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Abstract

In line with scientific literature, there is a growing interest in building-block play. In fact, through this kind of play, children
acquire both the abilities for abstract thought and symbolic representation and an understanding of rules—all of which are
fundamental for mathematical understanding. This study explores the relationship between constructive play, mathematical
skills, and mental imagery in children aged 10 to 12 years through the applications of three kinds of test: LEGO® block play,
objective mathematical tests for primary school, and mental imagery tests (MITs). Gender did not significantly affect the tests’
outcomes with the exception of the MIT visuo-spatial memory subtest, on which males reported better scores. Mental imagery
correlated positively and significantly with all the variables involved in this study. Moreover, mental imagery was shown to have
a mediating role in the relation between block play and mathematics. The results of this study may be useful for developing
teaching and learning techniques based on construction play.
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1. Introduction

In recent years, the scientific literature has revealed an increasing interest in the “learning potential” underlying building-
block play, as there is a widespread belief among psychologists and educators that playing has a very important role in
the development of adaptive personality traits (e.g., Schimmenti et al. 2015; Pace et al., 2015). Moreover, this type of
play can be considered as a medium through which children develop cognitive skills (Pepler & Ross, 1981). Most of these
studies have focused on the relationship between building-block play and mathematics, trying to understanding what
mechanisms allow the transformation of LEGO-play skills into calculation skills. In the scientific literature, the relationship
between play, mathematics, and visuo-spatial skills has been widely explored (Tracy, 1987; Brosnan, 1998; Caldera et
al.,, 1999; Hegarty & Kozhevnikov 1999; Casey et al., 2008; Casey, Pezaris, & Bassi, 2012; Oostermeijer, 2014; Nath,
2014), emphasising the role that mental imagery may play in this relationship. Mental imagery has been investigated in
connection with both mathematics and games, but the mediating role that mental imagery plays between building-block
play and mathematics, which may be more relevant, has rarely been considered. In this study, we analysed the
relationship between building-block play and mathematical skills by testing whether mental imagery mediates this
relationship.
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1.1 Why Playing with LEGO Improves Mathematical Skills?

Building-block play provides opportunities to integrate various types of learning in multiple areas of development.
According to Verdine (2014), playing with blocks may be crucial in helping pre-schoolers to develop “spatial thinking"—
envisioning where blocks go in relation to each other as they build. Deciding whether a block goes over or under another
block, or whether it is aligned or perpendicular to it, are just the kinds of skills that support later learning in science,
technology, engineering, and math (STEM). When children manipulate and assemble pieces, building-block play
furnishes opportunities to learn and practice visual perception along with gross and fine motor skills. As children handle
blocks, they become mentally active, learning to interpret and process sensory information. As proposed by Vygotsky
(1976) and more recently by Pickett (1998), building-block play may support academic skills; for instance, the
representational aspects of blocks stimulate symbol production (Stroud, 1995). Piaget (1945) and Reifel (1984) explained
the main role that blocks play as children begin to internalise the physical foundation of all mathematical and scientific
concepts. By physically manipulating blocks, young children learn the meaning of size, shape, length, weight, capacity,
and balance. Even before they can label or describe blocks, children have internalised the blocks’ physical attributes and
established an important relationship between the objects. In doing so, they increase and stimulate problem-solving skills,
logical thinking, and conceptual understanding according to the specific context (Hampton et al., 2011).

According to Sarama and Clements (2009), the children’s everyday experience forms an intuitive, implicit
conceptual foundation for mathematics. Later, children represent and elaborate on these ideas, creating models of
everyday activity with mathematical objects, such as numbers and shapes; engaging in mathematical actions, such as
counting or transforming shapes; and using mathematics to build structures. Sarama and Clements call this process
“mathematization” (p. 316). Construction tasks, such as object assembly, are paradigmatic examples of complex events
(Zacks & Tversky, 2003) that depend upon visual search and spatial problem-solving, including visualisation through
mental imagery, which are the foundation of math skills.

1.2 The Importance of Imagination in Learning Mathematics

Psychological studies on procedures for teaching and learning in mathematics have focused on the effectiveness of
imagination. As stated by Jencks (1972), learning new concepts usually begins as the child’s senses progress. They form
mental images of what they perceive with those senses. These images provide the foundation for insight. When the child
receives first-hand experiences that help him or her to build the necessary images, learning becomes deeper and more
penetrating (Pellerone et al. 2015; Passanisi & Di Nuovo, 2015). It follows that a large part of understanding consists of
constructing representations of various types. These representations are often both external (e.g., a picture) and mental
(e.g., a feeling), such as the geometric image of complex numbers forming the complex plane or the kinetic model for
elementary calculus (Arnoux, 2009). The first specific study on the relationship between imagination and mathematics
dates back to Bishop (1973, 1989), who studied the crucial relationship between spatial ability and visualisation. Brown
and Wheatley (1990) and Presmeg (1986, 1992) investigated the role of visually mediated processes in high school
mathematics, in which individual students’ thinking was probed in clinical interviews. The authors indicated that students
use imagery in the construction of mathematical meaning, thus affirming that learning frequently involves the use of
imagery and that it must include very abstract and vague forms of imagery. Dawe and Anderson (1993) showed that the
use of visualisation strategies in teaching mathematics is related to higher student performance in mathematics; he also
found that integrating holistic and analytical approaches leads to even better results. Mason (1992) suggested that the
images can be viewed as either eidetic, following the exposure to a visual object, or constructed from other images; he
asserted that it is not just the creation of mental image but the use of that image as a mental “screen” in visual thinking
that constitutes mathematical learning. Furthermore, Hegarty and Kozhevnikov (1999), after running a study on the
relationship between imagination and visuo-spatial problem-solving in mathematics with 12-year-old children, defined two
types of visualizers: schematic types, who are generally successful in mathematical problem solving, and pictorial types,
who are less successful than schematic types. Despite this, the usefulness of building representations is often
downplayed as an aside or ignored entirely. Two possible explanations are that good representation is not easy to obtain
and that many teachers and researchers underestimate the importance of the classroom environment (Arnoux, 2009).
However, this type of implicit stimulation activity, especially in kindergarten and the early elementary grades, was
highlighted by Varol and Farran (2006); Klibanoff, Levine, Huttenlocher, Vasilyeva, and Hedges (2006); and Clements
and Sarama (2007), who stressed the importance of internal and external sound environments and the importance of
activities with concrete materials, such as building-block games.
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1.3 The Link Between building Block Play, Mental Imagery, and Mathematics

Playing with building blocks requires the ability to create a mental model of the completed objects or, at least,
intermediate images to be updated during construction. Since the reproduced item often is not physically present in the
child’s perception (e.g., models of helicopters, bulldozers, or cranes), mental imagery serves as a guide to create the
target object. Block games stimulate and strengthen children’s ability to intervene in reality by manipulating and using
their imagination; the child learns to think in terms of planning and to develop a creative approach. This synthesises the
non-existent object and the rules of external reality, which now appear malleable within certain limits:

“Block construction also offers an opportunity for wonder and exploration. What happens when we put the big block on
top of the smaller one—will it balance or will it fall down? Can | make a bridge? A tower? How tall can | build them
before they teeter over? Young children can investigate possible worlds as they build block constructions”. (Shaklee et
al., 2008, p. 4)

This form of constructive play involves almost all of the same manipulative skills utilised in the acquisition of basic
math skills (e.g., rotations, assemblies, spin-offs, shape analysis, spatial relationships, measurements, quantities, and
relations between parts) in a continuous reference between imaginative internal reality and concrete external reality. This
process allows children to create a sort of communication “channel” between the internal and external worlds. This
channel is the same means used to transmit culture and produce knowledge. Thus, the products of the block games may,
with good reason, be thought of as imaginary structures that reproduce real objects (Hirsch, 1996; Lunzer, 1955; Reifel,
1996).

2. Objectives of the Present Study

While scientific literature reports positive relationships between children’s constructive play activities and math, and
between building-block play and mental imagery, a relationship between constructive play, mathematical skills, and
mental imagery has been poorly investigated (Pirrone & Di Nuovo, 2014). In fact, the majority of research has
emphasised the relationship between building-block play, math, and visuo-spatial skills, completely neglecting the crucial
mediating role that mental imagery can play in facilitating the application of building-block play skills to the early
acquisition of basic math skills. Thus, there are compelling reasons to better explore this link. Taking into account a
possible difference between boys and girls, the main aim of this study was to test the possible mediating role played by
mental imagery in predicting good mathematical performances; we also explored the possible influence of other variables
(e.g., visuo-spatial memory and visual perceptual skills) on the prediction of mathematical performances.

3. Method
3.1 Participants

The sample consisted of 42 children (25 males and 17 females) in the fifth grade. The average age was 10.45 years
(range: 10-11; standard deviation: 0.5). None of the participants included in the sample had intellectual or learning
disabilities or other deficits. The sample was recruited from two schools; the schools were similar with regard to
socioeconomic level and location.

3.2 Measures

Objective mathematical tests for primary school (Soresi et al. 1992). This test suitable for children between 6 and 11
years evaluates arithmetic and calculation skills through the following indices: Logic, Arithmetic, Geometry and
Measurement, Statistics-Probability-Information, Problems. Each of the subtests has a score, whose sum gives the total
score of the test. The reliability, both for each subtest and for the whole test, has been evaluated by the authors by
means of test-retest correlation, Guttman test and inner consistency (Cronbach’s alpha). For the total scores of the 5/B
test, the one used in this research, the correspondent coefficients are 0.89 (test-retest), 0.90 (Guttman) and 0.96
(Cronbach).

MIT Mental imagery tests (Di Nuovo et al. 2014). These tests are derived, with adaptations, from Brandimonte,
Hitch, & Bishop (1992), Brooks (1968), Kosslyn, Margolis, Goldknopf, Daly, and Barrett (1990), and Riddoch (1990). This
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test is organized in two parts; the first includes specific tests of mental imagery with low request of memory skills and
perception. The second part, includes attention span test, memory and visual-spatial perception test.

Including test used in the first part:

Visualising letters. The subject is requested, without seeing the stimuli and using only his/her imagination, to say
which lower-case letters have parts extending above or below the central body (e.g., &, f, u, or p) and which upper-case
letters have curved parts (e.g., A, P, G, or R).

Brooks’ Test. Using his/her imagination, the subject is asked to walk along the contour of a large upper-case letter
F printed on a card that the child had viewed for 30 seconds. The subject should say whether the edges encountered
when moving from the lower left corner (indicated with an arrow in the card previously seen) in a counter-clockwise
direction, are external or internal.

Clock. The task requires imagining a clock with hands indicating 10 past 10, imagining the clock reflected in a
mirror and saying what time will be shown on the reflected clock after ten minutes.

Cube. A large cube is shown for 30 seconds; it is composed of nine small cubes per face (3 x 3), and the external
faces are colored. After the figure is removed, the subject is asked to state how many small cubes have three external
(visible and colored) faces, how many have two, and how many have one or none.

Subtraction of parts. A digital display showing the number 88 (i.e., all the segments composing the display are
illuminated) is shown for 10 seconds. Then, another digital display with selected segments of a two-digit number
illuminated is shown for 10 seconds. This figure is removed, and the subject is asked to imagine what two-digit number
will remain after subtracting the parts of the new figure from the figure with the number 88 observed previously.

Mental exploration of a map. A simple map representing a small island is shown for a minute; on the map, there
are a small forest, a house, a church and a lake; once the map is removed, the subject is asked questions about the
position and relative distance among these figures on the island

Imagined paths. The subject is asked to imagine a small ball and to move it mentally following the sequences
proposed by the researcher; he/she is then asked to tell whether the ball is in a higher, lower or at the same level at the
end of the path than at its beginning

Mental representation of shapes. The researcher names come objects from a list, and the subject is asked to tell if
they may have a “higher” or “larger” shape.

Including test used in the second part:

Forward and backward digit span. Participants are presented with a series of digits (e.g., '8, 2, 4') and must
immediately repeat them back. If they do this successfully, they are given a longer list (e.g., '9, 2, 4, 1'). The length of the
longest list a person can remember is that person's digit span. While the participant is asked to enter the digits in the
given order in the forward digit-span task, in the backward digit-span task the participant needs to reverse the order of the
numbers.

Object memory and objects’ position memory. Seven objects are first presented for 30 seconds; the subject is then
asked to recall them; afterwards 6 objects are presented in a checkboard for 30 seconds and the subject is then asked to
recall the objects as well as their position in the checkboard.

Checkboard test (visuo-spatial memory). the researcher shows, in succession, 6 checkboards with some colored
squares, each one for 10 seconds, asking afterwards the subject to reproduce the position of the colored squares.

Visuo-perceptual tests (specular spatial position, step 1 and 2): the subject is asked to perform a specular
reproduction of some figures, with the aid of a matrix of dots.

A total test score may be obtained by summing up the scores for each subtest. The psychometric properties of the
total score were assessed in previous validation studies (Di Nuovo, 2013) and found good reliability (alpha=0.81).

LEGO® block play: the smartphone application LEGO® Life of George (see http://george.lego.com/it-it/) proposes
stylized models of real objects, with progressively increasing difficulty, which must be reproduced by the subject using the
bricks included in the package; once the model has been proposed, the program starts an increasing time counter,
stopping as soon as the subject completes the brick reproduction and puts it on a grid (included in the package) taking a
photo with the smartphone. After comparing the reproduction and the model, the program assigns a global score. If the
subject does not complete and photograph the reproduction before the time counter expires, the program automatically
sets a zero score. The output data are the elapsed time (up to the photo) and the global score. Because these variables
are strongly and significantly correlated (ps = -0.812, p < 0.01), only the global score has been assumed as a general
indicator of performance.
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4. Results

A preliminary analysis compared performances by gender, which did not significantly affect the tests outcome. This is true
for the global scores of the mathematical (z = -1.33, p = 0.182) and mental imagery tests (z = -0.552, p = 0.581), for
building block play (z = -0.205, p = 0.838) and the three memory subtests: digit span (z = -0.09, p = 0.92), objects
memory (z = -0.01, p = 0.98) visuo-spatial memory (z = -2.850, p = 0.004), only the latter exhibited a different trend, as
males displayed significantly better performances than females. No significant difference was found for the visuo-
perceptual tests: subtest 1 (z = -0.643, p = 0.520), subtest 2 (z = -0.016, p = 0.988). Considering the substantial lack of
influence of gender, further analyses were conducted with no gender distinction.

A Spearman linear correlation analysis was performed to test the relationship between the different variables
considered in this study (see fig. 1). The single linear correlations were significant between mathematics and mental
imagery (ps = 0.555, p < 0.01), between mathematics and block play (ps = 0.353, p < 0.05) and between block play and
mental imagery (ps = 0.390, p < 0.01). As for memory and visuo-perceptual tests, only mental imagery was significantly
correlated with all the variables: objects memory (ps = 0.316, p < 0.05), visual spatial memory (ps = 0.430, p < 0.01), digit
span memory (ps =0.315, p < 0.05); specular reproduction 1 (ps = 0.47, p < 0.01), specular reproduction 2 (ps = 0.36, p <
0.01). Building block play and mathematics did not significantly correlate with any variable. Data showed significant
correlations of mental imagery with all the variables involved in this study; this is why we decided to test the hypothesis
that mental imagery plays either a total or a partial mediation role in the relation between block play and mathematics.
Simple and multiple regression analyses (see fig. 2) showed that Baron and Kenny’s conditions were fulfilled (Baron and
Kenny 1986): a) the independent variable (block play) significantly predicted the mediator (mental imagery) (B= 0.385, p <
0.05); b) the mediator significantly predicted the dependent variable (mathematical abilities), when the regression
analysis also included the independent variable (B = 0.505, p < 0.01); ¢) the regression coefficient was significant if the
mediator was not included in the analysis (8 = 0.351, p < 0.05), but it was not if the regression analysis also included the
mediator (8 = 0.156, n.s.). The Sobel test (Baron e Kenny 1986) confirmed the significance of the mediation effect (f =
2.207, p < 0.05).

Finally, a multiple regression analysis, including all the variables (see fig. 3), with mathematics as the independent
variable, confirmed a prediction effect by only mental imagery (% = 0.501, p < 0.01).

Figure 1 - Spearman correlations matrix, all variables (‘p < 0.05, "p < 0.01)

i ' Mathematical | Mental | LEGO | Digit span |Visual spatial| Objects Specular Specular
inear Correlations S ) ) ;
abilities  |imagery | block play | memory memory memory | reproduction 1 | reproduction 2

Mathematical abilities / 0,555** | 0,353* 0,182 0,055 0,214 0,233 0,454*
Mental imagery 0,555** / 0,390* 0,315* 0,430% 0,316* 0,471* 0,367*
LEGO block play 0,353* 0,390* / 0,032 0,246 0,198 0,160 0,294
Digit span memory 0,182 0,315* | 0,032 / 0,381* 0,143 0,297 0,294
Visual spatial memory 0,055 0,430 | 0,246 0,381* / 0,090 0,160 0,133
Objects memory 0,214 0,316* | 0,198 0,143 0,090 / 0,136 0,301
Specular reproduction 1 0,233 0,471 | 0,160 0,297 0,160 0,136 / 0,431*
Specular reproduction 2 0,454** 0,367* | 0,294 0,294 0,133 0,301 0,431* /

Figure 2 - Mediation effect of the Mental Imagery variable on the correlation between LEGO block play (independent
variable) and Mathematical abilities (dependent variable); the bracketed number is the direct regression coefficient
without considering the role of the mediator (‘o < 0.05, “p < 0.01)

p=0,385" B =0,505%*

» Mathematical
abilities

B=0,156ns. (0351%)

LEGO block play
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Figure 3 - Influence of the significant variables on the dependent variable (Mathematical abilities): multiple regression
coefficients (F = 3.395, p = 0.007, s. 0.01)

Mathematical abilities

Effect Standardized coefficient () t p

Mental imagery 0,501 2,818 0,008
LEGO block play 0,136 0,920 0,364
Digit span memory 0,087 0,579 0,566
Visual spatial memory -0,165 -1,085 0,286
Objects memory 0,082 0,580 0,566
Specular reproduction 1 -0,145 -0,857 0,397
Specular reproduction 2 0,216 1,267 0,214

5. Discussion

The aims of this study were to explore the relationship between building-block play and mathematical skills and to test
mental imagery as a mechanism mediating this relationship while also taking into account gender differences. Overall, the
substantial lack of gender influence in the age range considered, is in agreement with the results of longitudinal studies
already available (e.g., Hanline et al., 2001; Wolfgang et al., 2003; Pirrone & Di Nuovo, 2014), which highlights an
absence of significant gender differences until the pubertal age. The better performance exhibited by males in activities
involving visuo-spatial abilities is in line with previous studies (e.g., Brosnan, 1998; Caldera, 1999; Casey, Pezaris, &
Bassi, 2012). However, the lack gender influence on mental imagery appears to be in contrast with other results (e.g.,
Harris, 1979), which reported that males have an enhanced ability to manipulate mental images, especially when
mentally rotating objects. Usually, the differences between males and females become clearer after the pubertal age. A
stable acquisition of these abilities could be related to the development and improvement of formal thought, a cognitive
element that is necessary for abstract reasoning (Piaget, 1945).

The significant correlations between block play, mathematics, and imagery are in agreement with the literature, as
previously underlined. More specifically, the correlation of mental imagery with all the other variables confirmed its
relevance as the crucial cognitive ability that binds together and synthetises the other functions during problem-solving
tasks.

The results of the mediation analysis showed the importance of mental imagery. Thus, the influence of block play
on mathematical skills is mainly due to the ability to manipulate mental images, therefore justifying the initial hypothesis.

Understanding a mathematical definition, proof, or concept, is strongly related to the ability to build and handle a
mental object (Arnoux & Finkel, 2009). Through the manipulation of blocks, children provide continuous reminders to the
imagination, which allows them to give a concrete shape to their multitude of images and to simultaneously consolidate
the principles of mathematics and geometry that are gradually acquired at school. These results support the perspective
of adopting early teaching techniques that stimulate and enhance the use mental imagery through constructive play,
which is assumed to be fundamental in the acquisition of math abilities. According to Golding (1998), “visualization,
spatial and kinaesthetic representations, image schemata . . . came to be recognised as critical to understand how
mathematical concepts are meaningfully understood” (p. 138).

Further research could strengthen these results by investigating them in other age ranges and with a larger sample
so that the risk of non-significance pointed out by Wolfgang et al. (2003) in pre-pubertal ages can be excluded. The
frequency of LEGO use (i.e., how much time the children spent playing with blocks) and the starting age (i.e., the age at
which the children started to play with blocks) was not controlled; these variables could be included in an upcoming study
to enhance its predictive value. Moreover, further research could focus on the specific mechanisms by which mental
imagery influences the relationship between building-block play and mathematics skills in an effort to individuate
promising instruments for intervention.
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