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a b s t r a c t

Interest in educational robotics has increased over the last decade. Through various approaches, robots
are being used in the teaching and learning of different subjects at distinct education levels. The
present study investigates the effects of an educational robotic intervention on the mental rotation
and computational thinking assessment in a 3rd grade classroom. To this end, we carried out a
quasi-experimental study involving 24 third-grade students. From an embodied approach, we have
designed a two-hour intervention providing students with a physical environment to perform tangible
programming on Bee-bot. The results revealed that this educational robotic proposal aimed at map-
reading tasks leads to statistically significant gains in computational thinking. Moreover, students who
followed the Bee-bot-based intervention achieved greater CT level compared to students following
a traditional instruction approach, after controlling student’s prior level. No conclusive results were
found in relation to mental rotation.

© 2021 Published by Elsevier B.V.
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1. Introduction and aims

Nowadays, computer programming is an emerging discipline
which is being introduced in the early years of formal educa-
tion (e.g. Çiftci & Bildiren, 2020; Govind, Relkin, & Bers, 2020;
Grover, Jackiw, & Lundh, 2019; Rodríguez-Martínez, González-
Calero, & Sáez-López, 2020). Among other approaches, program-
ming is being taught to young learners through educational
robotics (ER) (Anwar, Bascou, Menekse, & Kardgar, 2019; Benitti,
2012). In 2017, ER was signalled as one of the emerging technolo-
gies with the greatest possibilities for application in educational
contexts in the short term (1 or 2 years) (Freeman, Adams Becker,
Cummins, Davis, & Hall Giesinger, 2017). Since then, ER have been
present at all educational levels, from kindergarten to univer-
sity (e.g. Kim, et al., 2015; Lindh & Holgersson, 2007; Merino-
Armero, González-Calero, Cózar-Gutiérrez, & Villena-Taranilla,
2018; Sisman, Kucuk, & Yaman, 2020; Sullivan & Bers, 2016).

One of the main purposes of ER usage in K-12 education is to
offer opportunities for children to actively construct knowledge
and transfer skills (Anwar et al., 2019). ER is presented as an in-
novative learning environment, enhancing problem-solving abil-
ities and higher order thinking skills (Atmatzidou & Demetriadis,
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E-mail addresses: Pascual.Diago@uv.es (P.D. Diago),
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2016; Hussain, Lindh, & Shukur, 2006). Different authors include
different cognitive processes and skills related to coding when
describing what makes up computational thinking (CT). Initiatives
integrating CT-based activities through ER are growing in popu-
larity amongst early education researchers and educators (Benitti,
2012; Sullivan & Bers, 2016). Furthermore, the research literature
is pointing towards ER as a potential tool to foster CT skills in
young children (Bers, Flannery, Kazakoff, & Sullivan, 2014; Chen,
et al., 2017; Merino-Armero et al., 2018).

From a pedagogical standpoint, the educational practices of
kindergarten and the early years of primary school are usually
based on physical and sensory-motor experience. According to
classic authors in this field, such as Piaget, Bruner or Fischbein,
these concrete, situated, and action-based practices provide chil-
dren with a conceptual embodiment that begins with interactions
with real-world objects and develops in sophistication through
verbal descriptions and definitions (Lakoff & Núñez, 2000; Tall,
2013). In this context, ER provide classrooms with hands-on
experiences, allowing children to construct their own learning
and facilitating cognitive as well as fine sensory-motor devel-
opment (Bers, Seddighin, & Sullivan, 2013; Papert, 1980). Many
of these novel robotic kits are inspired by traditional educa-
tional manipulatives typically found in schools, such as Froebel’s
‘‘gifts’’, Montessori materials or Nicholson’s loose parts (Bartolini
& Martignone, 2020; Sullivan, Strawhacker, & Bers, 2017).

Our study frames the CT abilities in the real physical con-

text offered by ER. In the present study we used the physical 48
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robot Bee-bot, a special floor robot with directional controls, as
a sensory-motor instrument which has to be programmed in
order to complete map-based route finding activities. Tangible
experience in the early school years, through activities based
on floor robots, are commonly conducted according to an em-
bodied and enacted approach (Città, et al., 2019; Sabena, 2017;
Strawhacker & Bers, 2015). The literature provides evidence that
ER promotes spatial abilities in students due to inherent ge-
ometric and spatial concepts explored when programming the
movements of a robot (space perception, space conceptualisation
and general spatial abilities, especially concerning mental rota-
tion skills) (González-Calero, Cózar, Villena, & Merino, 2019; Julià
& Antolì, 2018; Merino-Armero et al., 2018; Sisman et al., 2020).
Some studies have investigated the connections between spatial
reasoning and CT, suggesting that both thinking abilities are
reciprocally related (Ambrosio, Almeida, Macedo, & Franco, 2014;
Città, et al., 2019; Román-González, Pérez-González, & Jiménez-
Fernández, 2017). Based on this framework, this study aims to
answer the following research questions:

(RQ1) Does an ER-based intervention promote greater gains in
computational thinking and mental rotation abilities in
8-year-old students compared with traditional instruction?

(RQ2) Do 8-year-old students who followed an ER-based inter-
vention achieve greater computational thinking and men-
tal rotation ability levels compared to students following a
traditional instruction approach, after controlling students’
prior levels?

. Literature review and fundamentals

.1. Computational thinking framework

The term computational thinking (CT) first appeared in 2006
s a set of analytical processes rooted in computer science and
rogramming activity (Wing, 2006). In its primary definition,
t involves thinking recursively, applying abstraction, splitting a
omplex problem into smaller parts, and using heuristic reason-
ng to find a solution (Wing, 2006, 2010). At present, a large
umber of definitions for CT have been proposed, without any
onsensus (Grover & Pea, 2013; Román-González et al., 2017;
hute, Sun, & Asbell-Clarke, 2017). Despite this lack of a gen-
rally agreed-upon definition for CT, it seems to be clear that
T integrates reasoning skills, which enhance and reinforce in-
ellectual abilities and, therefore, are transferable to different
omains (Wing, 2014). Various instruments for the assessment
f CT have emerged together within these different views of
T (Brennan & Resnick, 2012; Román-González et al., 2017; Shute
t al., 2017; Weintrop, Coenraad, Palmer, & Franklin, 2019). Based
n this emerging context, in the present study we consider CT
s part of human thought, intimately related to problem solving
rom a computational viewpoint. In this way, CT can be consid-
red as a procedure that combines computational and inherently
uman skills, resulting in a synergic process for solving problems.

.2. Spatial skills: mental rotation

Spatial ability can be defined (or understood) as a construct
hat encompasses the skills ‘‘to generate, retain, retrieve and
ransform well-structured visual images’’ (Lohman, 1996). Al-
hough there is no complete agreement about the terminol-
gy (Gutiérrez, 1996), it can be understood as the ability to
‘perceive and understand spatial relationships, to visualise spatial
timuli such as objects, and to manipulate or transform them in
ome way’’ (Reilly, Neumann, & Andrews, 2017, p. 196). Con-

equently, the term visualisation is also used as a synonym for

3

spatial thinking. Therefore, Gutiérrez (1996) considers visualisa-
tion ‘‘as the kind of reasoning activity based on the use of visual
or spatial elements, either mental or physical, performed to solve
problems or prove properties’’.

Spatial reasoning is understood to be composed of different
abilities, with mental rotation (MR) being one of them. According
to Shepard and Metzler (1971), MR is the ability to mentally
rotate 2- or 3-dimensional objects in the mind. MR is com-
monly described as a shape-matching task between two ele-
ments (e.g. objects, pictures or positions), in which in order to
make the required comparison, individuals first have to imagine
one element as rotated into the same orientation as the other
one (Shepard & Metzler, 1971). Spatial tasks that aim to stimulate
MR commonly present dissimilar elements showing disparities in
orientation or position, varying in the degree of rotation, trans-
lation, or being mirror images (Hawes, Tepylo, & Moss, 2015).
Everyday activities such as manipulating and recognising objects,
reading maps or planning routes (tasks addressed in our study),
require the use of these visio-spatial abilities (Davis & The Spatial
Reasoning Study Group, 2015; National Council of Teachers of
Mathematics, 2000; Tzuriel & Egozi, 2010), especially MR.

2.3. Educational Robotics: Bee-bot

At present, a wide variety of physical robots exist for all levels
of education with many different purposes (Hamilton, Clarke-
Midura, Shumway, & Lee, 2020). Research has shown that ER
activities can be effective in developing skills such as critical
thinking, creative thinking, problem-solving, teamwork, decision
making or following a scientific process (Benitti, 2012; Bers et al.,
2014; Eguchi, 2014; Highfield, 2010; Verner, 2004). Related to
this, with an ER approach children actively engage with powerful
ideas from computer science and robotics, including the core
concepts of CT. In particular, young learners can take their first
steps into developing CT with ER-based interventions (Bers, 2008;
Bers et al., 2014). Concerning spatial abilities, recent studies have
analysed the possibilities of ER interventions devoted to foster
these skills (Benitti, 2012; Coxon, 2012; Sisman et al., 2020). The
literature has reported results concerning the effectiveness of ER-
based instruction for the development of MR abilities, specifically
related to floor robots (González-Calero et al., 2019; Julià & Antolì,
2018; Sabena, 2017). As mentioned by Città, et al. (2019), the
skills put into play when programming the movement of a floor
robot involve body actions that connect cognitive processes and
knowledge of the environment and space.

Bee-bot is one of the most well-known floor robots in elemen-
tary and primary education (Schina, Esteve-Gonzalez, & Usart,
2021). With a likeable bee-shape (Fig. 1), it has been categorised
as ‘‘Button-Operated Robot’’ (Hamilton et al., 2020). Bee-bot has
physical buttons on the device itself which can be pressed se-
quentially by the user to program the robot to move in spe-
cific directions. Usually, the inclusion of Bee-bot in education
interventions is addressed to develop coding skills (Kazakoff,
Sullivan, & Bers, 2013; Stoeckelmayr, Tesar, & Hofmann, 2011),
cognitive skills related with problem-solving and cognitive flex-
ibility (Di Lieto, et al., 2017; Diago, Arnau, & González-Calero,
2018a, 2018b), visuo-spatial abilities (Sabena, 2017) or to initi-
ate algebraic thinking through patterning (Inchaustegui & Alsina,
2020).

As a simplified version of its early ancestor, the Logo Turtle Pa-
pert (1980), Bee-bot responds to simple movement commands
presented as physical buttons (Fig. 1, centre): Turn right (Turn
left): turn 90 degrees clockwise (anti-clockwise) whilst remaining
in the same position; Forward (Backward): a straight-line move-
ment of 15 cm forward (backward); Pause: stops the movement
or 1 s; Clear: removes all the previously sequenced instructions;
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nd GO: executes the sequenced instructions. As shown in the
ight panel of Fig. 1, the usual tasks to be completed with Bee-
ot consist of boards with a 15 cm grid. Given its nature, activities
arried out with Bee-bot are usually associated with visuo-spatial
nd problem-solving content, as will be discussed in the following
ections.

.3.1. Body syntonic geometry
From a psychological standpoint, cognitive and linguistic re-

earch has focused on the role of embodied resources, such as
estures and body postures, in thinking processes (McNeill, 1992,
005). The case of mathematics education is no different, and
n recent years the study of gestures and embodied resources
as gained ground in different contexts, in particular problem-
olving (Nemirovsky & Ferrara, 2009; Radford, 2009).
On the one hand, the grid provided with Bee-bot activities

helps the children to better conceptualise the space that sur-
rounds the robot (Sabena, 2017). This helps when the student
thinks about the instructions that have to be programmed to
move the robot to a particular point. With this in mind, Bee-bot
activities can become grounding pillars for more abstract knowl-
edge conceptualisation, as they connect perception and manip-
ulative experiences relating to the body and the surrounding
space (Lakoff & Núñez, 2000).

On the other hand, Bee-bot requires children to employ dif-
ferent programming instructions corresponding to robot-related
movements (enhanced with sounds and flashing lights to favour
visual perception). Those movements are relative to the reference
system of the robot itself. There are clear parallels here with
the Logo Turtle (Papert, 1980), mainly concerning body syntonic
geometry. In this sense, the programming of Bee-bot hinges on
the body syntonic nature of the robot, allowing the child to see
him/herself as the robot. In Papert’s words, regarding the Logo
Turtle (Papert, 1980, p. 55), ‘‘a Euclidean point is at some place
— it has a position, and that is all you can say about it. A Turtle
is at some place – it, too, has a position – but it also faces some
direction — its heading. In this, the Turtle is like a person – I am
here and I am facing north — or an animal or a boat’’. As pointed
out, due to the particular embodied interaction between the robot
and the programmer, spatial skills will play a key role on the
success in the tasks (Diago et al., 2018b; Diago, González-Calero,
& Arnau, 2019; Sabena, 2017). This is especially true when the
reference systems of Bee-bot and the children do not coincide
(i.e. when the robot is not oriented parallel to and with the
same orientation as the children) (Diago et al., 2018b; Sabena,
2017). Thus, the use of Bee-bot in educational contexts is firmly
related to children’s sense and knowledge about their own bod-
ies, enhancing embodied and performative aspects of children’s
interaction and learning (Papert, 1980; Sabena, 2017). In line
with Papert’s thoughts on the Logo Turtle (Papert, 1980), Bee-bot
could serve as a transitional object in the process of internalising
4

mathematical ideas, providing learners with the means to think
about what they are doing. More importantly, it makes possible
the presentation of geometry and mathematical concepts as an
activity instead of a ready-made mathematics.

2.3.2. Tangible programming
Classic authors, e.g. Bruner or Dienes, emphasised the impor-

tance of practical activity and concrete models, especially at early
educational levels. Concerning mathematics education, manipula-
tives have shown to be the connection between concrete and ab-
stract mathematical ideas (Bartolini & Martignone, 2020; Hodgen,
Foster, Marks, & Brown, 2018). In the case of mathematic-related
manipulatives, Baroody (2017) places the focus on concrete ex-
periences where a manipulative is pedagogically meaningful (Ba-
roody, 2017). Following this approach, since the end of the 20th
century different tangible programming interfaces have been de-
signed to be used in educational settings (McNerney, 2004). Some
ER-based proposals aim to provide children with meaningful
and appropriate programming experiences without the need for
computer screens or keyboards (McNerney, 2004). In these in-
terfaces, children use different kinds of objects (blocks, beads,
balls, etc.) to build physical computer programs (Bers, 2008; M.,
et al., 1998; McNerney, 2004). The tangible programming envi-
ronments Electronic Blocks (Wyeth, 2008), Tern (Horn, Crouser, &
Bers, 2012) or KIBO (Bers, 2018) are examples of this category.

common characteristic of these physical environments is that
he traditional mouse and keyboard interfaces are replaced with a
angible-manipulative interface, addressed to offer a combination
f computer programming experience in, and, with the physical

world (Horn et al., 2012). Moreover, the programming commands
are provided in natural language (verbal or pictorial), usually
in a building block-format in which children are able to create
programs from the physical interactions provided by the blocks.
Nowadays, these tangible programming interfaces are considered
part of the ER panorama, especially oriented to kindergarten and
school children (Bers, 2008).

As described previously, programming on Bee-bot is carried
out by sequentially pressing the buttons on the robot itself. This
configuration, in which we only have the robot, does not allow
a true tangible programming activity, since the only way to
think about the complete program is through the user’s abil-
ity to remember the sequenced instructions. Thus, programming
directly on Bee-bot does not provide the child ‘‘objects-to-think-
with’’ (Papert, 1980), at least, not in a tangible or sensory way.

As our study aims to investigate the effect on CT from an
embodied approach, we provide Bee-bot with a physical envi-
ronment within which children can perform the tangible pro-
gramming. To this end, we followed the approach by Perlman
(1976) concerning the Logo Turtle (Perlman, 1976); along with
the Bee-bot robot we provide the children with a physical set of

cards corresponding to the robot’s movements (Fig. 2, top) (Diago 100
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Fig. 2. Cards corresponding to the Bee-bot self-referenced system (top) and
physical box to create the Bee-bot program (bottom).

et al., 2018a, 2018b). Each card acts as a physical instruction
block. Before pushing any of the buttons on Bee-bot, the children
were invited to draw up a program by sequencing cards in a
physical ‘‘box’’ directly, adding, rearranging, and removing cards
by hand (Fig. 2, bottom). The programming ended when the
children added the card GO. At this moment, the commands in
the box were translated to the Bee-bot which executed the corre-
sponding movements. Thus, within this approach we can consider
the set formed by Bee-bot and the card-box as a ‘‘Tangible User
Interface’’ (Strawhacker & Bers, 2015).

As stated, the role of the cards and the box here is to serve
as a heuristic tool (in Polya’s sense) (Diago et al., 2018a, 2018b).
In this view, the provided physical cards and box facilitate both
the planning and the debugging processes of programs in the
Bee-bot environment. Furthermore, foreseeing the movements of
Bee-bot, and afterwards checking the movements based on their
choices by tracking the robot’s movement path, offers a suitable
context for stimulating and developing heuristic strategies and
control processes, which are considered the basis of problem
solving (Diago et al., 2018b, 2019; Sabena, 2017).

3. Method

3.1. Design

The study was configured as a quasi-experimental study as
all the participants were part of a natural group (Cook & Camp-
bell, 1979). In order to assess children’s prior and subsequent
level regarding CT and MR, we employed a pre-test/post-test
design, before and after the intervention. Based on previous stud-
ies (González-Calero et al., 2019; Merino-Armero et al., 2018), we
designed an intervention in the context of map-based route find-
ing activities. As described in the study carried out by González-
Calero et al. (2019), the activities were designed from the basis of
the type of tasks usually posed in 3rd Grade Primary textbooks.
These activities, as part of the Social Sciences curricula, address
contents related to map-reading, orientation, sense of direction,
location and route-planning. Considered as spatial tasks, map-
based activities also include a realistic and meaningful context
for primary students (Diezmann & Lowrie, 2008). Moreover, map-
based route finding activities can be considered an appropriate
approach to foster not only the acquisition of spatial abilities,
5

but also CT skills related to route-instruction sequencing, route
planning or route optimisation (González-Calero et al., 2019).

As described below, the participants were divided into an
experimental and a control group. In our design, the experi-
mental group used the tangible user interface made up of Bee-
bot and the card-box system to complete the map-reading and
directions tasks. The control group worked using a paper-and-
pencil format on maps and directions (Fig. 3). The interven-
tion lasted, intentionally, only 2 h in order to fit within the
frame usually devoted to map-reading activities in primary school
classrooms (González-Calero et al., 2019).

3.2. Participants

The study sample group was made up of a total of 24 children
(50% female) attending the 3rd grade of primary school in a
public school in València (Spain). The age of the students ranged
between 8 years 1 month and 9 years 1 month (M = 8 years 6
months, sd = 10 months). In order to obtain an accurate measure
of the effect of the ER-based intervention, the participants were
randomly assigned to the experimental and control groups. There
were 12 students in both the control group and the experimental
group (7 boys and 5 girls in the control group, and 5 boys and 7
girls in the experimental group). The teacher in charge of the class
stated that none of the students had had previous experience
with ER or coding activities.

3.3. Data acquisition instrument

In order to measure the students’ CT skills and MR ability
before and after the intervention phase, we used an instrument
adapted from a validated CT assessment test (Román-González
et al., 2017) along with the Map Test for Children (Peter, Glück,
& Beiglböck, 2010). Below, we justify the suitability of the items
used. The instrument consisted of 18 items, 7 related to CT and 11
related to MR. These items made up both the pre-test and post-
test. The experimental and control groups took the same pre-test
and post-test. All the items were evaluated in a binary way, as
either correct or incorrect.

3.3.1. CT items
Measurements of the students’ CT acquisition were done by

means of items from the validated test developed by Román-
González et al. (2017). This test evaluates different dimensions
of CT. Since the original test is for students ranging from 5th to
10th Grade, we adapted it to 3rd Grade students, taking only the
items related to the following components: basic directions and
sequences, loops – repeated times and loops – repeated until.
The CT test items are presented in pictorial representation (using
arrows) or natural language (using verbal descriptions). In the
end, we used a total of 7 items (Fig. 4, left, shows a sample of
a used item).

3.3.2. MR items
The assessment of MR ability was done by means of an adap-

tation of the Map Test for Children (Peter et al., 2010). This
test, developed for kindergarten and elementary school children,
aims to assess the understanding of symbolic representations,
the use of spatial relationships and the use of mental rotations;
all fundamental components of map reading and map use. For
each item, the test shows two views of a simplified fictitious
city with different buildings. In one of the views, one building
is identified with a red dot, and the individual has to identify
the corresponding building in the other view. For this study, we
selected items where the views were not aligned, so the children
were forced to use mental rotation skills in order to identify the
link between the two different views of the same building. We

used 11 items (Fig. 4, right, shows a sample of a used item). 101
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.4. Procedure

.4.1. Pre-test and post-test administration
As shown in Fig. 3, the experimental group and control groups

ompleted the pre-test and post-test one week before and after
he experimental intervention. We followed the same procedure
s in van Zoest (2015) for both groups in the pre-test and post-
est. To this end, each item was displayed for 30 s on a screen,
nd the participants answered on an sheet of paper. The pre-test
nd post-test were configured to measure the students’ CT level
nd MR skills before and after the intervention, according to the
nstrument described in Section 3.3. As a result, we obtain four
easurements: pre intervention CT level, post intervention CT

evel, pre intervention MR level and post intervention MR level.
s stated by Cohen, Manion, and Morrison (2011), the use of
pre-test gives information concerning the similarity between

he groups before the experiment for purposes of comparison
etween the post-test results on MR ability and CT skills.

.4.2. Intervention
In order to measure the impact of the experimental condition,

he students in both the experimental and control groups carried
ut the same set of map-reading tasks during the intervention
hase. All the activities were referred to a large-sized paper map
f a simplified city with an overlapped 15 cm grid (Fig. 5) with
ifferent buildings and streets depicted on it in a simplified way.
ach group was provided with the same map to complete the
ctivities. As shown in Fig. 3, the intervention took 2 h for both
roups. Concerning the body syntonic approach, the experimental
roup completed the description of each route by means of the
angible interface consisting of the Bee-bot and the card-box
ystem, presented in Fig. 2. In contrast, the control group used
traditional approach based on the use of a pencil and paper to
rite the body-related instructions on a sheet of paper.

nitial intervention phase. The first 20 min were devoted to
explaining the basis of the map-based route finding activities. In
this initial phase, the students, separated into the experimental
and control groups each with their own map, were told about the
procedure to solve the task. To this end, an introductory example
activity was presented to the students, as follows: Your friend
Mathew is at school and wants to have a swim at the beach. What
route would you recommend? Write the message that you would
6

Fig. 5. 15 × 15 cm-grid map used in the experimental intervention. Each
group, experimental and control, had their own map. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

send him with the necessary instructions. To solve this example
task the teacher and researcher explained that the grid in front
of the school (the one with the yellow dot in Fig. 5) would be
the starting point for planning the itinerary that students have to
describe. Through this introductory task the importance of body
syntonic geometry concepts was highlighted, as we describe in
the following for each group.

In the experimental group, the researcher explained the ba-
sics of how to use and program Bee-bot in this initial phase.
Hence, once the robot was placed at the starting point (acting as
Mathew), the students were asked to discuss the instruction cards
necessary to guide the robot to the beach (the square with the
orange dot in Fig. 5). As described in Section 2.3.2, the researcher
highlighted the need to coordinate the card instructions related
 54
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to the Bee-bot’s own movement from an external point of view,
forcing the students to constantly see themselves as the robot.
The researcher encouraged students to move around the map
when Bee-bot was placed differently with respect to the students’
orientation, in order to reduce the task difficulty. All decisions,
including the initial orientation of the robot, were collaboratively
decided by the students in the group. Once the route was planned
in terms of the cards sequenced in the box, the instructions were
transferred to Bee-bot. The movement of Bee-bot over the map
served to check if the posed route was correctly planned. When
the robot did not reach the goal, the students could rework the
instructions posed in the card-box system.

In the control group, the classroom teacher explained the task
in a paper-and-pencil environment. The participants were asked
to collaboratively discuss the route planning in terms of body-
related instructions, following the procedure commonly proposed
in textbook activities when addressing this topic. In a similar
way as in the experimental group, during the introductory task
the teacher emphasised the need to think about the body syn-
tonic movements related to Mathew’s from an external point of
iew. In this case the instructions were given in terms of body-
elated instructions. As in the experimental group, students were
ncouraged to move freely around the map in order to reduce
he task difficulty, if needed. The instructions were written by the
tudents on a sheet of paper and checked by the teacher. During
his initial phase the teacher corrected, if necessary, the wrong
nstructions proposed by the students. When a wrong instruc-
ion was detected, the teacher invited students to collaboratively
ebate which would be the correct option.

roup intervention phase. The rest of the intervention (lasting
bout 1 h 30 m) was devoted to completing a set of route-
inding activities. The students in the experimental and control
roups were randomly assigned to different locations on their
orresponding maps (the market, hospital, school and beach),
orming four subgroups of three students. Each of these sub-
roups, called ‘‘red’’, ‘‘yellow’’, ‘‘green’’ and ‘‘orange’’, was given
set of five tasks. Initially the students were placed in front of

heir own colour-dotted grid (for example, the ‘‘yellow’’ groups
ere located in front of the yellow-dotted grid (facing the school
uilding). During this phase of the intervention, the students were
llowed to move freely around the map.
As explained, the experimental and control groups were given

he same sets of tasks. All the tasks consisted of describing a
oute between two locations on the city map, and were solved
n the aforementioned colour sub-groups. In Table 1 we attach
he design scheme for the tasks and the concrete set of tasks for
he ‘‘yellow’’ sub-groups as an example. The five posed tasks were
rranged in difficulty from easy to hard, taking into account the
nfluence of embodied cognition. As in the previous phase, the
tudents had to cooperate to solve the tasks but neither help nor
eedback were provided by the classroom teacher or researcher.
n order that all the tasks had the same level of difficulty in all the
olour sub-groups, the groups were allowed to make use of the
art of the grid representing the sea on the map to move from
ne place to another.
The experimental group proceeded in the same way as in the

nitial phase: in the colour-subgroups the participants collabora-
ively discussed the solution to each task. Each colour-subgroup
as given a Bee-bot and a card-box set. The solution was given

n terms of the provided card system, and sequenced in the
orresponding box before transferring it to Bee-bot. After pro-
ramming their Bee-bot, the students had to check the city map
o see if the robot had completed the programmed route cor-
ectly. The researcher made sure that the different Bee-bot robots
id not collide with each other, controlling the progress in the

asks of the different experimental colour sub-groups. As in the

7

previous phase, when the Bee-bot did not reach the goal, the
students rework collaboratively the card-box system instructions.

The control group worked using a paper–pencil approach, as
described in the initial phase, organised by the same colour sub-
groups, the students solved the tasks under the supervision of the
classroom teacher. The route instructions were written in terms
of body-related instructions on a sheet of paper and checked by
the teacher. In this case, no feedback was provided by the teacher
and the solution was checked by the teacher at the end of each
task. Therefore, the plan could only be reformulated if any of the
members of the colour sub-group realised that the instructions
were not correct.

3.5. Data analysis

To address the research questions in this study we planned
to perform pairwise comparisons and ANCOVAs. Firstly, the gains
between pre-test and post-test were computed for each group.
A paired t-test for each condition was carried out to assess the
students’ acquisition of CT and MR abilities. Secondly, ANCOVAs
were employed to control initial differences between the groups.
This statistical technique makes it possible to evaluate differences
between experimental and control groups, taking into account
any initial difference on the pre-test measurements (Ary, Jacobs,
Razavieh, Sorensen, & Walker, 2014). In particular, an ANCOVA
was conducted for the post-test scores on CT and MR skills using
as a covariate the pre-test scores on CT and MR, respectively.

All the analyses were conducted in R Team (2020), and were
tested at a 0.05 level of significance. As a measurement of the
effect size, the explanatory measure (Wilcox, 2012) of the ef-
fect size was reported, except for the ANCOVAs, in which case
partial η2 were employed (Field, Miles, & Field, 2012).

4. Results

The analysis of the students’ acquisition of CT skills and MR
ability was carried out by means of the examination of the pre-
test and post-test scores. Mean scores and standard deviations
of pre-test, post-test and gain for the experimental and control
groups are shown in Table 2. The results show the percentage
of correct answers over the full-filled CT and MR tests - a score
of 1 means 100% correct answers-. Fig. 6 shows the comparison
between the pre-test scores and the post-tests scores for the
experimental and control groups. Then, the results are organised
related to each research question.

4.1. Results concerning (RQ1)

In order to answer the first research question in this study, the
differences between the pre-test and post-test scores were com-
pared for both CT and MR. However, before analysing eventual
gains in the students’ CT or MR ability during the intervention,
an initial analysis was conducted to identify differences in the
participants’ prior level in CT or MR between conditions.

Concerning CT, a Shapiro–Wilk’s test indicated that the ob-
tained scores on the pre-test were significantly non-normal for
both the experimental and control groups. As a consequence, we
performed a non-parametric Wilcoxon rank-sum test in order to
compare the CT pre-test scores of the different groups (Wilcoxon,
1945). The statistical analysis showed that the control group
obtained significantly greater CT pre-test scores (M = 0.80, SD =

0.23) than the experimental group (M = 0.58, SD = 0.15), with
a large-sized effect (W = 115.5, p = .0116, r = .52).

Concerning MR ability, we performed an independent t-test as
the MR pre-test scores were normally distributed for each group.

The comparison of the initial scores on MR reported no significant 126
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Table 1
General description of the map-based route finding activities presented to each sub-group, for experimental and control groups (left); Example of activities for the
‘‘yellow’’ groups (right).
Task General paths for all colour sub-groups Example tasks for the ‘‘yellow’’ group

Route start Route end Route start Route end

1 Own colour-dotted grid Colour-dotted grid on the left side School (yellow-dotted grid) Hospital (red-dotted grid)
2 Own colour-dotted grid Colour-dotted grid on the opposite side School (yellow-dotted grid) Beach (orange-dotted grid)
3 Colour-dotted grid on the left side Own colour-dotted grid Hospital (red-dotted grid) School (yellow-dotted grid)
4 Colour-dotted grid on the right side Colour-dotted grid on the opposite side Market (green-dotted grid) Beach (orange-dotted grid)
5 Colour-dotted grid on the opposite side Own colour-dotted grid Beach (orange-dotted grid) School (yellow-dotted grid)
Table 2
Summary of scores for CT and MR assessments.
Group n CT Mental rotation

Pre Post Gain Pre Post Gain

M SD M SD M SD M SD M SD M SD

Control 12 0.80 0.23 0.85 0.18 0.05 0.09 0.74 0.20 0.77 0.19 0.02 0.04
Experimental 12 0.58 0.15 0.92 0.10 0.33 0.15 0.67 0.20 0.74 0.13 0.08 0.01

Scale normalised to 1 for all tests.
Fig. 6. Bar plots of students’ CT and mental rotation (MR) scores in the pre-test and the post-test for the control and experimental groups.
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ifferences (t(21.9) = 0.91, p = .3676) between the performance
of the control group (M = 0.74, SD = 0.19) and the experimental
group (M = 0.67, SD = 0.20).

(RQ1) was answered by examining if there were significant
differences in the CT and MR scores before and after the interven-
tion. To this end, paired sample comparisons were conducted. In
the control group, Wilcoxon signed-rank tests revealed that the
students did not show significantly greater results in the post-test
compared to the pre-test for both CT (p = .1736, r = .39) and
MR (p = .1736, r = .39). However, the gains could be classified
s medium-sized. In contrast, in the experimental group the post-
est scores were significantly greater than those obtained in the
re-test for CT (p = .0024, r = .88), but not significantly greater

for MR (p = .0579, r = .39). For the experimental group, the
CT and MR gains can be classified as large and medium-sized,
respectively.

4.2. Results concerning (RQ2)

To answer the second research question an analysis of covari-
ance (ANCOVA) on the post-test scores with the pre-test scores
as a covariate was conducted for both CT and MR. The ANCOVA
revealed a significant difference in CT post-test scores in favour

of experimental group compared to the control group (F (1, 21) =

8

18.73, p = .0003; partial η2
= 0.47) after controlling the effect

of pre-test scores, but not in the case of MR (F (1, 21) = 1.84,
p = .189, partial η2

= 0.08). According to Cohen (1988), the
differences may be classified as large and medium-size for CT and
MR, respectively.

Table 3 provides a summary of the obtained results, signif-
icance and effect-size according to the research questions ad-
dressed in this study.
5. Discussion and conclusions

This piece of research aimed to contribute and enlarge the cor-
pus of studies devoted to evaluating the effectiveness of robotics
in education. We have focused on the potential of ER in promot-
ing students’ acquisition of spatial abilities and CT, which has
been highlighted by recent studies (Anwar et al., 2019; Benitti,
2012; Coxon, 2012; Julià & Antolì, 2018; Sisman et al., 2020).
In particular, the main goal of the present study was two-fold:
firstly, to analyse the gains in CT and MR ability in 8-year-old
students following a two-hour ER-based intervention and tradi-
tional instruction (RQ1); and secondly, to analyse if the students
who followed the ER-based intervention achieved a greater CT
and MR ability level compared to traditional instruction, after
controlling the students’ prior CT and MR levels (RQ2). To this

end, the students in both the experimental and control groups 45



IJCCI: 100388

P.D. Diago, J.A. González-Calero and D.F. Yáñez International Journal of Child-Computer Interaction xxx (xxxx) xxx

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
Table 3
Summary of results related to the research questions.
Assessment Intervention’s promotion of gains (RQ1) Differences on post-test

scores* (RQ2)

ER-based Traditional

CT Sig. (p = .0024) Non-sig. Sig.** (p = .0003)
r = .88 r = .39 Partial η2

= 0.47
Large effect size Medium effect size Large effect size

MR Non-sig. Non-sig. Non-sig.
r = .39 r = .39 Partial η2

= 0.08
Medium effect size Medium effect size Medium effect size

*Between experimental and control groups after controlling the initial level (pre-test).
**In favour of ER-based.
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were tested on their CT skills and MR ability through map-based
route finding activities. The experimental condition relied on
an embodied approach, providing students with a tangible user
interface composed of Bee-bot and a card-box system (a physical
environment to perform tangible programming). In a two-hour
intervention devoted to map-based route finding activities, the
experimental group used the Bee-bot robot and the card-box
system to complete the tasks. On the other hand, the control
group worked using a traditional paper-and-pencil approach.

Concerning (RQ1), the results presented in this study revealed
that the Bee-bot-based intervention promotes statistically signif-
icant greater gains in 8-year-old students’ CT skills compared
to traditional instruction. The large effect size was especially
remarkable taking into account the short duration of the inter-
vention (two hours). No conclusive results were found in relation
to mental rotation. On the other hand, regarding (RQ2), the com-
parison of the CT post-test scores between the ER-based and
paper-and-pencil groups, after controlling the students’ prior CT
level, points to a better performance in CT skills when the stu-
dents were taught using ER. The results concerning their MR
ability were inconclusive in this case, too.

The significantly different levels of the students’ prior knowl-
edge concerning CT and MR, both for control and experimental
groups, may have been a limitation of this study. Although Bee-
bot is usually employed in tasks with visuo-spatial requirements,
we have not obtained conclusive results regarding the gains in
MR ability for either the ER-based intervention or the tradi-
tional intervention, although a medium-size effect was found
for both groups. These results can be attributed to the fact that
both ER-based and traditional approaches require the children to
change their reference system from an egocentric to an allocen-
tric perspective, in order to determine the embodied necessary
instructions. Although the ER-based intervention force the stu-
dent to give the planning instructions exclusively in terms of
the Bee-bot embodied commands, the control group instructions
were also given in terms of embodied commands (verbal or
pictorial) concerning another location differently positioned and
oriented from the child’s. Another limitation could be related to
the small size sample employed in this exploratory research. In
connection with this, a larger sample would make it possible to
study the possible appearance of gender gaps, both in MR abilities
or CT skills.

Bee-bot has been revealed to enhance CT for the 3rd grade
students through map-reading tasks, in line with previous studies
conducted with this floor robot (Diago et al., 2018b, 2019; Sabena,
2017). Nevertheless, the use of the tangible programming envi-
ronment consisting of the card-box system together with Bee-bot
could be the plausible explanation for the results obtained. In
this sense, the sensory-related approach, taken into consideration
with the use of Bee-bot, may have had a great bearing on the
results. This was because the programming of Bee-bot in the
context of map-reading tasks was based on the body syntonic
movements of the robot. Thus, the card-box resource acted as
9

a heuristic tool, by helping the child to imagine him/herself in
the position of the robot through pictorial representations of its
movements. Although more careful studies are necessary, our
exploratory findings reinforce the benefits of the body syntonic
geometry of the Bee-bot robot in educational contexts, espe-
cially related to embodied cognition and performative matters in
elementary students.

Moreover, this research had provided results on the effective-
ness of ER-based instruction for the development coding skills.
The tangible programming environment offered by the Bee-bot
robot and the card-box system has provided the children with
concrete manipulation of the program. The approach followed
has allowed the students to perform physical actions over the
programming commands. The manipulation of command cards,
through simple actions such as adding, rearranging or removing
by hand, facilitated planning and debugging processes. Further
studies need to be carried out in order to determine if the use of
the card-box system for Bee-bot activities could enhance specific
aspects of CT, as sequencing or debugging abilities. Specially,
since the Bee-bot’s movement cards act as an ‘‘objects-to-think-
with’’, allowing children in the experimental group to validate the
planned instructions after the robot’s movement, as an essential
step of Polya’s problem-solving process. This tangible program-
ming environment has reduced the distance between the stu-
dent and the coding activity. This could be considered a major
achievement, especially at ages in which formalism or coding
knowledge prevents students from tackling more complex coding
environments.

We can conclude that nowadays ER, and Bee-bot in particular,
has been revealed not only to be an effective educational tool in
providing embodied and action-based learning experiences, but
also as an appropriate device for elementary students to foster CT
and, perhaps, spatial abilities. Moreover, teachers and researchers
have to keep in mind that ER (Bee-bot in particular) can be an
important tool to take into consideration in the quest for relation-
ships between different (or not so different) cognitive domains:
the visuo-spatial, the computational and the mathematical.
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the data collected in this study. All parents/carers gave consent
for their child to participate. A researcher and a teacher were
in charge of the intervention and explained the details to the
participants.
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