
Review of Education. 2023;11:e3400.	﻿	     |  1 of 42
https://doi.org/10.1002/rev3.3400

wileyonlinelibrary.com/journal/roe

Received: 27 July 2022  |  Accepted: 21 April 2023

DOI: 10.1002/rev3.3400  

S T A T E  O F  T H E  A R T  R E V I E W

Educational interventions involving physical 
manipulatives for improving children's learning 
and development: A scoping review

Elizabeth M. Byrne1,2  |   Hanne Jensen3  |   Bo Stjerne Thomsen3  |   
Paul G. Ramchandani1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly cited.
© 2023 The Authors. Review of Education published by John Wiley & Sons Ltd on behalf of British Educational Research 
Association.

1Faculty of Education, PEDAL Research 
Centre, University of Cambridge, 
Cambridge, UK
2School of Psychology, University of East 
Anglia, Norwich, UK
3LEGO Foundation, Billund, Denmark

Correspondence
Elizabeth M. Byrne, School of Psychology, 
University of East Anglia, Norwich, UK.
Email: elizabeth.byrne@uea.ac.uk

Funding information
LEGO Foundation

Abstract
Physical manipulatives (PMs) are concrete objects 
used during hands-on learning activities (e.g., build-
ing blocks, fraction tiles, counters), and are widely 
used in primary-school teaching, especially dur-
ing maths instruction. This scoping review collated 
studies that have examined the effectiveness of 
educational PM interventions with pre-primary and 
primary-age children. A total of 102 studies met the 
inclusion criteria and were synthesised in the review. 
Most studies included a sample of children aged 
4–6 years and were conducted in a school setting. 
They spanned 26 different countries, but almost 
all took place in high- or middle-income contexts, 
mainly in the USA. Interventions were grouped into 
three main learning domains: maths, literacy and 
science. Considerable heterogeneity was identified 
across the review studies in terms of the PMs and 
hands-on activities used (e.g., block building, shape 
sorting, paper folding, enactment with figurines). 
Evidence relating to effectiveness of the intervention 
programmes was synthesised, with the most promis-
ing findings identified in the maths domain. Benefits 
to children's spatial, literacy and science skills were 
also reported. Overall, however, the evidence was 
mixed: other studies found that PMs were not as-
sociated with learning benefits, and many were hin-
dered by methodological shortcomings. This calls for 
caution when drawing conclusions about the overall 
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INTRODUCTION

Background

Physical manipulatives (PMs) are concrete materials used during hands-on learning activi-
ties, typically to help primary-age children learn maths (Carbonneau et al., 2013). PMs can 
include objects such as building blocks, fraction tiles, counters, figurines, toys and props. 
Educational interventions involving PMs have largely been centred on enhancing children's 
maths abilities (as seen in reviews by Carbonneau et al., 2013; Lafay et al., 2019; Sarama & 
Clements, 2009), but there is emerging research in other learning domains such as reading, 
spatial cognition and science (Skene et al., 2022; Toub et al., 2018; van Schijndel et al., 2010; 
Vander Heyden et al., 2017). Research on the effectiveness of PM interventions is atom-
ised, with significant variation among intervention studies in the types of PMs and activities 
used, the level of adult support provided, and the learning domains targeted. The purpose of 
this scoping review is to provide a comprehensive overview of the current research on PM 
interventions.

effectiveness of PM interventions. Nevertheless, the 
findings illustrate the many ways hands-on PM activi-
ties can be incorporated into children's early learning 
experiences. Recommendations for further research 
and for using PMs in practice are made.

K E Y W O R D S
early learning, interventions, physical manipulatives, scoping 
review

Context and implications

Rationale for this study

Physical manipulatives (PMs) are used during hands-on learning activities and pro-
mote children's active involvement in learning. The review sought to map a broad 
range of interventions using PMs.

Why the new findings matter

Findings reveal gaps in the research and highlight the many facets to consider when 
developing and testing educational interventions using PMs.

Implications for practitioners

Recommendations for using PMs in practice: (a) choose materials and activities that 
are age-appropriate and focused on the learning goal; (b) consider the type and 
amount of instructional guidance needed (adjusted based on learning content and 
children's needs); and (c) consider the level of physical interaction afforded by PMs 
and activities and its importance for the learning goal.

 20496613, 2023, 2, D
ow

nloaded from
 https://bera-journals.onlinelibrary.w

iley.com
/doi/10.1002/rev3.3400 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [16/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



       |  3 of 42EDUCATIONAL INTERVENTIONS

Evidence suggests that object play is beneficial for children's learning and development 
(for overviews, see Pellegrini & Gustafson, 2005; Whitebread, 2012, 2019). Infants are natu-
rally curious, and as soon as they can grasp and hold items, they engage in early exploratory 
and manipulative behaviours such as mouthing, hitting, dropping and stroking (sensorimotor 
play). By age two, children begin to arrange and sort objects, and by age four, they start to 
engage in building and construction behaviours (Whitebread, 2012). Interacting with phys-
ical objects allows children to explore and discover concepts such as shape, size, weight 
and space, helping to establish a solid foundation for spatial and maths thinking (Botha 
et al., 2005; Charlesworth & Lind, 2003; Pound, 2006).

As well as helping young children develop fundamental fine and gross motor skills, early 
manipulative behaviours are closely related to the development of spatial reasoning (Caldera 
et al., 1999; Jirout & Newcombe, 2015; Levine et al., 2012; Möhring & Frick, 2013), a key 
cognitive ability that is important for everyday tasks such as remembering the location of 
objects and events. When children engage in activities such as block play, they are tapping 
into and honing their spatial skills, imagining how blocks can fit together and be arranged, 
manipulating the materials both mentally and physically.

Studies also indicate that early play with PMs such as blocks is associated with children's 
concurrent and later maths performance in school (Bower et al., 2020; Wolfgang et al., 2001, 
2003). Early spatial skills are predictive of children's maths performance (Casey et al., 2012; 
Clements & Sarama, 2008; Fernández-Méndez et al., 2020; Gunderson et al., 2012; Mix 
& Cheng, 2012; T. Thompson, 2016; Verdine, Golinkoff, Hirsh-Pasek, & Newcombe, 2014; 
Verdine, Golinkoff, Hirsh-Pasek, Newcombe, Filipowicz et al., 2014) and are thought to under-
pin learning of maths concepts such as geometry, mental arithmetic, magnitude estimation, 
counting and algebra (Battista, 1990; Kyttälä et al., 2003; Kyttälä & Lehto, 2008; Thompson 
et al., 2013; Tolar et al., 2009). They also predict the likelihood of children later pursuing and 
succeeding in STEM-based subjects and careers (Khine, 2016; Wai et al., 2009).

Studies also provide evidence for the learning benefits of PMs in other domains such as 
literacy and science. Playing with PMs can aid children's language development, as the ma-
terials act as concrete, tangible representations of the words they are learning (for example, 
playing with toy animal figurines to learn their names) (Glenberg, 2008). Hands-on activities 
also foster children's scientific reasoning, providing them with opportunities to experiment, 
test hypotheses and understand concepts such as cause-and-effect (Morris et al., 2012; 
Zimmerman, 2007), and some arguing that physical interaction with the environment is cru-
cial for scientific learning (Zacharia et al., 2012). This review will explore the different learn-
ing domains in which PMs have been used.

Theoretical perspectives for how PMs may support early learning are embedded in a 
developmental framework of cognitive constructivism and embodied cognition (for an over-
view, see Marley & Carbonneau, 2014). These theories posit that young children's physical 
interaction with the environment is crucial for their learning and development (Bruner, 1964; 
Montessori, 1964; Piaget, 1962; Piaget & Inhelder, 2014). For example, Bruner (1964) pro-
posed that children rely on different representational forms throughout different stages of 
cognitive development, starting with physical exploration of the environment (enactive), 
then images (iconic), and words (symbolic). Similarly, the concrete-to-abstract approach, 
based on Piaget's  (1952) cognitive theory that concrete-operational (literal) thinking is a 
prerequisite for formal-operational (abstract) thinking, suggests that PMs help children 
strengthen their concrete thinking before moving on to more complex, abstract ideas (Taylor 
& Boyer, 2020), and connect learned concepts to real-world experiences (Holmes, 2013; 
Rittle-Johnson & Koedinger,  2005). Theories of embodied cognition and evidence from 
self-performed tasks also support the idea that physical actions with PMs help children 
learn new concepts (Barsalou, 2007; Engelkamp et al., 1994; Marley & Carbonneau, 2014; 
Mulligan & Hornstein, 2003; Wilson, 2002).
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Although research and theories indicate that PMs can enhance children's learning, it is 
important to also consider the need for appropriate instructional guidance and scaffolding 
to ensure that children use PMs in a way that appropriately represents the concept being 
learned (Carbonneau et al., 2013). Therefore, this review will also explore the different types 
of instructional guidance used in PM interventions.

There is ongoing debate about the relative effectiveness of child-led or adult-led learning 
(Fisher et al., 2012; Hirsh-Pasek et al., 2010; Pyle et al., 2017; Pyle & Danniels, 2017; Skene 
et al., 2022; Weisberg et al., 2016; Yu et al., 2018; Zosh et al., 2017, 2018). Zosh et al. (2018) 
have suggested that it might be more helpful to consider these approaches to learning as a 
spectrum. Along this spectrum there are different levels of child autonomy and adult guidance. 
At one end is free play, where children initiate and lead activities, without an extrinsic goal. At 
the other end is direct instruction, an adult-led approach with a clear learning objective. In the 
middle, are guided play, with sharing of control between children and adults, and games. Guided 
play encourages children's active participation and engagement in learning (Zosh et al., 2018). It 
is characterised by: (a) child agency, meaning children have control over their actions and play; 
(b) adult guidance, which includes initiating a playful activity/environment and using scaffolding 
techniques such as prompts, co-play, open-ended questions, modelling behaviours/actions, 
setting challenges, and adjusting to children's needs/interests; and (c) a learning goal such as 
acquiring target vocabulary or shape knowledge (Skene et al., 2022; Weisberg et al., 2013; 
Weisberg & Hirsh-Pasek, 2013). Although educational games are directed by children, they are 
designed by adults, have a clear objective and follow set rules, affording children less autonomy.

By defining learning and play along a continuum, it can be difficult to distinguish be-
tween different pedagogical approaches. For instance, the degree of child choice and adult 
involvement varies among guided play interventions, making it hard to determine where 
guided play ends and free play or direct instruction begin. Additionally, there is no ‘one size 
fits all’ approach to children's education, and educators often use a combination of ap-
proaches, adapting to children's needs for guidance from one moment (or task) to the next, 
as they gain proficiency.

Evidence from multiple review studies and meta-analyses indicate that maths interven-
tions using PMs improve children's maths achievement more than interventions without PMs 
(Carbonneau et al., 2013; Holmes, 2013; Lafay et al., 2019). However, the physical nature 
of PMs may not be necessary for learning, with one meta-analysis concluding that virtual 
(digital) manipulatives are more effective than PMs for maths learning (Moyer-Packenham & 
Westenskow, 2013). Literature reviews summarise the potential benefits of virtual manipula-
tives on early maths learning (Clements & Sarama, 2008; Tran et al., 2017).

Although PMs have also been used for teaching other subjects including reading and 
science, research in these domains is more limited. A review study by Trivette et al. (2012) 
found that book reading plus illustrations and/or PMs enhanced children's literacy skills. 
However, the review did not differentiate between illustrations and PMs, and very few of 
the studies in the review involved PMs. A meta-analysis of spatial intervention studies with 
children aged 0–8 years found that strategies such as hands-on exploration, visual prompts 
and gestural spatial training can boost children's spatial skills (Yang et al.,  2020). Other 
reviews and meta-analyses provide evidence for the positive effects of hands-on activities 
for learning scientific concepts; however, most of the data are from older middle and high 
school students (Caglak, 2017; Schwichow et al., 2016).

Several reviews have also examined the efficacy of different forms of instruction and 
guidance in facilitating children's learning. Alfieri et al. (2011) compared structured versus 
unstructured pedagogies (see also Kirschner et al.,  2006), Pyle et al.  (2017) conducted 
a scoping review of play-based teaching approaches, and a recent systematic review 
and meta-analyses examined guided-play approaches in educational contexts (Skene 
et al., 2022). However, not all the studies reviewed focused on PMs.
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The current scoping review aims to map literature evaluating educational interventions in-
volving PMs and differs from previous research in several ways. First, a broad range of re-
search is considered, independent of the main learning domain targeted or the pedagogical 
approach used. The review characterises PM research and explores similarities and differ-
ences across studies. Data related to study characteristics are summarised descriptively and 
quantitively in tables, and other factors of interest (e.g., type of instruction, physical engage-
ment) are discussed qualitatively using a narrative synthesis approach. Finally, although some 
previous reviews have not distinguished between physical and virtual manipulatives (Bouck & 
Park, 2018; Lafay et al., 2019), this review specially focuses on interventions involving physical 
(tangible, concrete) materials (including studies comparing physical and virtual materials).

METHOD

Overview

The methodology was informed by Arksey and O'Malley (2005) framework for scoping re-
views (see also Levac et al., 2010), and a protocol was registered with the Open Science 
Framework (OSF; https://osf.io/p4jk9/). The procedures for identifying, screening and sum-
marising the literature are described in the following subsections. There were some devia-
tions from the original plan, primarily due to the iterative process of conducting a scoping 
review and resource constraints.

Identification of relevant studies

Search strategy

Searches were conducted using six bibliographic databases that index published and unpub-
lished (dissertations and theses) papers, including PsycINFO (EBSCO), Child Development 
and Adolescent Studies (EBSCO), ERIC (EBSCO), British Education Index (EBSCO), 
Scopus, and ProQuest Dissertations & Theses.

Search terms corresponded to three categories: (1) primary and pre-primary school age 
children, (2) PMs, and (3) interventions. Search terms within each category were sepa-
rated by the ‘OR’ Boolean operator, and categories were separated with the ‘AND’ operator 
(search terms and syntax are provided in Appendix S1). Title, abstract and keyword fields 
were searched. The search was limited to papers published (or otherwise made available) 
between 2000 and 2020; no other limiters were used. Searches took place on 5 May 2020. 
Additional studies published after this date were also included if identified via hand search 
or provided by an author.

Study screening and selection: Inclusion and exclusion criteria

The study selection procedure was conducted in accordance with the PRISMA guidelines 
for systematic reviews (Moher et al.,  2009, 2015), adapted for scoping reviews (Peters 
et al., 2015; Tricco et al., 2018). See Figure 1 for an illustration of this procedure.

Codes corresponding to inclusion and exclusion criteria were created and used during the 
study screening phase. First, titles and abstracts off all identified reports were screened for in-
clusion using criteria 1–6 in Table 1. Studies were excluded if they violated any criterion, oth-
erwise they were included for the second stage of screening if they met all criteria or if more 
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information was needed to determine eligibility. Full text screening was then undertaken on 
this subgroup using all codes (1–11) in Table 1. At this stage, only studies with a sample size 
of at least 20 participants were included. This cut-off was used to exclude studies with very 
small sample sizes and ensure that the number of included studies would be manageable.

Two researchers double-screened a subset of 156 (5.0%) and 46 (5.0%) reports prior to 
the title/abstract and full-text screening stages, respectively. This was to ensure that the eli-
gibility criteria and corresponding guidance notes were clear and appropriate. Discrepancies 
were discussed and the codes were adjusted accordingly. One researcher conducted 
screening of all reports at both stages. Further details regarding the inclusion and exclusion 
criteria are provided in Appendix S1. No restrictions were placed on the type of report (e.g., 
published journal article, PhD thesis, conference report).

Charting the data

Data extraction

A descriptive-analytic method was used to guide extraction of information according to a 
data charting framework, provided in Appendix S1. Information relating to study location, 
participant characteristics, research design, intervention delivery, intervention materials and 

F I G U R E  1   PRISMA search process flow diagram (adapted from Peters et al., 2015).

Screening 

Identification 

Records after duplicates 
removed (n = 3,112) 

Records screened 
(n = 3,112) 

Records excluded 
(n = 2,194) 

Eligibility Records excluded 
(n = 816) 

Included Studies included 
(n = 102) 

Full-text reports 
assessed for eligibility 

(n = 918) 

Records identified via 
database searching 

(n = 4,312) 

Additional records 
identified using other 

sources (n = 30) 
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content, comparison group(s), main outcome domains, and main findings, was gathered 
from all reports deemed eligible for inclusion. Data extraction codes were created, and ex-
tracted data were recorded, in EPPI-Reviewer (Thomas et al., 2010).

Data extraction was carried out by one researcher. Prior to this, two researchers inde-
pendently screened a subset of 10 reports (9.8%) to ensure that codes corresponding to the 
to-be-extracted data were clear and appropriate. Discrepancies and difficulties that arose 
during the process were discussed, and the codes were adjusted accordingly (codes were 
also adjusted iteratively throughout the data extraction process).

Where information was missing in the reports, attempts were made to contact the au-
thor(s) via email. References of studies that did not provide sufficient information to deter-
mine eligibility, and were therefore excluded, are provided in Appendix S1.

Data synthesis

Studies were broadly categorised according to learning domains targeted and the types of PMs 
used. Tables summarise key study characteristics. A narrative synthesis approach was used 
to provide a descriptive overview of the interventions and reported findings, mapping similari-
ties and differences across studies and identifying methodological limitations and gaps in the 
research. A formal scoring system was not used to assess quality of the evidence due to the 
large degree of heterogeneity in research designs, but key features relating to quality are sum-
marised in tables (e.g., sample size, research design). Not all studies were included in the nar-
rative synthesis—those deemed less relevant to the focus of the review are summarised briefly.

In-text references to the review studies are shown in square brackets, for example, 
[Hull]. Only the first author is provided, unless there are multiple reports of the same 
first author (or different first authors with the same name), in which case the publication 
year is also shown, for example, [Fisher 2013]. References for the included studies are 
provided in Appendix S1.

TA B L E  1   Inclusion criteria.

Code Inclusion criteria

Title and abstract screening

Publication date 2000–2020

Publication language English

Sample age (mean) 0–12 years

Study type Empirical studies evaluating an intervention

Intervention Educational, hands-on activities with PMs

Outcome At least one clear and measurable child outcome related to learning

Additional codes for full-text screening

Full publication text Available

Sample size ≥20

Materials Concrete/tangible objects

Data Quantitative

Focus of study At least one intervention activity in which children physically 
engaged with PMs and that had a clear learning goal

Note: One report was published in 2021 [Tian]. Initially, a thesis was identified in the search and the first author subsequently 
provided a full-text journal article following its publication. Exclusions to concrete objects included items used for writing and 
art-based activities (e.g., drawing, painting), purely electronic or digital materials, and tangible-user-interfaces (TUIs: concrete 
objects used to engage with digital interfaces).
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RESULTS

Scoping the field

Initial mapping: Study demographics and characteristics

In total, 102 PM interventions were included in the review. Most were peer-reviewed journal 
articles (79.4%), with the remainder being unpublished theses or dissertations (17.7%), or 
other reports such as conference proceedings (2.9%).

More than half the studies included children with a mean age of 4–6 years (55.9%). 
Children aged 0–3 years, 7–9 years, and 10–12 years were included in 9.8%, 16.7%, and 
22.6% of the intervention studies, respectively. Nine studies (8.8%) included samples of 
children spanning multiple age groups.

Figure 2 shows the geographical distribution of studies by the country they took place in. 
The interventions were overwhelmingly based in the USA (59.8%). Overall, North America 
accounted for 62.8% of the studies, with Europe (21.6%) and the rest of the world (15.7%) 
accounting for the rest.

Information provided by the World Bank (2021) was used to determine the gross national in-
come (GNI) of the countries in which the review studies took place. They were largely conducted 
in high-income (88.4%) and upper-middle-income (8.7%) contexts. Notably, only 2.9% were in 
a lower-middle-income country and none took place in a low-income context. Note that these 
percentages are calculated out of a total of 103 studies, as one took place in two countries.

Table 2 summarises the distribution of studies according to several characteristics (includ-
ing the setting, adult involved, research design and test time points). Most interventions took 
place in a school setting (77.7%). Despite this, the adult delivering the interventions was typ-
ically a researcher or experimenter (45.6%), rather than a school teacher (36.9%). This may 
reflect differences in the purpose of the studies: although some implemented educational 

F I G U R E  2   Geographical distribution of studies by country. Note: One study was conducted in both Kenya 
and South Africa.

0 5 10 15 20 25 30 35 40 45 50 55 60 65
United Arab Emirates

UK
Spain

South Korea
Portugal

Papua New Guinea
Kenya
Japan

Italy
India

Hungary
Hong Kong
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Belize
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Taiwan

Switzerland
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Saudi Arabia
China

South Africa
Netherlands
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Canada
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programmes and provided teacher training to support delivery [e.g., Hull; Sophian], others—
despite being conducted in an educational setting—were more aligned with lab-based ex-
perimental studies [e.g., Fisher 2013; Martin]. For example, children were taken from their 
classroom to a separate room for an individual or small-group session with an experimenter.

Most studies used a randomised controlled trial (RCT) design (59.4%)—debatably the 
‘gold standard’ methodology (Hariton & Locascio, 2018), or at least a good experimental 
design (Grossman & Mackenzie, 2005; Lilienfeld et al., 2018), to evaluate intervention effec-
tiveness. Finally, three interventions did not include a comparison condition, and although 
some studies did not gather baseline data, most assessed children at both pre- and post-
test time points (83.3%).

REVIEW OF INTERVENTIONS INVOLVING PHYSICAL 
MANIPUALTIVES: A NARRATIVE SYNTHESIS

The 102 studies included in the review varied substantially in terms of the learning do-
mains targeted, materials and activities employed, and methodologies. To aid synthesis of 

TA B L E  2   Summary of study characteristics, including the intervention setting, adult involved, research 
design and test time points.

Study characteristics n studies

Setting

School/classroom 78

Lab 8

Home 7

Childcare centre 4

School/classroom & home 2

School/classroom & lab 1

Unclear 2

Adult involved

Researcher 47

Parent/caregiver 11

Teacher 36

Teacher & parent/caregiver 2

Other (school psychologist) 1

Unclear 5

Research design

RCT 61

QE 37

One group 3

Unclear 1

Test time points

Pre-post 84

Post only 9

During only 8

Pre-post intervention,
post-only control

1
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the information extracted from the reports, they were broadly grouped into three learning 
domains, including: maths and numeracy (n = 47), reading and literacy (n = 8), and science 
(n = 9). Thirteen studies did not correspond to the three main learning domains, instead they 
targeted learning and skills related to visual perception, social–emotional development, ex-
ecutive function, geography and play.

The studies are discussed in subsequent sections, including information about: (1) inter-
vention materials and activities; (2) physical engagement (deemed as low [moving/touching 
a PM], moderate [physical manipulation/transformation, e.g., rotating or arranging PMs], or 
high [building/construction with PMs, or otherwise arranging/transforming them to create 
something new or more complex]); (3) type of instruction (child- or adult-led, e.g., free play, 
guided play, direct instruction); and (4) evidence relating to their effectiveness. Further de-
tails about the main outcomes and findings of each study can be found in Appendix S1.

Narrative synthesis revealed substantial variation in methodological rigour across in-
terventions, exposing weaknesses such as small sample sizes, lack of control (or active 
control) groups, no baseline data, inadequate outcome/transfer measures (e.g., researcher-
made, or closely tied to intervention tasks), and/or inadequate statistical analyses or report-
ing. Studies with strong methodologies are noted.

An additional 25 studies were identified that involved boardgames and card games. 
These studies were deemed less relevant due to the limited amount of physical engagement 
the games afforded children and are discussed in less detail.

Maths interventions (N = 47)

Intervention characteristics

Materials and activities
Most of the studies included in this review focused on children's maths and numeracy, or 
related constructs like visual-spatial reasoning (see Table 3 for a summary of study char-
acteristics). A range of maths concepts and skills were targeted using numerous activi-
ties and materials. Children used PMs to help solve maths problems about fractions (e.g., 
manipulating fraction circles, pies, tiles, blocks) [Alshehri; Aleid; Cramer; Eason; Martin; 
Mendiburo; Moyer-Packenham], probability (e.g., rolling dice, flipping coins) [Taylor 2001], 
measurement concepts such as area, volume, length and weight (e.g., filling containers) 
[Dennis; Sophian], proportional reasoning (e.g., interacting with magnetic strips represent-
ing volume) [Fujimura], and computation (e.g., addition, equivalent equations) [Ermakova; 
Mattoon; Watchorn]. Several interventions targeted children's geometry and spatial skills 
via activities such as shape sorting and matching, exploring shapes via touch, and solving 
geometric puzzles and tangrams (i.e., arranging shapes into more complex configurations, 
e.g., a rabbit outline) [Casey 2008b, 2008c; Fisher 2011a, 2011b, 2013; Gecu-Parmaksiz 
2018, 2019; Hawes; Olkun; Thompson 2012, 2016; Verdine]. Children also used counters, 
toys, sticks and other small objects for counting, addition, sharing/dividing and ordering/sort-
ing by size [e.g., Alghazo; Bennett; Horan]. Some interventions targeted multiple concepts, 
aiming to enhance general maths ability [Bennett; Hull; Sophian; Starkey] or involved many 
activities and games [Vander Heyden]. Curriculum-based interventions lasted for several 
weeks or months, involved numerous PMs and activities, and were integrated into, or imple-
mented in lieu of, existing maths curricula [Bennett; Cramer; Hawes; Hull; Sophian; Starkey; 
Thompson 2012].

Eleven maths interventions involved block or brick play [Borriello; Boyle; Casey 2008a; 
Ferrara; Newman; Pirrone; Schmitt; Simoncini; Tian; Vander Heyden; Willson-Quayle]. In 
these studies, children typically engaged in semi-structured building activities by following 
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step-by-step instructions or recreating example models [e.g., Ferrara; Newman; Schmitt], 
though some included additional activities (e.g., addition) [Pirrone; Simoncini]. Six studies 
involved origami (paper folding), in which children transformed 2D paper sheets into 3D 
objects like geometric shapes or animals [Boakes; Burte; Cakmak; Krisztián; Taylor 2013; 
Yuzawa].

Physical engagement
Levels of physical interaction with maths materials differed across intervention activities. 
Block building/construction [Borriello; Boyle; Casey 2008a; Ferrara; Newman; Pirrone; 
Schmitt; Simoncini; Tian; Vander Heyden; Willson-Quayle] and origami [Boakes; Burte; 
Cakmak; Krisztián; Taylor 2013; Yuzawa] had high demands. In geometry activities, children 
typically engaged in moderate physical manipulation, such as arranging, combining, flipping 
and rotating materials to form novel or target patterns and shapes [Casey 2008b, 2008c; 
Hawes; Hull; Olkun; Thompson, 2016], but in some tasks, physical interaction was minimal, 
limited to touching or tracing shapes [Fisher 2011a, 2011b; Verdine]. Most of the remaining 
interventions had low physical interaction, with merely touching or moving counters and 
small objects in counting and fraction tasks [e.g., Horan; Martin]. Determining physicality 
was at times challenging; in multimodal interventions, for instance, it was unclear how much 
children engaged with PMs versus computer- or picture-based materials [e.g., Alghazo].

Physical engagement varied between comparison conditions in some studies. Four stud-
ies compared guided and free play (both with PMs) to direct instruction (children could see 
but not touch the PMs) [Eason, Fisher 2011a, 2011b, 2013], and one compared learning with 
PMs versus pictures [Martin]. Nine compared physical and virtual (computerised) manipula-
tives, in which the modality of materials varied between conditions, but the learning content 
(maths concept) and types of materials remained constant; children classified concrete or 
digital geometric shapes [Gecu-Parmaksiz; Verdine], solved physical (wooden) or digital 
(tablet-based) tangram puzzles [Olkun; Thompson,  2016], solved fraction problems with 
physical or virtual fraction circles, pies and tiles [Alshehri; Mendiburo; Moyer-Packenham], 
learned about probability with real or computer-simulated coins and dice [Taylor 2001], or 
used a range of physical or virtual materials in computational tasks [Mattoon]. These com-
parisons may provide mechanistic insight into impact of physical, hands-on interaction with 
PMs on maths learning.

Type of instruction
Many of the maths interventions were adult-directed [Alshehri; Boakes; Cakmak; Cramer; 
Dennis; Ermakova; Fujimura; Horan; Hull; Krisztián; Martin; Mattoon; Moyer-Packenham; 
Olkun; Taylor 2001; Thompson 2012; Watchorn; Yuzawa]. Although some used terms like 
scaffolded learning and adult guidance [e.g., Ermakova; Thompson, 2016], or manipulated 
the level of adult guidance between conditions [Horan], children's agency (and physical 
engagement with materials) was limited due to the highly structured nature of the tasks. 
Typically, children solved maths problems with task-specific PMs following a demonstration, 
or followed explicit step-by-step paper-folding instructions.

Fifteen studies were explicitly described as guided play interventions, or included some 
variation of the term, like scaffold, support or assist, in relation to an adult's role in a playful 
task [Bennett; Borriello; Casey, 2008a, 2008c; Ferrara; Eason; Fisher 2011a, 2011b, 2013; 
Hawes; Schmitt; Sophian; Starkey; Tian; Vander Heyden; Willson-Quayle]. Five of these 
involved block construction play, incorporating elements of guided play, including a playful 
storytelling context (children helped ‘King’ and ‘Queen’ puppet characters to build their cas-
tle) [Casey 2008a], adult guidance such as questions and prompts (e.g., Build your favourite 
number) [Pirrone; Schmitt; Willson-Quayle], and joint parent–child play [Borriello].
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Playful approaches also incorporated other types of PMs alongside adult scaffolding. 
Children learned about whole and parts by sharing segmented toy food between characters 
in a picnic story [Eason], pretended to be detectives discovering the secrets (physical prop-
erties) of shapes [Fisher 2011b, 2013], engaged in hands-on discovery-based learning (e.g., 
filling containers with various materials to learn about concepts like volume and capacity) 
[Dennis; Sophian], and took part in an origami and pop-up paper engineering programme 
(Think3d!) that required children to visualise, plan and construct 3D paper models [Burte; 
Taylor 2013]. Maths activities were sometimes embedded within a playful storytelling con-
text. Two studies evaluated a playful geometry intervention that incorporated a storytelling 
dragon-puppet to motivate children through a meaningful narrative context; children worked 
on maths challenges (puzzle-based tasks) collaboratively—‘helping’ characters in the story 
(e.g., making a dragon collage using triangle PMs) [Casey 2008b, 2008c]. Similarly, another 
intervention incorporated children's literature and story-related PMs into maths lessons (e.g., 
toy mice, cat counters, buttons) [Bennett].

Direct instruction was used more often in studies with relatively older children: n stud-
ies = 0 (0–3 years), 6 (4–6 years), 5 (7–9 years), and 10 (10–12 years) (note: samples in two 
studies spanned multiple age brackets). Play-based maths interventions typically had rela-
tively younger samples of children: n studies = 3 (0–3 years), 18 (4–6 years), 4 (7–9 years), 
and 2 (10–12 years) (note: one study's sample spanned two age brackets).

Theoretical perspectives
Many studies targeting maths outcomes referenced the concrete-to-abstract approach, 
and/or Piaget's and Bruner's developmental theories in their theoretical framework or back-
ground [Aleid; Alghazo; Alshehri; Bennett; Cramer; Dennis; Ermakova; Fisher 2011a, 2011b, 
2013; Gecu-Parmaksiz; Horan; Hull; Martin; Mattoon; Moyer-Packenham; Sophian; Starkey; 
Taylor 2001; Thompson 2012]. Some studies acknowledged that solely relying on PMs for 
learning is insufficient, and that accompanying activities and/or providing guidance on how 
to use the materials is crucial for children to gain conceptual understanding (i.e., to make 
meaningful connections between concrete objects and the abstract maths concepts they 
represent) [e.g., Dennis; Martin].

Evidence relating to effectiveness

Interventions were evaluated on a range of maths and numeracy outcomes, including frac-
tions, volume and capacity, symbolic and non-symbolic magnitude comparison, counting, 
probability and general maths attainment. Improvements in children's maths, spatial and 
shape talk, as well as their visual-spatial reasoning (mental rotation, spatial perception, 
visual-spatial geometry), were also assessed. Effectiveness trials of curriculum-based pro-
grammes revealed the most compelling evidence for the positive impact of PM interventions 
on children's maths learning.

A large-scale study in Belize compared a maths curriculum with PMs to regular maths in-
struction. Intervention teachers were trained to incorporate PMs and inquiry-based hands-on 
activities into maths lessons, whereas control teachers received training about character de-
velopment and positive discipline [Hull]. Maths instruction in developing countries like Belize 
is typically teacher-directed, with maths concepts being taught using abstract (symbolic) rep-
resentations, which can be difficult for children to learn and apply to novel problems [Hull]. 
Instead, a child-centred and low-cost intervention, which incorporated PMs that could easily 
be fabricated at home/school and adult (teacher) guidance, was implemented. Intervention 
effectiveness was assessed using a robust methodology, comprising an RCT design, pre- 
and post-outcome measures, and a large sample (N = 6628) of primary-age pupils spanning 
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eight school grades (aged 5–12 years). Hierarchical linear (multi-level) modelling accounted 
for clustering at the pupil-, teacher- and school-level, and controlled for potential group dif-
ferences in baseline scores. The analysis revealed that intervention children outperformed 
controls on age-appropriate maths achievement tests, and positive effects were associated 
with higher levels of teacher implementation (intervention fidelity). The findings prompted a 
nationwide rollout of the programme.

Pre-schoolers (aged 2–4 years) who participated in a maths curriculum that incorporated 
a range of hands-on activities and materials, such as sorting objects by size, filling con-
tainers and arranging shapes, performed better on maths measures than both passive and 
active (literacy curriculum) after accounting for their baseline scores [Sophian]. Similarly, 
4-year-old children who engaged in a pre-kindergarten classroom- and home-based maths 
curriculum with playful PM activities, such as sharing toy bananas between monkeys, mak-
ing shapes and arranging animal cards by set size, outperformed passive controls on a 
maths measure [Starkey]. Furthermore, intervention children from middle-income families 
outperformed low-income children at pre- and post-test, but lower-income children showed 
greater gains. Although maths curriculums using PMs show promise, improvements may be 
due to increased maths exposure rather than PMs themselves, as comparisons were made 
to passive controls or a non-maths (literacy) curriculum.

Curriculum-based studies comparing learning of the same (or similar) maths content 
with or without PMs demonstrated that PM-based activities benefited volume and capac-
ity learning in 10-year-olds [Dennis], fraction learning and retention in 9- to 11-year-olds 
[Cramer],and counting skills in 5-year-olds [Alghazo]. However, this research is limited by 
the absence of pre-test data [Cramer] and lack of clarity about much of the intervention 
involved in PMs versus computerised media [Alghazo]. Three additional single- and two-
session studies (non-curriculum-based) investigated the impact of solving the same maths 
problems (related to proportional reasoning, fractions or equivalence) with or without PMs in 
7- to 10-year-olds (magnetic strips, fraction tiles, and blocks vs. paper-and-pencil activities/
worksheets), but no group differences were found [Fujimura; Martin; Watchorn].

Other curriculum-based PM maths interventions yielded null or inconclusive results. 
There were no group differences in maths abilities among children aged 3–4 years who 
engaged in teacher-scaffolded maths tasks with storytelling and PMs versus traditional in-
struction [Bennett]. Another study found that while children aged 6–7 years who received 
maths instruction with PMs or multimedia/videos improved more than controls (traditional 
teaching) in geometry and visualisation skills, no other group differences were observed 
[Thompson 2012]. A curriculum-based spatial geometry programme led to selective benefits 
in the visual-spatial geometry scores of 5-year-olds when compared to an inquiry-based 
control approach on scientific topics [Hawes]. However, although statistical interactions in-
dicated greater gains for the intervention group in mental rotation, spatial language and 
symbolic (number) magnitude comparison, post hoc pairwise comparisons were either not 
conducted or showed no significant effects. Additionally, there were no group differences for 
other maths (non-symbolic magnitude comparison, number knowledge) or language (recep-
tive vocabulary) measures.

Most of the nine studies comparing physical and virtual manipulatives found that PMs 
were no better than digital materials for improving maths skills related to concepts such as 
fractions, probability and geometry in younger (4–5 years) [Gecu-Parmaksiz; Mattoon] or 
older (8–11 years) children [Alshehri; Mendiburo; Moyer-Packenham; Olkun; Taylor 2001] 
or visual-spatial skills [Gecu-Parmaksiz; Thompson, 2016]. In fact, two studies found that 
children who used virtual materials outperformed those who used PMs [Gecu-Parmaksiz; 
Mendiburo]. These effects may be due to the automated nature of computerised activities, 
which can provide individualised instructions and feedback, whereas teachers must monitor 
and guide children's use of PMs. The self-paced nature of computerised activities also allows 
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children to progress at their own speed, meaning children using virtual materials completed 
more activities and had more practice with maths problems [Mendiburo]. In another study, 
young children (2–3 years) who used standard and alternative PM shapes produced more 
spatial talk than those who only used standard physical or virtual shapes [Verdine].

Studies that examined varying levels of adult guidance, child agency and physical en-
gagement with PMs produced mixed outcomes. Two studies compared guided play, self-
directed play and didactic instruction with the same PM shapes, where in the latter, children 
were only allowed to see but not touch the shapes. Guided play improved 4-year-old chil-
dren's shape sorting more than the other conditions [Fisher 2011b; Fisher 2013] and en-
hanced performance on an embedded shapes task compared to free play [Fisher 2011b]. 
However, in another study by the same authors, no differences were found between guided 
play and didactic instruction on an embedded shapes task, and both methods improved 
shape sorting more than reading [Fisher 2011a]. Another study found that children (aged 
4–5 years) who participated in parent-guided play, which involved reading a story and ma-
nipulating segmented toy food, produced more maths talk than those in a free play condition 
[Eason]. Additionally, a formal learning approach with no hands-on interaction led to more 
maths talk than both other conditions. The mixed and inconclusive results of these guided 
play studies may be due to low intervention intensity (single-sessions) and lack of pre-post 
designs (data were only gathered during or post intervention).

Selective benefits were reported following a playful storytelling geometry intervention 
to a triangle task with familiar shapes (same type of triangles as the intervention activity) 
and a tangram task with novel shapes [Casey 2008b; 2008c]. Intervention children (aged 
5–6 years) outperformed geometry-only [Casey 2008c] and passive controls [Casey 2008b] 
on the triangle task and had greater gains on the tangrams task compared to geometry-only 
[Casey 2008b] but not passive controls [Casey 2008c]. Furthermore, girls benefited more 
than boys from the two geometry interventions, regardless of whether they also received the 
storytelling element.

A study comparing four intervention conditions in which 5-year-old children used coin-
based PMs with varying degrees of adult guidance, found no differential impact on children's 
counting scores [Horan]. In others, PMs (fraction bars, base-10 blocks) plus peer tutoring 
improved 10- to 11-year-olds' maths skills more than PMs alone or regular teaching [Aleid], 
and using one or multiple types of PMs (e.g., base-10 frames or base-10 frames and tiles) 
did not impact 6- to 7-year-olds' likelihood of utilising a base-10 addition strategy [Ermakova].

Nine block play studies assessed spatial talk or spatial ability outcomes. Children (aged 
4–5 years) who engaged in parent-guided block play produced more spatial talk than con-
trols who played freely [Borriello; Ferrara]. These effects are likely due to adult supervision, 
not PM engagement, as studies did not compare block play to PM-free condition. Structured 
block building interventions improved visual-spatial reasoning more than regular teaching 
plus free play with blocks [Casey 2008a] or drawing [Tian] in 3- to 6-year-olds, and both 
scaffolded and adult-directed block play, but not free-play, increased 4- to 5-year-old chil-
dren's block-building skills [Willson-Quayle]. Children's block play was also associated with 
increased functional activity in brain regions implicated in spatial processing [Newman]. 
However, gain scores in mental folding [Vander Heyden] and rotation [Casey 2008a; 
Newman; Vander Heyden] did not differ between groups (children aged 5–9 years). Although 
there were further reported improvements to children's visual-spatial reasoning, transforma-
tion and perspective-taking skills, findings were limited by methodological shortcomings, in-
cluding no comparison group [Boyle], no accounting for group differences in baseline scores 
[Pirrone; Vander Heyden] and results based on post hoc analyses, despite there being no 
group difference in gain scores [Newman].

The results of three studies investigating the impact of block building on maths and 
numeracy skills were mixed. One study found that guided block play improved maths 

 20496613, 2023, 2, D
ow

nloaded from
 https://bera-journals.onlinelibrary.w

iley.com
/doi/10.1002/rev3.3400 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [16/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



24 of 42  |      BYRNE et al.

scores of 9-year-olds more than traditional teaching [Pirrone], while another found that 
6-year-old children who received blocks showed selective improvements in certain areas 
of maths compared to those without blocks (backward number sequence and arithme-
tic strategies, but not subitising, number identification or forward number sequence) 
[Simoncini]. However, this study did not have baseline data. The third study, involving 
children aged 3–5 years, failed to show any benefits to several maths outcomes (numer-
acy, shape recognition, maths language), but some positive findings were mediated by 
parental education [Schmitt].

Evidence that paper-folding and origami interventions improve children's maths skills was 
also mixed. Maths scores of children (aged 11–12 years) in an origami programme improved 
more than those of passive controls—however, this finding was based on an interaction 
effect that was not followed up with pairwise comparisons [Krisztián]. Another study found 
marginal gains for older (grades 5–6; aged 10–12) but not younger (grades 3–4; aged 8–
10) children who participated in the Think3d! paper engineering programme; however, the 
study lacked a control group [Burte]. Intervention-related improvements were also reported 
to size comparison (5- to 6-year-olds) [Yuzawa], but not geometry measures (12-year-olds) 
[Boakes].

Four studies revealed that interventions utilising origami techniques had a positive impact 
on children's (aged 8–12 years) spatial visualisation and transformation abilities (based on 
tasks such as mental rotation, mental knotting and mental paper folding) [Burte; Cakmak; 
Krisztián; Taylor 2013]. However, these studies were limited by a lack of a control group 
[Burte; Cakmak] and results that were determined only by t-test comparisons [Krisztián; 
Taylor 2013]. Some null effects were also reported [Boakes; Burte; Taylor 2013].

Summary

There was evidence that PM maths interventions, using both didactic and play-based meth-
ods, can enhance children's performance on maths and spatial outcomes. Curriculum-based 
programmes yielded the most promising findings, demonstrating that intervention children 
outperformed controls on tests of maths achievement [e.g., Dennis; Hull; Sophian; Starkey], 
and in one case, gains were found to be mediated by intervention fidelity [Hull]. A noteworthy 
study was the large-scale trial conducted in Belizean schools (a lower-middle-income con-
text), which employed a robust methodology [Hull]. Studies have also indicated that block-
building can benefit children's learning across multiple areas, including spatial language, 
spatial reasoning and maths. However, findings were mixed, with some studies reporting 
null or inconclusive results. This is in part due to methodological differences across stud-
ies, which make it difficult to draw conclusions about the critical intervention components 
that foster maths learning. Furthermore, most studies comparing physical and computerised 
activities found that PMs were no better or worse than their virtual counterparts, suggesting 
that the physical nature of the task may not be crucial.

Reading- and literacy-based interventions [N = 8]

Intervention characteristics

Materials and activities
Table 4 summarises the study characteristics of the reading and literacy PM interventions. 
In five interventions, children engaged in a joint reading activity with an adult (researcher or 
teacher) and played with story-relevant figurines and small toys or props [Biazak; Dickinson; 
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Han; Toub; Weisberg] (e.g., re-enacting a story by pretending to bake a cake [Biaszak; 
Dickinson; Han]). Adults facilitated language learning or comprehension during play ses-
sions with PMs by incorporating target vocabulary, elaborating on children's talk, asking 
closed- and open-ended questions, and/or using definitions [Dickinson; Toub; Weisberg]. 
Three studies incorporated a range of PMs and activities: small toys and objects were used 
to prompt comprehension strategies during reading [Cobb] or represented phonemes in 
child-invented literacy games [Cavanaugh], and PM letters were used in phoneme segment-
ing tasks [Lane].

Physical engagement
Children's levels of physical engagement with PMs were deemed moderate (manipulating 
items to act out a scenario) to low (touching or moving items) in the reading and literacy stud-
ies. They typically used small toys and figurines to enact scenes or actions from a story, but 
the nature of the props and activities limited the amount of physical manipulation that was 
possible.

Type of instruction
Five studies used guided play, with varying degrees of adult guidance and child agency. The 
most noteworthy implementation of guided play was observed in two studies. In one, an adult 
supported children as they played with story-relevant PMs by following their lead, engaging 
in co-play, asking questions, and teaching new words in a natural and interactive manner 
[Toub]. In the other, children were given freedom to work with their peers to create their own 
games using PMs, focusing on phonics [Cavanaugh]. Other studies involving adult-guided 
play-based learning afforded children relatively less agency within their play. For example, 
an adult modelled actions for target words from a story, then encouraged children to enact 
target words during play with toys and props [Dickinson; Han; Weisberg]. Other interventions 
involved prescribed, adult-directed activities [Biazak; Cobb; Lane].

Theoretical perspectives
Studies exploring the benefits of hands-on activities with PMs for literacy and language were 
informed by theories such as Bruner's enactive-iconic-symbolic learning modes, Piaget's 
theory of concrete-to-abstract thinking, Vygotsky's ideas that children construct meaning 
through physical interaction and play, and the idea that learning is embodied and closely tied 
to physical context [Biazak; Cavanaugh; Han].

Evidence relating to effectiveness

Assessed learning outcomes included: early literacy skills, reading, receptive vocabulary, 
expressive vocabulary, memory retention for story content and self-regulation. Research 
aims varied across studies, meaning that different comparison groups were used: some ma-
nipulated the level of instruction (e.g., guided play vs. direct instruction; [Cavanaugh; Han]) 
and/or the inclusion of PMs (e.g., reading with vs. without PMs; [Biazak]), whereas others 
manipulated neither of these task features [e.g., Weisberg]. This limits the conclusions that 
can be drawn regarding the relative importance of PMs and/or the level of adult guidance 
and child agency. Although all the studies employed an experimental pre- and post-test 
design, their analytic methods differed: some used more rigorous techniques (e.g., control-
ling for potential variations in pre-test scores between groups and/or nesting in classrooms; 
[Dickinson; Biazak; Lane; Toub]), whereas others did not [e.g., Cobb; Han].

Evidence that literacy-rich guided play interventions promote 3- to 6-year-old children's 
literacy and vocabulary learning was mixed. One study found that both guided and directed 
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play with PMs led to improvements in receptive and expressive vocabulary when compared 
to free play with PMs, but there were no differences between the guided and directed groups 
[Toub]. In contrast, other studies found that guided play with PMs improved children's early 
literacy skills [Cavanaugh] and receptive (but not expressive) vocabulary [Han] more than 
adult-directed instruction with PMs [Cavanaugh]. As PMs were included in all the interven-
tion conditions of these studies, their relative importance for the intervention-related effects 
are uncertain. Two studies compared reading interventions with and without PMs. Children 
who used toys to act out characters in a story were able to recall more information than those 
who only listened [Biazak]. However, another reading intervention using PMs was no better 
than a reading programme without PMs for enhancing children's receptive vocabulary, ex-
pressive vocabulary, or self-regulation [Dickinson]. Children who engaged in a guided play 
reading intervention with PMs, enacting fantasy or realistic stories, demonstrated gains in 
expressive and receptive vocabulary (with no difference between the two groups); however, 
it remains unclear if benefits were due to guided play or PMs as there were no other com-
parison conditions [Weisberg].

In the remaining two studies, literacy interventions involving PMs were compared to 
business-as-usual control groups with relatively older children (aged 6–9 years). One found 
that children in a literacy tutoring programme outperformed passive controls on a measure 
of phonological awareness, however pairwise comparisons between the intervention groups 
themselves were not reported (e.g., the same tutoring programme with vs. without PMs) 
[Lane]. The other study found that first (but not second or third) graders' reading scores 
improved more than controls following a comprehension strategy intervention with PMs 
[Cobb]. As these studies employed passive control groups, findings could be influenced by 
extraneous factors such as expectancy effects.

Summary

Research on the use of PMs in literacy and reading interventions produced mixed results, 
with some finding improvements in children's vocabulary, literacy skills and memory for story 
content, while others reported null effects. Additionally, diversity in the methods used across 
these studies make it difficult to determine the specific impact of certain intervention fea-
tures on the effectiveness of interventions. Even so, most of the studies used guided play, 
suggesting that PMs may be well suited for playful literacy approaches.

Science-based interventions (N = 9)

Intervention characteristics

Materials and activities
Children engaged in hands-on experimentation with a variety of objects and materials in 
the science-based interventions, exploring numerous concepts such as speed and slope, 
gravity, balance beam and mass, natural science (dinosaurs and fossils), simple machines 
(engineering and physics principles), buoyancy and magnetism. The level of playfulness and 
physical manipulation varied across these interventions: some interventions encouraged 
children to freely experiment with materials or develop their own solutions to engineering 
challenges, with adult guidance, while other activities were more structured, utilising specific 
materials and prescribed actions. See Table 5 for a summary of the science intervention 
study characteristics.
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Physical engagement
The degree of physical engagement varied among science-based interventions, with most 
having high demands. Children used complex LEGO engineering materials to design and 
construct simple machines such as levers or pulleys [Li; Marulcu; Portsmore], played in a 
sandpit and interacted with slope- and speed-related items such as tubes and small objects 
[van Schijndel], or actively engaged in hands-on experimentation to learn about various 
scientific concepts (e.g., determining if objects float or sink, playing with magnets, drop-
ping items and observing the effects of gravity) [Bulunuz; Dejonckheere]. In contrast, other 
studies required lower levels of physical manipulation: children dropped balls from differ-
ent heights (to learn about how factors like mass, size and height affect the fall of objects) 
[Lazonder], held and placed objects on balance beams [Zacharia], or matched triangle 
pieces (printed with fossils and dinosaur names) with corresponding hexagons [Lu]. In these 
three studies, PMs were compared to computer-based versions of the same tasks (e.g., a 
real vs. virtual balance beam).

Type of instruction
Three interventions were play-based, engaging children in hands-on activities that allowed 
for freedom and exploration, while also providing guidance and scaffolding from a teacher 
[Bulunuz; Dejonckheere; van Schijndel]. In one, children could freely explore and experi-
ment with materials at different learning stations, each focused on a different science con-
cept (e.g., magnets, gravity, water). They could also participate in problem-solving activities 
led by a teacher (e.g., removing paperclips from a glass of water using a magnet; [Bulunuz]). 
In the second study, children engaged in guided play in a sandpit, learning about slope 
and speed using objects such as plastic tubes and small items [van Schijndel]. In the third 
study, teachers provided science-based materials and demonstrated their use (e.g., mag-
nets, objects that float or sink), then scaffolded children's exploratory play with the materials 
[Dejonckheere].

Studies involving LEGO engineering materials (i.e., making simple and/or complex ma-
chines) were not explicitly described as play-based, but included elements of guided play. 
Children were given a challenge, collaborated with peers, and were guided by an adult [Li; 
Marulcu; Portsmore]. The remaining three studies involved a game with rules [Lu] or a didac-
tic approach that limited children's agency [Lazonder; Zacharia].

Theoretical perspectives
Theoretical foundations for the use of PMs in early science education were based on con-
structionism (Papert, 1980), which suggests children gain a deeper understanding through 
learning by making [Li], Sternberg's triarchic theory intelligence, which suggests that learn-
ing is attained through a combination of analytical, creative and practical abilities (Sternberg, 
1895), and the concrete-to-abstract approach [Bulunuz; Lazonder; Zacharia].

Evidence relating to effectiveness

Positive effects were reported following didactic interventions where children learned 
specific knowledge through a structured activity. One study found that 10-year-old chil-
dren who engaged in a physical dropping task were more likely to revise their misconcep-
tions about mass than those who engaged in a virtual dropping task or observed an adult 
[Lazonder]. Another study evaluated 5-year-olds' understanding of balance beams be-
fore and after participating in a physical or computerised balance beam task [Zacharia]. 
Children who initially had relatively lower levels of accurate prior knowledge about bal-
ance beams improved more in the physical versus virtual condition. In contrast, children 
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(aged 10–11 years) learned more dinosaur-related knowledge by playing a virtual (aug-
mented reality) game than a physical paper-based version [Lu]. However, these studies 
are limited: children only engaged in a single intervention session, tasks were highly 
constrained, and the generalisation of effects beyond specific target knowledge was not 
examined.

Positive effects were also reported in playful, curriculum-based studies involving hands-on 
experimentation [Bulunuz; van Schijndel]. Children (aged 5–6 years) in a guided play curric-
ulum involving science-based learning stations performed better on an interview measure of 
science knowledge, compared to those taught using a didactic approach [Bulunuz]. However, 
the generalisation of children's learning to novel scenarios was not tested, meaning gains 
may not reflect improvements in conceptual understanding. In another study, young children 
(aged 2–3 years) engaged in more exploratory play following a guided play sandpit interven-
tion than free play controls [van Schijndel]. Both studies were limited by small sample sizes 
(both had fewer than 30 participants).

Three studies found mixed effects of LEGO-based interventions using engineering ma-
terials with children ranging from 6 to 11 years old. In one study, the intervention enhanced 
children's knowledge of levers and pulleys more than an alternative (non-LEGO, but still 
hands-on) inquiry-based approach [Marulcu], and in the other two, children's physics knowl-
edge and problem-solving abilities improved, but a design planning stage did not yield any 
added benefits [Li; Portsmore]. However, studies had small sample sizes (all had fewer than 
32 participants) and lacked comparison conditions without PMs, making it difficult to deter-
mine the importance of physicality for learning.

Summary

For pre-primary children, science education was facilitated through hands-on play-based 
learning, harnessing their natural curiosity to explore the world [Bulunuz; van Schijndel]. For 
older primary-age children, LEGO-based simple machine activities exposed them to engi-
neering principles [Li; Marulcu; Portsmore]. Overall, there is evidence that pre-school-age 
and primary-school-age children can successfully learn scientific concepts through playful, 
creative, collaborative and active learning methods.

Other learning outcomes (N = 13)

Three studies evaluated the Six Bricks guided play intervention, where each child received 
a set of six DUPLO bricks. In Kenya and South Africa, two studies trained teachers to in-
corporate PMs into their daily lessons using suggested activities. Visual perception, but not 
non-verbal reasoning, scores of children (aged 5–9) participating in Six Bricks improved 
more than those of passive controls [Brey; Jemutai]. However, the statistical models used 
were unclear [Brey] or positive effects were seen only with adjusted alphas (p < 0.10 but not 
p < 0.05). Another study of Six Bricks in Taiwan sought to promote positive emotions in chil-
dren aged 10–11 years through collaborative building exercises but provided limited details 
about how the programme was delivered and the reported results were unclear [Harn] (see 
Appendix S1 for more details).

Five studies examined the effects of structured block play and reported benefits to in-
fant's (aged 8 months) visual form sensitivity and young children's (aged 4–5 years) drawing 
skills [Sawyer; Schröder], but not numerosity discrimination, attention, inhibition, language 
acquisition, or social-emotional outcomes such as theory of mind and social interaction 
[Bugos, Christakis; Goldstein; Sawyer, Schröder]. Although one study found improvements 
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in the language skills of a subset of children (aged 1–2 years) from low- and middle-income 
families [Christakis].

Two studies found that map-based puzzle activities did not enhance children's (aged 4–5 
and 8–10 years) ability to retain geographic information compared to a non-puzzle map or 
virtual activity [Dang; Eisen]. An origami-based curriculum did not benefit 9-year-olds' social-
emotional competencies compared to a social-emotional training programme [Raimundo]. 
Teaching infants (aged 8 months) specific actions to explore toys did not increase their 
exploratory behaviours [Clearfield], and toy play did not improve focused attention, com-
prehension or expressive vocabulary in 1-year-olds when compared with a book sharing 
intervention [Cooper].

Boardgames and card games (N = 25)

Twenty-five studies involved board and card games, which mostly (n = 20) focused on 
children's numeracy skills. Most assessed the impact of linear number line [Bengtson; 
Bofferding; Cheung; Dunbar; Elofssen; Hawes; Ramani 2022, 2012a, 2012b; Siegler; Whyte] 
or grid-based boardgames [Chituk; Laski; Sonnenschein], usually targeting children's count-
ing skills. Several studies compared linear number boardgames to circular number [e.g., 
Elofssen; Siegler; Ramani 2011] or linear colour boardgames [e.g., Hawes; Whyte; Dunbar; 
Ramani 2012a, 2012b]. Other maths interventions involved magnitude comparison card 
games [Ramani 2020; Scalise] or multiple games (e.g., Shut the Box, Lining-up the Fives) 
[Vogt]. In other domains, games focused on children's geography learning [Vargianniti] or 
cognitive and executive functioning [Estrada-Plana; Benzing; Türkoğlu]. Three studies com-
pared physical and computerised games [Chituk; Drury; Fokides; Nikiforidou]. These stud-
ies are not discussed in further detail due to the limited degree of physical manipulation in 
the tasks and a summary table can be found in Appendix S1.

DISCUSSION

This scoping review sought to identify and map studies evaluating PM interventions with 
pre-primary and primary-age children, an important step in identifying areas for future re-
search. In total, 102 studies were included and broadly grouped into key learning domains 
and materials. This review is distinct from prior reviews as it established the breadth of PM 
literature regardless of intervention features such as learning domain, PM types or type of 
instruction. Considerable heterogeneity was found among these features.

Many of the reviewed studies focused on maths and numeracy interventions that utilised 
hands-on PM activities to promote children's overall maths skills or understanding of spe-
cific concepts such as fractions, geometry and counting. The abundance of maths-focused 
PM interventions is likely due to PMs being commonly used during regular maths lessons. 
This finding aligns with prior literature, where most reviews and meta-analyses of PM in-
terventions are centred on maths learning (Carbonneau et al., 2013; Holmes, 2013; Lafay 
et al., 2019; Moyer-Packenham et al., 2013; Sarama & Clements, 2009; Tran et al., 2017). 
PM interventions promoting learning in other domains, including reading, literacy and sci-
ence, were also found, but fewer studies were available in these areas.

There was substantial heterogeneity in the review studies regarding the intervention 
methods and approaches, echoing findings of previous literature reviews (Carbonneau 
et al., 2013; Lafay et al., 2019). Similarities and differences in intervention characteristics 
emerged across studies, including the instructional approach (e.g., play-based or formal in-
struction), PM materials (e.g., blocks, shapes, figurines) and activities (e.g., building, sorting, 
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story enactment). Children's physical engagement with PMs also varied greatly. For ex-
ample, simple counting tasks only required children to handle, touch or move small ob-
jects (Horan & Carr, 2018; Martin et al., 2012), whereas construction activities with blocks 
required higher levels of physical (and visual) manipulation for accurate block placement 
(Newman et al., 2016; Pirrone et al., 2018).

The overall findings regarding the effectiveness of PM interventions were mixed and often 
confounded by inconsistent and inadequate methodologies. In all the learning domains—
maths/numeracy, reading/literacy and science—there was no consistent evidence that PM-
based interventions improved children's learning. Nevertheless, there are positive results to 
note.

Reports indicated that maths-based interventions improved children's maths outcomes, 
consistent with prior reviews and meta-analytic data (Carbonneau et al., 2013; Holmes, 2013; 
Lafay et al.,  2019). Studies showed that block-building interventions enhanced children's 
spatial talk, spatial reasoning and maths outcomes, consistent with previous research 
linking early block play, spatial skills and maths (Bower et al., 2020; Mix et al., 2016; Mix 
& Cheng, 2012; Verdine, Golinkoff, Hirsh-Pasek, & Newcombe, 2014; Verdine, Golinkoff, 
Hirsh-Pasek, Newcombe, Filipowicz, et al., 2014). In other learning domains, selective bene-
fits were seen in children's language and literacy skills following reading- and literacy-based 
interventions involving PMs, and in learning of scientific concepts and knowledge through 
hands-on activities and experimentation with science-focused materials. However, positive 
results were often outweighed by reports of null, negative or inconclusive findings. Prior sys-
tematic reviews confirm the educational benefits of PMs for maths learning, but the overall 
efficacy of PM interventions in other learning domains has not been thoroughly evaluated 
in early childhood. Systematic reviews and meta-analyses of reading, literacy and science-
based PM interventions are recommended.

Promising results were found in playful, curriculum-based interventions where children 
participated in extensive programmes (>20 sessions with multiple activities) using maths- or 
science-based PMs (Bulunuz, 2013; Cramer et al., 2002; Dennis, 2012; Hull et al., 2018; 
Sophian, 2004; Starkey et al.,  2004; van Schijndel et al.,  2010). For instance, one study 
implemented a multifaceted intervention to meet the needs of primary education in Belize, 
focusing on teacher knowledge and school resources (Hull et al., 2018). A large-scale ef-
fectiveness trial found larger improvements in the maths achievement scores of interven-
tion children versus controls, leading to a nationwide rollout of the intervention. The study 
demonstrates best practices for producing stronger and reliable data, in terms of intervention 
development (e.g., meeting the needs of the educational context, grounded in evidence) and 
trial design (e.g., robust methods and analyses). Both contribute to the success of an inter-
vention and its potential real-world impact on policy and practice. Another study with strong 
methods, in the USA, showed that preschool children benefited from a playful, curriculum-
based intervention that comprised a range of hands-on maths activities and ongoing sup-
port for teachers (Sophian, 2004).

Overall, the field lacks high-quality research with robust research designs. Many studies 
had methodological limitations such as small sample sizes, lack of control (or active control) 
groups, missing baseline data, inadequate outcome/transfer measures (e.g., researcher-
made or closely tied to intervention tasks) and/or inadequate statistical analyses or reporting 
of analyses. Prior reviews have also shown substantial variation and flaws in the methodol-
ogies of PM interventions (Carbonneau et al., 2013; Lafay et al., 2019). Future evaluations 
of PM interventions should be methodologically strong to ensure that data related to effec-
tiveness is reliable and robust, thus giving interventions that are deemed effective the best 
chance of being scaled and impacting policy.

Reasons for incorporating hands-on activities to promote learning in the review studies 
were consistent with wider literature. Many papers cited the concrete-to-abstract approach, 
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which is based on early developmental theories (Bruner, 1964; Piaget, 1962), and suggests 
that children learn abstract, symbolic concepts more effectively with physical referents. In 
maths, children can understand fractions by placing five 1/5th fraction tiles together and 
observing that they equal one larger fraction tile representing one whole. Manipulating ob-
jects can also help children to make connections between the physical world and words by 
facilitating indexing, the process of acquiring semantic information about new words (e.g., 
playing with toy tractors and horses when reading a story about a farm) (Glenberg, 2008; 
Glenberg et al., 2004). Zacharia et al.  (2012) also stress the importance of hands-on ex-
periences with science materials and apparatus (Zacharia et al., 2012), which provide chil-
dren with opportunities to engage in fundamental aspects of scientific discovery, such as 
forming hypotheses, conducting experiments and evaluating evidence (Zimmerman, 2007). 
Although scientific reasoning skills develop throughout preschool and primary school years 
(Piekny et al., 2014; Sodian et al., 1991), research on hands-on science interventions in this 
age group is lacking, highlighting the need for age-appropriate science programmes in pre-
school and primary education.

There was no convincing evidence that PMs were better than virtual materials for enhanc-
ing children's maths learning; most studies reported that PMs were no better or worse than 
virtual materials (Mendiburo & Hasselbring, 2011; Moyer-Packenham & Westenskow, 2013). 
Although the educational benefits of PMs during maths instruction are well established 
(Carbonneau et al., 2013; Holmes, 2013; Lafay et al., 2019), the physical nature of the ma-
terials used in these interventions may not be critical. In contrast, there was positive, yet 
limited, evidence that children learn some science concepts more effectively with physical 
than virtual materials (Lazonder & Ehrenhard, 2014; Zacharia et al., 2012).

Instructional guidance varied across interventions, with most using either a guided play 
or didactic approach. Some experimental studies manipulated the degree of adult guidance 
and child agency between intervention conditions. Most studies reported that guided play 
with PMs was more beneficial for children's visual-spatial, language, and exploratory play 
outcomes than free play with the same or similar materials. This is consistent with recent 
meta-analytic data showing that guided play interventions improve children's early maths 
skills and spatial talk more than free play (Skene et al., 2022).

PMs facilitate activities that promote children's active participation in learning and are 
common in play-based pedagogy (Pyle et al., 2017; Skene et al., 2022). Playful activities 
with PMs may have an indirect effect on learning by promoting children's attitudes to learn-
ing, such as enjoyment and intrinsic motivation. Due to the broad range of interventions 
captured in this review, the specific effects of guided play with PMs cannot be disentangled 
from other variables (e.g., differences in the types of materials and/or the amount of phys-
ical engagement with PMs). Although Skene et al. (2022) investigated the effectiveness of 
guided play interventions (regardless of PMs) compared to other types of instruction, and 
examined potential moderators via subgroup analyses, the type of intervention materials or 
presence of PMs was not considered. Further systematic investigation may help to disentan-
gle the relative impact of PMs and guidance.

Studies were overwhelmingly conducted in high-income countries, with over half tak-
ing place in the USA, thus limiting the generalisability of study findings and the potential 
transferability of interventions to novel contexts and educational systems. There is pressing 
need for more research in middle- and low-income countries. Recommendations include: 
(a) implement and scale interventions with pre-existing evidence or design interventions 
with evidence-based components; (b) pilot before implementation and scaling if evidence 
is mainly derived from high-income contexts; (c) design multifaceted interventions that 
meet context-specific needs (making adaptations to ensure programmes are useful, ac-
ceptable and feasible for the context)—considering factors like existing teacher training (or 
lack thereof), typical teaching practice, stakeholder expectations and cost; and (d) conduct 
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methodologically robust studies that produce strong and reliable data to support scaling and 
policy impact. Several limitations of this scoping review are noted. The review synthesised 
many studies but did not include an in-depth examination of each paper, potentially leading 
to the omission of important information (e.g., related to individual differences or interven-
tion fidelity). The review aimed to encompass a wide range of educational interventions 
using broad inclusion criteria, regardless of research design. Consequently, the review in-
cluded both long-term educational programmes integrated into curriculums and short-term 
experimental interventions conducted under lab-like conditions, with additional differences 
in factors such as comparison groups, study design, materials and outcomes. This hetero-
geneity makes it difficult to directly compare studies and draw overall conclusions about the 
effectiveness of PM interventions.

The search terms used in this review did not encompass all the types of PMs that could 
be utilised in educational interventions, in part due to the limited use of the term manipulative 
outside of maths activities. A relatively small number of science-based studies were identified 
(n = 9), despite the vast array of materials that could be used for hands-on science learning. 
Indeed, the studies included a diverse range of materials, such as magnets, parachutes, sand, 
tubes, water, ice, balance beams, and so on. More targeted searches using terms related to 
specific science-based materials and concepts may yield additional reports involving PMs for 
early scientific learning and experimentation. Similarly, a more targeted systematic search 
may also yield more literacy-based PM intervention studies not captured in this review.

This review focused on the conceptual aspects of interventions that related to children's 
experiences (instruction, agency, play, interaction with materials). Other important factors 
(e.g., study design, number of sessions, child age, adult involved) are summarised in tables 
but not examined closely. Further systematic reviews and meta-analyses could explore the 
impact on these study features on the effectiveness of PM interventions, and systematically 
examine research quality.

A major drawback of the review were resource constraints. Only one researcher conducted 
most of the review procedure, meaning that double screening and data extraction of all stud-
ies could not take place, limiting the reliability of the findings and increasing the likelihood of 
bias. There were also deviations from the protocol (e.g., no searches of the grey literature, 
except for dissertations/theses). Finally, only reports written in English were included.

Based on the information gathered in this review, several key recommendations for using 
PMs in practice are suggested: (a) choose materials and activities that are age-appropriate 
and focused on the learning goal; (b) consider the type and amount of instructional guidance 
needed (adjusted based on learning content and children's needs); and (c) consider the level 
of physical interaction afforded by materials and activities and its importance for the learning 
goal.

CONCLUSION

A diverse range of PM interventions were captured in this scoping review, with substantial 
differences in intervention features such as the learning content, hands-on activities and 
materials, participant age, adult involved (and their training), mode of instruction, number of 
sessions, and study factors related to research design and quality (e.g., control groups, sam-
ple sizes, analyses). Although positive outcomes were reported in children's maths, spatial, 
literacy and science skills, evidence was inconsistent and many studies had methodological 
limitations, leading to the need for caution in drawing conclusions about the overall effec-
tiveness of PM interventions. Most studies were conducted in high-income countries and 
focused on children's maths skills, highlighting the need for research expansion in other 
contexts and learning domains.
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