (eg, Bedtime Math) has been evaluated. 
Unlike the other types of apps, parent- based apps have the opportunity to facilitate the prin-
ciples of guided play. These types of apps provide caregivers with ideas for how to engage 
in playful learning opportunities in maths with their children. Guided play, which is initiated 
by adults, and led by children, has been shown to have a greater effect on children's early 
maths skills, compared to direct instruction and free play (Skene et al., 2022). The principles 
of direct instruction, such as deliberately sequenced small units of information taught explic-
itly with repeated practice, are more characteristic of practice- based apps, such as Maths 
3– 5 and Maths 4– 6 (Outhwaite et al., 2018). In the current study, the reported effect sizes 
were descriptively larger for the parent- based app Bedtime Math (evaluated in a randomised 
control trial with >250 participants, Cohen's d = 0.82), compared to the practice- based apps 
Maths 3– 5 and Maths 4– 6 (evaluated in a randomised control trial with >250 participants, 
Cohen's d = 0.78).

Mathematical content

The included apps primarily targeted basic skills in understanding number representations 
and relationships (n = 21) with number representation with Arabic digits, verbal and/or written 
number word recognition as the most common (n = 19) (see Table S2). This is also consist-
ent with previous research showing a greater emphasis on basic counting skills in the class-
room (von Spreckelsen et al., 2019) and a relatively reduced focus on spatial skills in formal 
classroom activities (Gilligan- Lee et al., 2022). However, mathematical development is com-
plex and consists of a broad range of skills that children need to master (Butterworth, 2005; 
Clements & Sarama, 2009; Gilmore et al., 2018). As such, future app design for young chil-
dren should consider a broad range of mathematical skills that is not limited to basic number 
skills (see Table S2), and evaluation studies should examine the role that maths apps can 
play in the development of these skills.

Feedback and levelling

Explanatory (with motivational) feedback (n = 12) was the most common form of feedback 
within the included maths apps (see Table S3). Similarly, participatory free form levelling 
(n = 12) was the most common form of levelling. In contrast, previous research has shown 
these app design features are rare within commercially available educational apps that have 
not been empirically evaluated but were rated the most popular on the app stores (Callaghan 
& Reich, 2018). This may, in part, reflect other evidence demonstrating that when teaching 
practitioners are choosing which educational apps to use with their children, they often place 
less value on feedback and learning theory, compared to scaffolding features and content 
aligned with taught curriculums (Montazami et al., 2022).
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    | 17ANALYSIS OF MATHS APPS

Results from the QCA demonstrated that variations in how feedback and levelling were 
implemented within the app design were associated with differences in the within- subject 
effect sizes of children's progress following the maths app intervention. Specifically, the 
QCA suggests that the combination of explanatory and motivational feedback, together 
with programmatic levelling (either dynamic or static), was a necessary condition within the 
app design for enhancing children's learning outcomes with app- based maths instruction. 
However, it is important to highlight that within the current sample, there were no educational 
maths apps that had explanatory feedback and programmatic levelling, and not motivational 
feedback. This means that the relative contributions of each type of feedback cannot be 
fully disentangled and should be the focus of future research using experimental methods. 
Nevertheless, individually, these app design features were sufficient for enhanced learning 
outcomes. Unlike previous reviews (eg, Kim et al., 2021), the current results support the 
role of well- designed educational apps for children's outcomes. In particular, these results 
are consistent with other experimental research that showed children made significantly 
fewer errors and completed app- based maths learning tasks quicker and with increased 
accuracy when explanatory feedback and programmatic levelling were present (Callaghan 
& Reich, 2021).

Limitations

Although the eight studies included in the QCA can be considered to have good levels 
of rigour using an experimental design (randomised control trial or quasi- experimental de-
sign) with a relatively heterogenous sample of typically developing children, some caution 
should be taken with these results due to the possibility of inflated effect sizes. Although 
Hedge's g corrections were applied as appropriate to sample sizes <50 (Lin, 2018), only two 
studies had overall final sample sizes over 250 children (Berkowitz et al., 2015; Outhwaite 
et al., 2018). Previous reviews have identified this benchmark as best practice for avoiding 
inflated effect sizes (Cheung & Slavin, 2013). In this QCA, both studies were not classified 
as a highly effective intervention set (within- subject effect size >1), relative to the other in-
cluded studies.

Likewise, of the three studies that were identified in the highly effective intervention set 
(Grimes et al., 2020; Kosko & Ferdig, 2016; Wu, 2020), two used a researcher developed 
assessment of mathematical attainment as the primary outcome measure. Within this QCA, 
these issues cannot be statistically controlled for. Although the preliminary independent 
samples t- test showed no significant differences between effect sizes reported from studies 
using researcher developed or standardised assessment measures, it is still a potential ca-
veat to consider when interpreting the study results.

Furthermore, the population characteristics within the included studies were predomi-
nately typically developing children in English- speaking countries, United States and 
England (see Table S5). Despite the advantages of a relatively heterogenous sample for 
synthesising across studies, it may limit the generalisability of the current findings to other 
population characteristics, such as children with special educational needs and disabilities, 
including mathematical learning difficulties, as well as children from low socio- economic 
status and ethnic minority backgrounds, and those with English not as their first language. 
Future research will benefit from working with children from diverse backgrounds to ensure 
innovations with educational apps address, rather than exacerbate, inequalities in learning. 
Overall, the QCA was limited by the small number of apps that were eligible for inclusion 
(n = 8). The remaining 15 apps could not be included because the associated studies did not 
provide sufficient information to calculate the necessary effect sizes on maths attainment 
outcomes. This also hindered the ability to include other types of apps (eg, productive apps) 
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in the QCA. Future research can address these limitations through improving the reporting 
standards of evaluation studies to support the synthesis of evidence, which is vital for ad-
vancing the field and informing evidence- based decisions.

Future research

Additionally, the current results can be used to inform the development of clear hypotheses 
in future research on how educational maths apps work to support learning of young chil-
dren. In particular, future research should consider individual differences and the dynam-
ics of feedback and levelling. For example, examining how these design features can be 
most optimally integrated for different groups of children, such as those with mathematical 
learning difficulties who may require more support than their typically developing peers 
(Vanbecelaere et al., 2021). In- app data could also be insightful for understanding the real- 
time dynamics of how children respond to the feedback and levelling features, and if this 
should be further adapted, as they progress and master the learning content (Bartoschek 
et al., 2013; Callaghan & Reich, 2021).

Implications and conclusion

This study provides a new, open- access framework for assessing the educational value of 
maths apps based on the type of app, the mathematical content and app design features 
included. Within the educational maths apps previously evaluated with young children, cur-
rent findings demonstrate that there is an overall, relatively narrow focus on basic number 
skills. These skills are most frequently taught within the context of a practice- based app, 
where children are the users of the learning content. Further research is needed to evalu-
ate the impact of different types of maths apps, particularly productive apps, where children 
are creators of their learning content and parent- based apps, which encourage off- screen 
playful interactions between children and their caregivers. The inclusion of more complex 
maths skills, which encompass the breadth and depth of holistic mathematical development 
are also needed.

The current study also found that the combination of explanatory and motivational feed-
back with programmatic levelling play an important role in enhancing children's learning 
outcomes with app- based maths instruction. This evidence suggests the feedback and lev-
elling design features of specific apps should be considered by stakeholders when deciding 
which apps to use with young children. Nevertheless, further research is needed to examine 
how individual differences in response to these features may vary over time, and how these 
dynamics can be effectively implemented to ensure all children, regardless of their ability 
level, are able to access and learn from educational maths apps.
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