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Enhancing preschoolers’ spatial skills in a teaching
experiment with educational robotics

Spyros Kourias
University of Thessaly, Greece

The present paper draws on research experiences matured during systematic research and
focuses on the potential and processes of scaffolding the development of preschoolers’
spatial skills, through engagement in coding activities within the context of a teaching
experiment. Children of two urban kindergartens, aged between 4-6, took part in a 4-
month teaching experiment and participated in a series of activities that involved
collaborative pseudocode development and wider coding and problem-solving practices.
The research data is based on an on-site observation log, interviews, video footage,
dialogue transcriptions, designs, and "coding flowcharts" created by the children
themselves, with the aim of capturing their overall experience, documenting and
interpreting it in a systematic way under a wider sociocultural perspective. The qualitative
data analysis led us to the conclusion that it seems possible to trigger the development of
preschoolers’ specific spatial skills and awatreness by actively engaging them in educational
robotics scenatios. Such opportunities provide access to a variety of mental tools and
prioritise social interaction and peer learning as a foundation for building new knowledge.

Introduction

The development of spatial thinking is a complex process that involves understanding
spatial code, developing spatial reasoning and transformations. At the same time, it is a
matter that has raised a lot of controversy between scholars in the field of developmental
processes regarding spatial skills and young children. Especially in the case of preschoolers,
in the past, researchers such as Piaget and Inhelder (1956) have emphasised the difficulty
children under the age of 7 have in providing adequate spatial justification, eliminating
egocentric perception of space, making efficient use of landmarks or clearly describing
changes of position. However, the body of more recent research and literature on spatial
training is actually more encouraging (Geary, 2022; Uttal, Miller & Newcombe, 2013).
Besides, considering the progress of educational technologies, tools and methods in the
recent years, other researchers (Fessakis, Gouli & Mavroudi, 2013; Mikropoulos & Bellou,
2010; Nugent et al. 2010; Komis [Kopng,], 2004) have extensively researched the relation
between the development of spatial behaviour and perception through the use of digital-
virtual environments and manipulatives. The effectiveness of such tools is primarily based
on the idea that the child-user's sense of presence and engagement in addressing spatial
challenges and "decoding" visual representations of movement, serve as a strong motivator
for facing significant challenges encountered while choosing the optimal position and route
within the digital environment.

Pseudo-coding activities are also known to enhance spatial and mathematical skills
(measurement, numbering, comparison, understanding angles) as well as favor the
development of mental representations of a robot's potential movement in space, along
with the development of the required code in a digital computer environment (Francis et
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al,, 2016). In any case, in recent decades, the materials, tools, and practices related to Coding
and Eduncational Control Technologies and Robotics (hereinafter ECTR) have been deployed in a
variety of educational fields such as mathematics, coding, and broader technological
literacy, problem-solving, computational thinking and STEAM (Kourias, 2025; Gong et al,
2024; Levinson & Bers, 2024; Yang & Bers, 2023; Su, Yang & Li, 2022; Yicelyigit, 2023;
Verdugo-Castro, Garcfa-Holgado & Sanchez-Gémez, 2022; Relkin, de Ruiter & Bers, 2021;
Goldenberg & Carter, 2021; Alimisis, 2020; Bers, 2021; Bers 2019; Elkin et al., 2016;
Portelance, Strawhacker & Bers, 2016; Kazakoff et al., 2013; Chronaki & Kourias, 2012)
with a clear theoretical reference to both "traditional" Piagetian constructivism and Papert's
constructionism. The current study aims to investigate the capabilities of ECTR tools in
facilitating the development of preschoolers' spatial skills through their active engagement
in collaborative, hands-on programming of a robot's movements within the framework of a
meaningful teaching experiment.

Tools for developing spatial skills in early childhood education

The development of preschoolers’ spatial skills has been demonstrated to benefit from a
variety of embodied activities as well as through natural exploration and contact with the
physical world and outdoor free play that improve spatial orientation and distance estimate,
spatial anticipation and coordination (Lakes et al., 2019; Uttal, Meadow, Tipton et al., 2013;
Newcombe & Frick, 2010). Construction play with puzzles, blocks, or other manipulatives
provide additional opportunities for children to engage in mental rotation, symmetry
recognition, and spatial visualisation, processes that have been consistently linked to later
success in mathematics and STEM domains (Verdine et al., 2017).

Within this established landscape, ECTR have emerged as a promising complementary tool.
Activities involving coding and robotics require children to translate symbolic
representations into physical actions, to plan and predict movement sequences, and to
mentally simulate spatial transformations—skills that overlap substantially with core
components of spatial reasoning (Bers, 2018; Kazakotf & Bers, 2014). Gong et al. (2024)
argued that spatial reasoning skills help students navigate programming objects correctly,
while computational thinking skills transform the navigation process into a problem-solving
framework through programming,.

Research framework

The current research is based on the broader sociocultural theoretical framework
(Kumpulainen & Wray, 2002; Rogoff, 1998; Vygotsky, 1978), which emphasises
collaboration, tangible experience, discreetly guided exploration, understanding of the
environment and emerging relationships and the mental tools that mediate concepts and
processes. The framework of our teaching experiment is grounded in the significance of the
social context as a determinant in shaping cognitive practices and strategies, as well as an
"enhancer" of potential zones of proximal development (Vygotsky, 1978). Therefore, the
approach to learning in this context influences both the design of the teaching experiment
and the activities that would facilitate children's concrete spatial experience, the emergence
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of mental tools (predefined or incidental), and the (verbal, symbolic, graphic, etc.)
representations as mediating conceptual tools, as well as the analysis and interpretation of
our research data. In addition, special importance is placed on the role of verbal (and
sometimes non-verbal) discourse as a regulatory tool of collaborative activity and an
expressive medium that enables the child to communicate ideas, expectations, suggestions,
and findings in problem-solving contexts. This perspective is also supported by scholars
such as Rogoff (2003), Mercer (2002) and Kumpulainen & Wray (2002).

Thus, the present study raised the question of whether the contribution - if any - of ECTR
is significant for the development of preschoolers’ spatial thinking. More specifically, our
teaching experiment aimed to identify the spatial skills that can be developed with the aid of
educational control technology, as well as the conditions under which this development
occurs. It also aimed to understand the dynamics involved in using various tools,
particularly through hands-on, coding practices, whether in a digital environment or not.
The dynamic lies in the emergence of the (re)appreciation of the mixed use of digital
software and physical classroom activity and tangible tools, as a substantial factor that
enhances the child's experiential contact with their environment and space. In addition,
emphasis was placed on utilising ECTR not as a metre "enhancer” of technocentric skills,
but as a tool for creating multifaceted representations of space and fostering collaborative
construction of knowledge and concepts.

Therefore, the questions that led our research are the following:

e What spatial concepts and skills seem to emerge when preschoolers engage in carefully
designed educational robotics scenarios?

*  Which factors encourage the emergence of preschoolers’ spatial skills in the
aforementioned scenarios?

Research methodology

Our research model is based on a broader qualitative approach such as the teaching
experiment practice that has been widely tested in the field of mathematics education (Kelly
& Lesh, 2012; Glasersfeld, 2002) and allows recording and interpretation of "episodes”
within the classroom community (Kourias, 2025; Chronaki, 2010; Cobb et al., 2003), with
an emphasis on communication events rather than the final, quantitative performance of
children. We would therefore say that our research identifies with the approach of micro-
ethnography, as it focuses on the study of small group activity over a limited period of time.
In addition, it focuses on highlighting the meanings of individuals' social activity (Kress,
2010; Mercer, 2002) and articulating experiences, attitudes, and beliefs as they manifest in
their natural environment and with the researcher himself present and active in real time
(Ritchie et al., 2003).
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Research settings and ethics

The teaching experiment in its whole took place in two kindergartens located in the urban
settings of Volos (Central Greece) as part of their weekly curriculum and involved 40
children (24 boys and 16 gitls) aged between 4.5 and 5.5 years and randomly split into
groups of four right from the beginning. The teaching experiment spanned four months
(1/2021 to 5/2021) and was conducted in four distinct stages, each designed to facilitate
the collection of data for addressing our research questions. In addition to the children's
preparatory activity of familiarising themselves with the researcher and the research tools
(Stage 1), we conducted an initial individual semi-structured interview (Stage 2) before the
two-day intervention with each group of four (Stage 3), followed by a final interview (Stage
4) with each of the 40 children individually (Figure 1).

~
* Presentation of the educational robotics tools to the classroom
* Preparatory, ice-breaking, hands-on activities
Stage 1 J
¢ Initial, individual semi-structured interviews h
* Testing and documenting the level of preschoolers' technological literacy.
Stage 2 * Documenting preschoolers' previous spatial experience and knowledge )

* Implementation of main activities within a 2 days
intervention with each group of children

Stage 3

¢ Final, individual interviews
Stage 4 * Final assessment of improvement of children's spatial skills

Figure 1: Research outline

Throughout the research process, ethical oversight was upheld to guarantee that all
procedures adhered to the ethical standards and norms set by the Greek Institute of
Educational Policy (IEP), from which we obtained official research authorisation, and we
also took precautions to reduce any discomfort or anxiety. The research was planned to be
non-invasive and considerate of the participants' autonomy. Prior to any research activity,
the guardians of all the children gave their informed consent, guaranteeing that they were
completely awate of the study's objectives and procedures. Teachers and students alike
were informed that participation in the study was completely optional and that they might
step out at any moment if and when any of them felt uncomfortable with the research
methods. We also prioritised participant privacy and confidentiality throughout the whole
study, ensuring that no sensible personal data was disclosed to the general public. In the
transcription texts, pseudonyms were used instead of the children's true names and faces
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were blurred in each photo in order to ensure anonymity. Last but not least, it should be
mentioned that the research was conducted in Greek and that translations into English for
publication purposes was undertaken by the researcher himself.

The teaching experiment tools

For the first day of the teaching experiment, we introduced a programmable and easy to use
device, the Bee-Bot “floor turtle” (Figure 2). On the second day, we brought in the
classtoom a Lego Mindstorms? robot vehicle that we had previously constructed, along
with its associated software (Figure 2) and pre-made simplified (for the preschoolers’ level
of understanding and for reducing complexity) and custom coding blocks. This software is
directly linked to the process of "pseudocode" design and development for programming
the behaviour of our experimental robots. These are visual programming processes that use
blocks in a digital environment, each of which represents basic movement commands in
space (e.g., "go straight", "turn right", etc.). We decided to provide such "coding scripts" as
"ready-to-use" tangible (printed-out) icons, configured with improvised symbols that
resembled the ones used for "coding" Bee-Bot, so that they could clearly communicate
their purpose to children without any misinterpretation.

The third significant research tool that referenced coding processes in a digital environment
was the "LightBot"3 application (Figure 2), which was used in the final interview with the
children. For the activities that required the use of software, the experiment was conducted
either using a laptop or an 11-inch tablet with a touch screen.
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Figure 2: The basic mediating tools of the teaching experiment (L to R):
Bee-Bot, Lego Mindstorms, Lightbot

1 https:/ /www.tts-international.com/bee-bot-programmable-floot-robot/ 1015268 html
2 https:/ /en.wikipedia.otg/wiki/Lego_Mindstorms
3 https:/ /lightbot.com/
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Based on the research experience so far (Bers et al. 2014; Chronaki & Kourias, 2011), the
main tools of our experiment are considered suitable for children aged 4-7 for introducing
the broader principles of computational thinking through play. In addition, the selection of
the two primary tools (Lego Mindstorms and Bee-Bot) was intended to emphasise the
distinct approaches (tangible and virtual) needed for planning, coding, executing, reviewing
and refining programming regarding the robot's movement in a real-life environment,
namely in a 2D digital environment (Lego Mindstorms software) or in real 3D cityscape
model (Bee-Bot and Lego Mindstorms robot). In fact, both approaches are based on the
equal and often simultaneous representation of movement through symbolic code and the
verification of its correct execution in real environment in all cases.

Part of the experiment involved two individual interviews that we conducted with all the
children who participated, both before and after the main two-day intervention. These were
individual exploratory discussions with the children based on specific spatial activities
(virtual and tangible) that did not require a closed-ended response. Instead, they relied on
free discussion and open justification of their choices, and they aimed to help us better
understand the spatial experiences that each child had already developed within his/her
social context (school, family, etc.), as well as any "misunderstandings" or difficulties related
to specific spatial concepts and processes. Indicatively, the assessment activities included
(depicted pictorially in Figure 3 without translations from Greek):

*  Recognition of topological concepts through photographs and open discussion

*  Understanding verbal spatial code and action in space based on specific instructions
(use of map, open discussion)

*  Allocentric perception of space (images, open discussion)

*  Estimation of distance through informal methods and tools (e.g., using images and
other visual representations of space, open discussion)

*  Recognition and use of spatial symbols (e.g., photos, open discussion)

*  Creating external representations of the movement (observing Bee-Bot movement in
space, and creating a sketch or mock-up of its route)
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Figure 3: Activities for assessing preschoolers’ existing spatial skills and knowledge
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After completing the individual interviews, the main intervention lasted 2 months and every
session engaged a group of four children for two days. In each group, the level of
collaborative problem-solving increased gradually as the scenarios involved individual
action at first, progressed to work in pairs and culminated in the synergy of the whole
group. The activities were all open-ended and focused on the use of programmable devices
such as Bee-Bot and Lego NXT. They involved various scenarios related to designing and
executing the movement of one robot each time, with the goal of reaching specific
destinations within a 3D model that represented an urban environment.

At first, we asked each team to program their robot in order for it to perform simple routes
on the floor-mat of the model. Each child should estimate and draw a suggested route with
a marker on a worksheet (floor plan of the model) and then present it to the rest of the
group. This process allowed for discussion, comparison and justification in order to
facilitate the selection of the most appropriate and shortest route based on certain criteria
(total distance, number of blocks, route complexity). In the second stage, the children had
to use small printed-out cards of programming commands in order to represent each step
of the proposed movement of the robot on the same worksheet, building upon the open
discussion of the previous process. After consulting with the team and the researcher again,
they had to come up with a commonly accepted “pseudo-script” that would be composed
with larger cards placed right next to the model (Figure 4). This approach empowered
children to follow up the process at any point during the development and execution of the
pseudocode by the robot. Therefore, through this process, we aimed to engage children in
both individual and collaborative action for open spatial problem-solving contexts, leading
to the optimal solution without the “fear of failing”.

Figure 4: Preschoolers’ pre-coding “flowcharts”
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Research data collection and analysis

We gathered data from ten different groups of children using video recordings, images,
daily observation and diary-style notes under the premise of concurrent triangulation design
(Creswell, 2009). Video footage enabled us to examine the data repeatedly and analyse and
interpret it later on. The resulting material comprised 50 video files, totaling almost 40
hours of video recording. A total of 50 texts of varying lengths were generated from the
transcription process. Additionally, a portable camera was used to capture various moments
of each stage of the research, including the use of all educational robotics tools by children.

In the context of a qualitative approach to the research field such as ours, the data included
all the emotionally charged words and the various "socially structured communication
events of the classroom" (Kress, 2010; Metcer, 2002) that arise from recorded dialogues,
digital code representations and sketches created by children, as well as photographs and
video recordings capturing snapshots and/or short or long episodes and the embodied
expression. The primary research data collection was based on both experiential and
participatory observation. The researcher provided diary-like descriptive notes and
commentary on the episodes immediately after each meeting, capturing his actual
impressions in the most objective way possible. He also played an active role throughout
the teaching experiment and conducted individual interviews with all the children.
Additionally, audiovisual materials such as photos, videos, and worksheets were utilised.

We organised and categorised all the raw data generated by the children's interactions
during the activities with the aid of an ad hoc interpretive tool based on Rogoff's "three foci
method" (1998) and research by Kumpulainen and Wray (2002). The classification of the
oral production of children and researchers in the context of the didactic intervention was
carried out based on a specific typology that resulted from a thorough review of the
primary transcript and conversations. This classification was definitely based on our
research objectives and questions. The final tool supported the analysis and interpretation
of research data organised in two main areas: (a) focus on the dynamic framework of
learning intervention (dynamic framework implies the typology of emerging interactions
within the group, the use and/or invention of mental tools by the participants, and the
typology, interventions and practices of the adult participants); and (b) focus on the
typology of the language functions and communication strategies that the participants
resoft to.

Results

In summary, our findings confirm the potential benefits for young children when engaged
in ECTR scenarios that target the development of spatial skills related with the direct
identification and description of topological relationships in the environment (inside,
outside, left) and the use of correct spatial vocabulary ("right/left", "next to", "between",
"near to", "far from", "around", "front", "back", "next to", "below/above" etc.).
Furthermore, such scenarios seem to emphasise the value of quantitative-metrical approach
of routes and spatial connections through the deployment or invention of non-formal tools



Kourias 1593

and techniques which is further highlighted and enhanced if combined with "pseudo-
coding" methods and practices (e.g., utilising programming cards and command blocks in a
software environment, understanding and justifying movement routines through
comparison of the step-by-step route of a robot with the programming commands and
script that triggers movement, comparing a robot’s steps with the quarters (steps) on the
floor-mat of the 3D cityscape model, estimating distance by using the robot's body as an
informal measurement tool, etc.).

The analysis of the episodes reveals additional elements, such as the development of skills
in understanding and using spatial codes (with an emphasis on the demonstrative-
descriptive model rather than the topological approach), as well as the ability to orient
oneself in space using different reference systems through specific mental strategies,
embodiment and tangible tools, positions and relationships in the environment. In addition,
another interesting finding that primarily pertains to spatial problem-solving strategies is
that children, in the majority of cases, retried and redefined the problem, adapted to new
data, modified the original solution attempts and often preferred alternative ones if needed,
as a consequence of the aforementioned social modes and processes of thinking and
learning.

Emerging spatial skills

Upon analysing the episodes of the teaching experiment, it became evident that during both
days of the intervention that focused on ECTR activities, the children showed improved
abilities to recognise and describe topological spatial relations in the environment. Other
noteworthy elements include the subtle use of spatial coding (with an emphasis on the
demonstrative-descriptive model rather than the topological approach) and the ability to
navigate space using various reference systems through integrated strategies for
understanding positions and relationships in the environment. In several instances during
the intervention, children were asked, either individually or as a group, to perceive spatial
correlations and projectional relationships with or without a fixed point of reference in their
environment.

The following episode is indicative of the first day of the intervention, during which, the
execution of robot movement was tested in a model environment. After an unsuccessful
attempt of the children to plan and execute a correct robot movement, the researcher
motivates the team to embody tangible topological concepts on one hand and understand
the difference between egocentric and allocentric perception of space on the other. While
the children's responses are somewhat abstract and may not be ditectly related to the
researcher’s prompts or may be incorrect in terms of spatial description (due to their
different position/petspective), it appears that encouraging hands-on and embodied
practice helps them understand spatial orientation in the environment. This is due to the
different viewing angles that affect their ability to use the correct commands to program the
robot's movement.
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232 Researcher (R): Look, she (Bee-Bot) got here in just 7 steps. ... Now what should she do?

233 Chitis (C): One step down.

234 Thetis (T): One!

235 Nick (N): One?

236 R: Down? Come over here, all four of you, so that you can see the way the bee sees.

237 C: Left (a new perspective leads to a correct choice)

238 R: Leftl Hmmmm....What do you say? Should we “tell” her to turn left?

239 N: Yes.

240 R: After turning left, what should she do?

241 Toannis (I) Go straight

242 C: One

243 R: Towards where to take one step?

244 C: Backwards.

245 R: Backwards? Come over here and see from here...

246 C: Forwatd (again the change of perspective seems to have an effect)

247 R: Well done! And after she takes the one step forward, where should she go?

248 C: Left

249 R: What did you say?

250 C: Right.

251 R: Right or left? Which hand is your right hand, Chris? (Chris confirms by moving his right
hand)

252 R: So?

253 C: Right.

254 R: So, shall we start the program from the beginning?

The children's approach to the spatial problem, specifically in finding and designing the
correct path in the model, is initially random and their responses are more spontaneous
than reflective. The researcher's reinforcing and clarifying questions, constant negotiation
of topological concepts by prompting changes in body position, point of view and
reference point and association of all this with the already generated "programming script”,
lead to increased awareness and potential error detection. This, in turn, changes children's
attitudes towards spatial concepts and processes, ultimately leading to their experiential
understanding and consequent assimilation of spatial concepts and processes.

In addition, it seems that children who perceive the problem often use their body as a
mediating tool, such as changing their own position and perspective, representing
orientation with their own hands as well as rotating and tangibly handling objects (Bee-Bot,
Mindstorms) and other mental tools (command cards, floor plans, etc.) of the environment
in order to gain a better understanding of given space and to define proper movement. The
experiential-tangible, topological approach and perception of the environment along with
the relationships that define it, are important foundations for the ability to engage in
complex spatial reasoning. This includes processes such as finding paths, locations, spatial
correlations, and making connections with maps in order to draw safer conclusions. The
following episode appears to have been recorded during the process of comparing
children’s own coding “scripts” (with cards) and while verifying the code's accuracy and the
robot's movement at the end of an experimental route planning routine with Bee-Bot, on
the first day of the teaching experiment.
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136 Researcher (R): Wait a minute! Does Melina's code need anything more to be added?

137 Thomas (T): It is wrong,.

138 Melina (M): No, it isn't!

139 R: Why Thomas? What do you think?

140 T: Uh, why didn't she (Bee-Bot) do what she was supposed to do up here? (he shows on
the model)

141 R: What do you mean?

142 Toannis (I): She had to go this way (imitates movement with his hand) and that way and
then turn, and go up and then...

143 R: So, do you think something is missing from Melina's code?

144 T: Yesl!

145 R: What's missing? Come and show me.

146 I: The turn!!

147 T: Yes! She must go that way. She has to go up as well.

148 M: Yes, “turn”.

149 T: Yes, but that's how it will go out of the line! (he means out of the model’s bounds)

150 R: Then please create a code of your choice and we will discuss about it.

151 I: T have already made it.

152 R: Have you already made it? Take a better look. With these two arrows, will she
understand where to go?

153 M: Perhaps with my code she will understand...

154 R: Just a second, you can correct Melina’s code if you want.

155 T: Well, you did it wrong!!! (talking to Melina)

156 R: What do you think she did wrong?

157 T: It had to go up after the turn.

158 M: Oh yes, yes!

In this episode, we can cleatly see the researcher's efforts to improve the children's complex
spatial thinking through hands-on, comparative processes that require justification. This is
achieved through a combination of using robot-mockup route scripts correlation and
engaging in discussions that compare the individual preparatory work of each child in the
group's attempt to create successful code and ensure the correct movement of the robot
within the micro-space of the model. The strategy of prompting children to explain their
choices in designing the Bee-Bot movement results in improved and conscious self-
evaluation. They are asked to assess their mini projects (coding scripts with cards that
represent routes) by comparing them with those of the rest of the group. This process helps
identify "mistakes" and “debug code” both for the child who points it out (Thomas) and
for the one who receives the feedback (Melina).

Moteover, the development of children's skill to conceptually approach pathways and
different spatial relationships by "quantifying”" the surroundings through spontaneous
creation and utilisation of informal and/or prearranged (by the researcher) tools can be
deemed significant (e.g., the use of coding cards and blocks/icons in a software
environment, correlating robot movements with programming instructions, associating
robot steps with measurable sections of the floor mat of the cityscape model, using the
robot's body in order to measure distance, etc.). The majority of the documented cases
involve a purely quantitative approach using informal and "improvised" measuring tools.
This is likely to indicate a significant emphasis on highlighting relevant practices that



1596 Enbancing preschoolers’ spatial skills in a teaching experiment with educational robotics

support the experiential and multifaceted mathematical representation of the suggested
scenarios. We believe that without such practices, children would find it particularly
difficult to "code" appropriately the robots’ movement.

A necessary component that each time defined the correct movement of the robot in the
microenvironment of the model was initially the numerical correlation of the step
commands (programming blocks) with the corresponding squares into which the floor mat
was equally divided. We had already taken care to calculate the division of the route into
squares of dimensions equal to both the Bee-Bot's and the Lego’s step. This made it more
"obvious" but also necessary to quantify the whole process from the children's perspective.
Such a practice unfolds in the brief episode that follows, which was recorded on the first
day of the teaching intervention during the phase of familiarising with the children and the
tools and activities of the intervention.

28 Researcher (R): Now, let me ask something. How did you decide about how many direction
blocks to use? How did you estimate it?

29 Geotge (G): By observing the route (with no further explanation)

30 R: What does this mean? Is there a way to measure it?

31 G: Yes, of course!

32 R: How?

33 G: By using a meter or a ruler...

34 E: This means that if there is no meter we can’t measure the robot’s steps?

35 G: Eight!!!

36 R: Eight; How did you figure this out;

37 G: 1 counted the cards (of the pseudocode) and the squares.

The researcher's repeated “call-to-action” questions challenge the children to explain, in a
gradually evolving and more detailed way, how they decided on the exact number of the
robot’s steps on the model. The process involves asking questions (researcher) and
generating justified responses with explanations, utilising available tools in the environment
such as the floor-mat quarters and coding cards (preschoolers). George kicks off his
reasoning from an abstract basis and thanks to the researcher’s discreet intervention, he
attempts to mathematise it by making a connection with standard measuring instruments
("Is there a way we can measure it? Yes, by using a meter, ruler””) and in the end by using
the whole dialogue process, he comes to the ideal explanation of his choice based on the
quantification of the very tools he used ecatlier ("Eight atrows"). This short episode
demonstrates how George was assisted in explaining and communicating the process of
calculating the steps cleatly to the group.

Factors that encourage spatial thinking

The development of spatial thinking and behaviour of the children who took part in the
sessions of our teaching experiment has been greatly enhanced by the so-called "dynamic
framework" that we tried to deliberately instill in the design and implementation of the
actual activities. It directly refers either to the mental supports and tools that were
"discovered" or invented and utilised by children in their attempt to grasp spatial concepts,
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processes or to the social dynamics that shaped roles within the group. Consequently, this
had an impact on the choice of strategies and the management of cognitive processes. More
specifically, our research and learning design focused on the significant opportunities for
collaboration, mutual assistance and peer-to-peer learning practices which in turn promote
the display of other-regulation behaviout, i.c., the child's effort to "regulate" and support
the actions of other individuals within a specific joint project. These roles are often based
on spontaneous or supported (by the researcher) and frequent exchange as we have found
that the "provider" of help then becomes a "receiver" and vice-versa. This informal change
of roles typically occurred smoothly, without conflicts, and most importantly, without the
direct or indirect intervention of an adult person (e.g., researcher-animator).

In one of the episodes, the team attempts to design an “pre-coding script” for Bee-Bot's
route towards a specific spot in the cityscape model. It immediately becomes obvious that
Danae takes on a more active role in the entire process, while the other group members,
especially Modestos (as the youngest preschooler of the group), seem to effortlessly accept
this change.

280 Researcher (R): Now you can let Modestos do this and the rest of you, can help and guide
him.

281 Danae (D): Nice!

282 R: Modestos, don’t forget to clear the robot’s memory first (he means to delete the
previous instructions). The rest of the team can help as well.

283 D: Yes, I will do this, I know the instructions. Ok, listen to me (talks to Modestos). You
count how many steps forward... one.... two.... You will count when I'll tell you. I'll
say “one” and you press once, when I say “two” you will press twice. (she means that
Modestos will have to press the respective programming buttons on the Bee-Bot’s body
as many times as per her instructions). Ok. Press “one”! Ok.... “Two”.... Press “two”

In a more leadership role, Danae finds it appropriate to openly communicate the next steps
of movement ("We will press this") and to give clear instructions and commands ("Go
ahead, click here", "... I know the instructions. Fine, listen...”). In any case, the use of
regulatory language is combined with the simultaneous use of tools and representational
media that illustrate concepts and processes for both the child receiving the feedback and
the one "regulating”" the process. A key aspect of such interactions appears to be the
reinforcement of children's understanding of space and maths through the use of both
"fixed", pre-planned tools, like the coding cards that help children organise and document
their abstract thought and "emerging" (potential) ones during the activities' development,
like the combination of observing the actual movement of the robot, counting steps and
squares (on the mat of the cityscape model), and comparing all this with the pre-coding
card-based scripts.

Further on in our teaching experiment, during play with a more complex Lego robot, in
order to achieve its correct movement, the "programmer” had to use the mouse to drag a
specific code into the programming grid and align it until the blocks (commands) snapped
together like puzzle pieces. Even the process of dragging, positioning and assembling the
code blocks (commands icons) require the existence or development of logical
interpretation and adequate spatial thinking skill per se and functions as a framework that
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supports the development of eatly spatial thoughts through the use of multiple semiotic
tools and systems (Figure 5). The use of tangible “pre-coding scripts” (movement-
command flashcards), the Lego’s digital/symbolic control environment as well as other
tools in the environment (cityscape model landmarks and floor mat quarters, robot’s body
etc.) further promote negotiation and understanding of spatial concepts and processes
within the context of group discussion and justification.

In another sample episode, we observed a group of children who, having familiarised
themselves with the programming procedures of Bee-Bot on the first day of the
intervention, apply their experience to a different kind of mission while trying to program a
Lego Mindstorms with the use of a computer and specific software. It seems that
collaborative dynamics patterns and mutual learning activity become a rather typical
practice, while roles are mutually rotated, as the child who previously provided instructions
(Thomas) now accepts them from Melina, whom he had previously guided.

501 Researcher (R): What do you think the robot did wrong?

502 Nicolas (N): After the turn it should have gone upwards.

503 Melina (M): Oh, yes, yes!

504 Ioannis (I): I agree.

505 M: Should I put it like this? (tries to correct the script in the Lego Mindstorms
programming software)

506 Thomas (T): No, nol

507 M: Better this way; (while correcting the script)

508 T: Put it (the coding block) here! Right!

509 M: And then it should turn and go to the right position.

510 T: This isn’t right. Delete it, delete it! No, this isn’t right!

511 N: Yes! This block is wrong. (He shows a “move-straight” block on the screen)

512 M: Oh yes, “move-straight” is wrong!

513 I: 3! Add 3. Now, here put the first one. (Instructions on how to add 3 “move-straight”
blocks)

514 M: And what now;

515 R: Let’s fix it a bit; Thomas come and help, you can dictate the script.

516 T: Alright. It just needs 3 blocks....... Guys, now comes the “turn” block.

517 M: You mean this one?

518 I: No, no, not that, THIS! 2 times.

519 M: Oh yes, yes!!

520 T: And now a “go straight” block!

644 M: Ok, now we turn.

645 T: Where exactly? Towards where we turn? This way? (Shows with his hand)

646 M: No, no the other way! .... Right! One more and we are done.

647 R: Do you guys agree;

648 N: No!! Go straight, one more.

649 M: Oh, come on now!

650 N: Straight!

651 M: It should take one more turn, look Thomas! And then one more “go straight” block.
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Figure 5: Experiencing space through multiple representations

Discussion

The findings of this study hold significant implications for early childhood education
research and practice, particularly in relation to STEM education and spatial development.
Preschool curricula incorporating robotics and coding provide valuable opportunities for
young children to cultivate critical skills. Coding activities that integrate tangible and visual
programming tools appear especially effective in supporting spatial development, including
mastery of topological concepts, use of spatial vocabulary, distance estimation, and
reasoning with both concrete and abstract spatial representations.

Equally important is the role of collaboration. When children engage in coding projects
together, they participate in complex dialogues that require negotiating meaning, justifying
choices, and explaining spatial concepts. Such interactions foster critical thinking and
deeper understanding of spatial relationships. Collaborative learning environments further
enhance peer-to-peer interaction and social learning, which play a central role in shaping
spatial reasoning. Group roles—such as leader, follower, and feedback-giver—were fluid,
and this dynamism promoted more sophisticated understanding of both cognitive and
social dimensions of learning. Spontaneous cooperation and alternating roles during
creative play occurred naturally and without conflict, reinforcing both spatial and
programming competencies.



1600 Enbancing preschoolers’ spatial skills in a teaching experiment with educational robotics

The tools, methods, and strategies employed were also instrumental. Physical coding cards
and the robot’s movements in a 3D model helped bridge abstract coding concepts with
concrete spatial relationships. These tools were either subtly introduced by the researcher or
innovatively adapted by the children, mediating the construction and clarification of spatial
concepts. Such strategies enable the mathematisation of space, support transitions from
egocentric to allocentric perspectives, and encourage multiple forms of spatial
representation. The use of programmable tools, moreover, allowed the near-simultaneous
integration of mental representation, embodied action, observation, and tangible
manipulation while developing, executing, and verifying coding scripts.

In sum, the findings reinforce prior research emphasising multimodal learning. By
integrating physical action, visual representation, and collaborative problem-solving, eatly
coding and robotics activities demonstrate considerable potential to foster spatial reasoning
in young learners, laying an important foundation for subsequent STEM learning,.

Limitations and future directions

Although the findings are promising, several limitations must be acknowledged. While the
study indicates that coding activities can enhance spatial skill development, the restricted
sample size and the researchers’ dual roles as both facilitators and participants limit the
generalisability of the conclusions. Consequently, future research should examine the extent
to which these outcomes hold across broader age groups and diverse educational contexts.

Moreover, the study did not evaluate the durability of spatial skill acquisition or the extent
to which such skills transfer to related domains such as geometry and mathematics. This
gap underscores the necessity for longitudinal investigations. In addition, although our
study highlights the value of collaboration and social interaction, individual differences
warrant greater attention. Learners vary in their spatial reasoning abilities, and some may
require additional scaffolding to achieve comparable developmental gains. Consideration of
prior knowledge and ability is therefore essential in assessing engagement with coding-
based tasks.

Existing scholarship emphasises the contributions of outdoor play, sports, dance,
construction, and robotics to spatial development; however, limited research has explored
their synergistic potential when systematically integrated into a coherent curriculum.
Embedding coding and robotics alongside these activities may amplify learning outcomes.
Longitudinal and comparative studies are needed to clarify such effects and inform
evidence-based pedagogical strategies for cultivating spatial competence as a critical
foundation for STEM achievement.

Conclusion

This research underscores the importance of integrating coding into early childhood
education, not just as a tool for technological literacy, but as a means of fostering critical
thinking, problem-solving, and spatial awareness from an early age. Educators should
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consider the potential of coding and robotics as versatile learning tools that engage multiple
cognitive skills and facilitate the development of both logical and spatial reasoning in young
learners.

In conclusion, the findings of this study suggest that early exposure to coding and
educational robotics can serve as an effective strategy for developing spatial skills in
preschool children. By engaging in collaborative problem-solving tasks that require
planning, executing, and reflecting on robot movement, children can deepen their
understanding of spatial relationships, improve their ability to navigate spaces, and
strengthen their spatial reasoning skills—all of which are essential for their future academic
and cognitive development.
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