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Abstract: Considering learning to be situated and modally defined, the purpose of this paper was
to identify and describe action structures as thought structures. We aimed to investigate the modal
patterns that emerge during the learning process through a case study that examines how a 5-year-old
preschool child conceptualizes the dimensions of mechanical equilibrium. Three identical tests were
designed to elicit different modal responses from the student. These tests consisted of three tasks that
differed semiotically from one another. The tests were conducted at different time points and were
interspersed with two contextually distinct teaching interventions. The findings demonstrate that,
while conceptualizing mechanical equilibrium, the student constructed meanings through semantic
supplements of speech, bodily expression, and drawing, thus creating a form of multimodal syntax
to express their thoughts. Complementarity evidently contributes to the concept of variability and
serves as components of learning, which is perceived as a dynamic process.

Keywords: multimodality; complementarity; early science education; mechanical equilibrium

1. Introduction

Certain contemporary approaches suggest that learning inherently links to multi-
modality, wherein students activate various modes of expression to create meanings [1-5].
In the realm of science teaching and learning, several researchers have demonstrated how
different semiotic systems, employed to represent concepts in physical space, explicitly in-
fluence the construction of meanings [6-8]. The multitude of semiotic modes present within
a learning environment does not merely serve as explicit representations of pre-existing
mental constructs. Instead, the semiotic profile of the learning context creates a distinct
conceptual foundation upon which students express their thoughts, influenced by their
pre-existing mental representations. Vosniadou et al. [9] explored variations in question-
ing methods regarding the earth’s shape and the day/night cycle, aiming to understand
how different inquiry approaches influence children’s reasoning. By comparing forced-
choice questioning (FCQ) with open questioning (OQ), they revealed that the method of
inquiry significantly impacts children’s responses and reasoning coherence, with FCQ
eliciting more scientifically correct responses but less consistent reasoning compared to
OQ. To the same trajectory, Ping and Goldin-Meadow [10] investigated the role of iconic
gestures in enhancing learning, specifically regarding quantity conservation. Their study
contrasted teaching methods involving gestures combined with speech versus speech alone,
demonstrating how multimodal instruction can lead to more effective learning outcomes.
Hadzigeorgiou et al. [11] investigated the influence of sensorimotor tasks on preschoolers’
understanding of mechanical equilibrium. They demonstrated, among other findings,
that preschool children who engaged in kinesthetic activities, attempting to balance on a
beam, retained their ability to apply the rules of balance compared to a control group that
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participated in preparatory activities using typical (plastic) mechanical balances. This high-
lights the importance of embodied cognition and active engagement in learning processes.
Overall, these studies underscore the significance of instructional methods and contextual
factors in shaping children’s cognitive development and learning outcomes.

In this framework, semiotic resources traditionally unrelated to meaning produc-
tion come to the forefront, assuming an active role in learning. For instance, Goldin-
Meadow [12] asserted that gestures do not solely reflect prior knowledge but are intrinsi-
cally linked to conceptual development. Numerous researchers have argued that gestures
contribute to conceptual improvement rather than solely clarifying speech and can foster
the evolution of reasoning skills [13]. In particular, action-based learning plays a pivotal
role in the construction of scientific concepts. Kontra et al. [14] examined the learning of
torque and angular momentum through hands-on experiences. Two groups of students
participated in pre/posttest assessments, with one group engaging in the active manipula-
tion of a wheel under various conditions (action group), while the other group observed
the first group’s activities (observation group). Both groups received the same oral in-
structions. Despite comparable pretest performance, the group that was physically active
during the intervention demonstrated greater improvement in the posttest compared to
the observation group. Even for phenomena in the microworld, such as the particle nature
of matter and the relationship between temperature and molecular motion, students” active
involvement contributes to enhanced learning outcomes [15]. This preference for bodily
engagement over speech is also observed in laboratory settings, where students frequently
resort to gestures for meaning-making rather than relying solely on speech. Over time,
students initially explore materials and devices by manipulating them, utilizing iconic
gestures to communicate effectively. Gradually, the predominance of gestures diminishes,
allowing speech to overcome its initial limitations and participate in the conceptualization
of scientific entities [2,16].

Particularly for preschoolers, embodied thinking represents a form of covert cognition,
as children often rely on bodily engagement for thinking, a practice that thrives when
the semiotic context encourages bodily expression. Generally, research has indicated
that preschool-age children develop scientific concepts through diverse pathways. For
instance, in a multimodal approach involving preschoolers’ understanding of earthquakes,
Chachlioutaki et al. [3] demonstrated through a pre/posttest research design that as children
develop their semiotic modes, they concurrently enhance their reasoning abilities regarding
the conceptual aspects of earthquakes. Notably, bodily expressions and drawings conveyed
meanings related to the origin of earthquakes and the movement of lithospheric plates
that speech alone failed to capture. In another instance, Herakleioti and Pantidos [17]
demonstrated that preschool children used oral language to conceptualize the area of
shadow formation while employing their body expression to convey the journey of light
and obstruction. In preschool education, in addition to oral language, children’s drawings
traditionally serve as a means of expressing and generating ideas and reasoning about
concepts and phenomena in the natural sciences. Nevertheless, the analysis of drawings
has been extended to include the examination of children’s gestures. Children’s thinking,
as expressed through drawings, has two dimensions. It encompasses conceptualizations
conveyed through the content of the drawing itself and those that arise from the verbal and
gestural explanations accompanying the drawing [18,19].

It is worth noting that the field of early childhood science education has been shaped
for decades, considering both the psychological and social aspects of learning at this age
and various trends in science education. From this perspective, school science in early child-
hood education exhibits features of the Piagetian framework, socio-cognitive approaches,
and socio-cultural approaches [20]. In the Piagetian framework, cognitive development is
fostered through organized physical knowledge activities that enhance children’s ability to
work with substances and objects. This documentation aids in assessing and predicting the
reorganization of space and material choices to promote more effective interactions [21,22].
A framework influenced by post-Piagetian and Vygotskian theories emphasizes addressing
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the cognitive constraints of young children for significant progress in processing concepts
in natural sciences. In this socio-cognitive approach, children participate in organized com-
munication, argumentation, prediction, and exploration, utilizing multiple representation
systems to reconstruct their reasoning [23,24]. Socio-cultural approaches, influenced by
Vygotskian theories, emphasize the qualitative study of young children’s development
of scientific thinking in relation to their cultural and social surroundings. Pedagogical
materials and activities enable the simultaneous emergence of intellectual, affective, bodily,
and social aspects in classroom situations, encouraging children’s creativity and diverse
approaches to the physical world [25,26].

In all three theoretical currents of early childhood science education, multimodality
is a significant concept. In the Piagetian framework, physical knowledge activities are
action-based activities that essentially focus on children’s (embodied) interaction with
the material context. Socio-cognitive approaches, allowing children to reconstruct their
mental representations through multiple representation systems, refer to the ability of
thinking to be shared in various semiotic modes. In the socio-cultural theoretical current,
as a framework leading to the creation of multifactorial situations in the classroom, it
is evident that multimodality is an inherent element. Overall, the role of multimodality
holds particular value at the preschool age, as children find it challenging to fully express
their thoughts [27], preferring to communicate through physicality and the manipulation
of objects [28,29]. Multimodality contributes to the development of preschool children’s
expression in different ways, enriching thinking with the ability to construct concepts as
products of transition through various contexts [30].

Furthermore, given that the mental representations of scientific entities intertwine with
the semiotic modes that students employ, we can assume the following conclusions, which
relevant research in cognitive sciences and science education supports: (a) learning situates
within an embodied context, where any expression in the environment constitutes thinking
(action-based) [31,32], (b) human expression, i.e., thinking, is not merely a recollection
of existing knowledge but a co-construction resulting from the interaction between the
student’s cognitive world and the immediate environment (locality /contextuality) [33,34],
and (c) any such co-construction, being context-dependent, may vary even when the same
student interacts within the same environment at different points in time (time-induced
variability) [30,35].

Therefore, considering learning as situated and modally defined, this research aimed
to explore expressive regularities in terms of multimodality associated with learning. More
specifically, it sought to expand research on multimodality in early childhood science
education by examining the concept within the context of mechanical equilibrium. We
referred to equilibrium in a balance beam, balance scale, or seesaw; that is, situations where
someone needs to move along a beam or weights must be placed on a scale or seesaw to
achieve balance. In studies focused on equilibrium as a learning subject, those leading to a
kind of standardization of the learners’ reasoning evolution dominate. These range from
intuitive choices to causal explanations and cover the entire lifespan/developmental range,
such as the study by Inhelder and Piaget [36] for ages 3 to 14 years, Siegler [37] for ages 5 to
17 years, Hardiman et al. [38] for ages 17 to 36 years, or Roth [39] (average age 25.8 years).

However, despite having a long tradition for at least the last sixty years in the teaching
and learning of natural sciences, mechanical equilibrium has not been studied based on
multimodal thinking in early childhood education. Researchers investigating preschoolers’
conceptions about mechanical equilibrium have mostly relied on manipulating three-
dimensional balances (i.e., pan balance and balance scales) [36,37,40], virtual manipulatives
of them [29], or engaging in kinesthetic activities such as holding weights or balancing
on a beam [11]. Specifically, as mentioned earlier, Hadzigeorgiou et al. [11] demonstrated
that preschoolers engaged in kinesthetic activities, such as balancing on a beam, retained
balance rules better than those using mechanical balances. Furthermore, for kindergarten
children, Zacharia et al. [29] revealed that manipulating a mechanical balance during equi-
librium tasks, particularly for children initially struggling with mechanical equilibrium,
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eventually led to greater improvements compared to children who prepared by engaging
in simulated (virtual) equilibrium tasks. Both of the last two studies, focusing on preschool-
aged children, explored learning about mechanical equilibrium, emphasizing the children’s
bodies in a kinesthetic and physicality approach, respectively. However, none of these
research endeavors was specifically designed to comprehensively delve into children’s
cognition regarding mechanical equilibrium. In other words, there has not been an explo-
ration of how the modalities of oral discourse, space, and body intersect harmoniously,
constructing meanings pertaining to the conceptual dimensions of mechanical equilibrium.
Consequently, this provides the opportunity to systematically investigate the significance
of various modes of expression and thinking arising from semiotically distinct contexts.

2. Materials and Methods
2.1. Research Design

The research design focused on a case study involving a five-year-old preschool child
from a public kindergarten in an urban setting. The researchers obtained parental consent
as well as assent from the participant before implementing the project. The goal was to
develop a plan that allowed for the emergence of as many action-based thoughts as possible
from the child regarding the conceptual dimensions of mechanical equilibrium, specifically
beam equilibrium with equal and unequal weights. Therefore, we sought a process that
would enable the child to express different modalities of thinking.

The epistemological assumption is that knowledge is complex, multileveled, and inter-
twined with the environmental elements in various ways. Therefore, any context, including
the assessment tests, uniquely impacts the learning process and does not objectively cap-
ture the entirety of reasoning. Instead, it records responses/expressions to specific stimuli
presented to the student at a particular moment. Another important understanding is that
learning is a continuous and non-linear process without clear beginnings or ends. It is not
possible to claim that an initial test captures initial ideas or that subsequent tests measure
what students have learned after experiencing certain effects. With these considerations
in mind, we designed the methodology to create effects with clear semiotic content that
activate all system-producing modalities. Furthermore, our methodology aimed to record
the student’s expressions in space and time and attribute elements of thought to them.

As previously mentioned, research on multimodal thinking has shown that preschool-
aged children, depending on the type of influence they receive from the question framework,
may express different meanings through oral speech and different meanings through
different semiotic systems [1,9,10,17]. Furthermore, even within the same framework, some
dimensions may be expressed through oral speech while others may be expressed through
drawing or the human body [3]. Therefore, a research design that would elicit multiple
expressions/thoughts from the learner could be an influence/task consisting of different
contexts. With this in mind, we designed a test consisting of three tasks, specifically
differentiated, which were designed to activate different modalities from the child. The test
comprised an oral speech task, a drawing expression task, and an object manipulation task.
Task one primarily prompted oral speech but also gestures, task two led to the production
of a drawing and oral speech and gestures during the explanation of the drawing, while
task three primarily prompted gestures and oral speech. Additionally, we introduced the
rationale for using pre/posttests and teaching interventions in the research design, as this
increased the possibility that the three tasks would elicit even more and different modalities
over time, as teaching interventions mediate with the aim of changing the child’s ideas. This
was further reinforced by the use of two teaching interventions with differentiated semiotic
frameworks. That is, teaching intervention one, which we developed around a seesaw
simulation where the child interacted with the virtual environment formulating and testing
hypotheses about balance. Moreover, teaching intervention two was employed, in which
a physical 3 m seesaw played a central role, allowing the child to control their thinking
by walking on it. The two different semiotic interventions, by activating different action



Educ. Sci. 2024, 14, 338

50f 15

thoughts in the child, aimed to increase the possibility of activating different modalities in
the posttests (tests two and three) compared to test one, but also between them.

Overall, we employed two types of effects in the study. A repeated semi-structured
individual interview/test consisting of three tasks, along with two different teaching
interventions. We administered the test at three different time points (tests one, two, and
three), while the teaching interventions were inserted between them, each with a distinct
context (Figure 1).

Individual
Semi-structured
Interview

-L Test 3 J

The semi-structured interview, lasting almost 20 min, included three equivalent tasks
related to the same conceptual dimensions of mechanical equilibrium (Figure 2).

Individual

Individual
Semi-structured
Interwew Interview

b Teaching Teaching
Test1 Test 2
Intervention 1 H P (Interventlon 2

Figure 1. Research design.

Semi-structured

Dimension 1: Equal Weights
Dimension 2: Unequal Weights
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Figure 2. The test consisted of three tasks.

An example of questions posed in the first task regarding the balance of equal weights
is as follows:

“Imagine you are on the seesaw and sitting on one end. How will the seesaw be?
Will it be level? Show me.

And how could it be level if a friend of yours with the same weight sat on the
other end?

Where should your friend sit on the other side?
Can you explain why?
And if you sat a little further in, what would happen to the seesaw?

Where should the other person sit?”

Similarly, another example of questions in the third task with the mathematical balance
scale (Figure 3) for the equilibrium of unequal weights is as follows:

“If L hang a weight a little further in on one side, could I hang two of those weights
somewhere on the other side to balance it out?

Can you show me where I could hang them?
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Further in or further out?
Why?”

Figure 3. The mathematical balance scale that was used.

Despite the semiotic differences, all three tasks included equivalent questions about
balancing equal and unequal weights. It is important to note that the purpose of the test
was not to have the child repeat their earlier ideas precisely. The goal was to have an
unambiguous effect on the student, with each task emphasizing one semiotic system at
a time.

The second type of effect consisted of two teaching interventions that also differed
semiotically. The first author conducted each intervention, which lasted approximately
45 min in a kindergarten classroom as part of the regular program involving all the
children in the class. The interventions were based on a five-step design: (a) engag-
ing children’s interest by recalling their experiences from playing on a seesaw, (b) elic-
iting their ideas through inquiry about predictions and explanations regarding where
to place weights for balance, (c) encouraging children to experiment to verify or refute
their predictions, with suggestions from the teacher to measure distances when children
did not incorporate measurement into their reasoning, (d) facilitating the formulation
of conclusions in the whole group, and (e) conducting an evaluation through questions
to the children about achieving balance at various points, either on the physical or the
virtual seesaw. The first intervention utilized a mechanical equilibrium simulation avail-
able at https:/ /phet.colorado.edu/sims/html/balancing-act/latest/balancing-act_en.html
(accessed on 3 March 2020). The second intervention, which occurred between the second
and third tests, involved a floor-standing original three-meter wooden seesaw constructed
specifically for the research. The semiotic context of these two teaching interventions
was intentionally different to create unique effects. The simulation involved intangible
human-entity interactions, while the seesaw involved material object-human interac-
tions. However, both interventions revolved around the same referent, a seesaw, with
the student interacting with it in different ways and experiencing different possibilities of
bodily activation.

Furthermore, the teaching interventions and subsequent tests were spaced ten days
apart, which was deliberately chosen to ascertain the potential sustainability of teaching
interventions’ effect [41]. Hence, the researchers selected a rather intense research design
to render the impact of multimodal frameworks sufficiently robust, implementing two
teaching interventions and one test consisting of three tasks. This allowed for a total of five
distinctively differentiated effects to be observed. Additionally, both the physical seesaw,
measuring 3 m in length, and the simulation of the seesaw created a dominant framework
of impact and sustainability, owing to their morphological characteristics and the children’s
lack of prior experience with such artifacts.

It is worth mentioning that the case study method is recognized as a reliable approach
in education and early science education, particularly when thoroughly and parametrically
analyzing the case used and when the findings exhibit variability among the categories
and diversity within a category [42—46]. Indeed, the researchers questioned the child under
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different semiotic contexts a total of nine times, each time focusing on the same conceptual
dimension of mechanical equilibrium. Additionally, they applied a coding and analysis
framework to all the modalities of the oral discourse, spatial entities, and gestures expressed
by the child that conveyed the concept of mechanical equilibrium in some way. These two
factors resulted in the documentation of at least seven different modalities. Furthermore,
the findings support the selection of a single child as a case study since they revealed five
different complements among the various modalities, referring to two broader structures
of complementarity.

2.2. Data Collection

For each test, the three tasks were videotaped at the three different time points to
gather the data. The position of the material object, which represented the conceptual
dimensions of mechanical equilibrium, was presented to the student as a given during
each test. In the first task, this information was conveyed verbally. In the second task, a
predrawn object was placed on a seesaw, and in the third task, the object was placed on
the mathematical balance. We asked the student questions about the possible placement of
another material object on the opposite side of the seesaw. It is important to note that the
questions used different data for each task. Specifically, the dimension of equal weights (D1)
was divided into two sub-dimensions. In D1a, the given object was placed at one end of
the seesaw or mathematical balance, and the researcher asked the student where an object
of the same weight should be positioned to achieve balance, along with an explanation. In
dimension D1b, the given object was positioned slightly further in, and the child was asked
the same question. The dimension of unequal weights (D2) was also divided into two
sub-dimensions. In D2a, the given object was placed at one end of the seesaw or balance,
and we asked the child where a heavier object should be placed to restore equilibrium.
In D2b, the given object was moved a little further in, and we asked the child the same
question. Additionally, dimension D2 included questions where the given object placed at
various positions had twice the weight, and the researcher asked the student to express
and explain where a lighter object should be placed to restore equilibrium.

The data collection process varied depending on the task. In the first task, the student
answered oral questions, resulting in data consisting of speech and occasional bodily
expressions if the child gestured while speaking. In the second task, the child drew
weights and placed them on the drawn seesaw at points where it would be balanced. The
collected data included the student’s drawings, speech, and any gestures used to explain
the drawings. In the third task, the child answered questions about balancing equal and
unequal weights on the mathematical balance. The data collected for this task consisted of
speech and bodily expressions, as the child used gestures to indicate the point at which
each weight should hang. Although the tasks differed in form, equivalent questions about
the equal and unequal weights were asked in each task. The researcher repeated the
same questions about the equal and unequal weights three times, adapting them to the
respective context.

2.3. Coding

The student’s responses were codified based on the “how” and “why” of balancing
the seesaw with equal or unequal weights. The two authors employed a video data coding
scheme that they had utilized in previous research involving the analysis of multimodal
thinking [3,17,47]. For encoding the 20-min video, they used a key (Table 1) to specify
certain significant concepts for conceptualizing mechanical balance at the preschool age.
Specifically, these concepts are the “same weight” and “same position on the other side” for
one dimension, and “heavy object + inner position” and “light object + outer position” for
the other dimension of mechanical equilibrium. The encoding process involved assigning
codes to words or phrases, elements of the drawing, and gestures that have an explicit
semantic relationship with the aforementioned key concepts. Each modality was assigned
a code name: speech (s;), deictic gestures (dg;), iconic gestures (ig;), ergotic gestures (eg;),



Educ. Sci. 2024, 14, 338

8 of 15

and drawing (d;). The deictic gestures involved pointing in a specific direction, iconic
gestures depicting human activities or animate/inanimate entities morphologically, and
ergotic gestures, which were associated with interacting with material objects. Initially, we
conducted a viewing of the video, and codes were assigned to each gesture based on the
morphological characteristics, i.e., all deictic, iconic, and ergotic gestures were observed
and documented without capturing their semantic content. The same process was applied
to the elements of the drawing. Thus, the d; was registered as the morphological element,
e.g., a drawn box at the edge of the seesaw, etc. Finally, after the phonetic transcription,
the words and phrases were coded, but according to the semantic criteria, i.e., elements
of speech (si) which signify the key concepts of Table 1. That is, words such as “me”, “the
other”, and “the small one’” which signify the “same weight” or “light object”, etc., or
words like “there” and “same position”, which in some way signify the “same position on
the other side”, “inner position”, etc. Finally, after assigning meaning to the elements of
speech, meanings were attributed based on both the linguistic context and the elements of
the drawing and gestures. For example, a deictic gesture pointing to a specific point on the
balance scale clarifying the linguistic “there”, identified, for example, the “outer position”.
In this way, all the grammatical elements s;, d;, dg;, igj, and eg;j, of the different semiotic
systems, as well as their synergies, were semantically evaluated.

Table 1. Modalities and pieces of meaning.

Referent Key Concepts Signifiers

Same weight + same position on
the other side
Heavy object + inner position =
Light object + outer position

Balancing equal weights (D1) s;, igi, dgi, egi, d;

Balancing unequal weights (D2) si +1igj, dgj,+si, d; et.

The codified data, including the student’s modalities, their relationship to scientific
compatibility, and the referenced conceptual dimensions of mechanical equilibrium, were
entered into the timeline of NVivo 12 qualitative research data analysis software (NVivo
12 Pro). The coding process was initially conducted by the two authors. The two coders
independently encoded the data, and subsequently compared their coding one by one.
In cases where an agreement was not reached, the instances were excluded from the
analysis, although these cases accounted for less than 1% of the data. The validity of the
coding process was ensured by the use of the specific key concepts outlined in Table 1,
which are fundamental for conceptualizing mechanical equilibrium in terms of preschool
knowledge [11,36]. Furthermore, the trustworthiness of the coding was grounded in the
high agreement between the two coders, who underwent the same process independently.

2.4. Data Analysis

In the data analysis process, the authors assessed each modality produced by the child
in the context of scientific compatibility. Table 1 provides a key that assigns meaning to
each modality and records the semiotic system from which they derive.

Table 1 presents the conceptual dimensions of mechanical equilibrium (D1 and D2)
that the student is referring to. The key concepts column indicates the essential concepts
necessary for the student’s reasoning to be complete for each conceptual dimension. For
D2, the “+” symbol distinguishes the two complementary concepts. The signifiers (modes)
column contains the codification of the empirical data, including speech, gestures, and
drawings. This allows the recording of distinct pieces of meaning conveyed by each
modality and how the modalities from different semiotic systems collaborate. This data
analysis method enables the identification and exploration of modalities derived from
different semiotic systems that, together, contribute to reasoning (first axis of analysis).

Each modality was semantically evaluated in terms of its scientific compatibility. As
a result, the timeline created using NVivo 12 facilitated the recording of sequences of
correct/incorrect thought acts as responses to the “same” question (second axis of analysis).
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3. Results

The researcher posed questions to the student that assumed one aspect of the equilib-
rium condition and asked the student to determine the other aspect. For instance, in task
three, when balancing equal weights, one of the questions already had a weight hanging
from a position on the balance, and the student had to identify where another weight
should be placed to achieve equilibrium. Similarly, in task one, for balancing unequal
weights, the researcher asked the student to imagine someone sitting in the middle of one
side of a seesaw on the playground and explore where someone else lighter than him/her
should sit to balance the seesaw. It is important to mention that, specifically for unequal
weights, each task provided either the heavy or the light object as a given, ensuring that the
student’s responses would include the corresponding reasoning, depending on the scenario
each time. The following results encompass all aspects expressed by the student, including
where they were expressed, along with the given part of the reasoning presented in the
question. The given parts of the reasoning, which were explicitly stated in the question
itself, are highlighted in italics when the student utilized them.

Complementation appeared between the speech and gestures that arose for the two
conceptual dimensions D1 and D2 of mechanical equilibrium (Table 2). The complemen-
tation concerned two types of synergies, i.e., between speech and an iconic gesture and
between speech and deictic gestures. For the conceptual dimension of equal weights (D1),
complementation was signified through the structures s; +igj, s; + dg; and s; + dgp. In all
three structures (“sentences”) the student chose speech to conceptualize the “same weight”,
while communicating the “same position” with gestures. As regards speech, the child used
the same words in all three “sentences”, i.e., the statement “same kilos”, while for the same
position the student used different gestures: wide open arms (ig; ), pointing to the right or
left end of the balance (dg;), and pointing a little further in from the right or left end of the
balance (dgp). It should be noted that the two deictic gestures were both correct answers
although they referred to different points on the balance because the student was asked
about the dimension of equal weights more than once for different positions.

Table 2. Complementarity 1

Dimensions Test 1 Test 2 Test 3

Task 1 D1 s1 +igg
D2
Task 2 D1
D2
Task 3 D1 s] +dg; s] +dgp
Sy + dg3
b2 S4 + dgl =85y + dg4

1's; +ig;: “same kilos” + “opens the arms wide, hands facing each other”, s; + dg;: “same kilos” + “points to

the right or left end of the balance”, s; + dg,: “same kilos” + “points a little further in from the left or right end”,
sy +dga: “large” + “points to the center of the balance”, s4 + dg; = s, + dg4: “small” + “points to the right or left
end of the beam” = “large” + “points to the two bricks in the center of the one side of the balance”.

Specifically, the complementation structure s; + ig; appeared as follows in the empiri-
cal data:

“Because if we weighed the same kilos (s1), the other could have sat on the
other side (ig;: opens his/her arms wide, hands facing each other) and it would
stay level.”

Gesture ig; apparently conceptualizes the appearance of the position through visual
symmetry. Each hand illustrates where (the position) each object must be placed to achieve
equilibrium. This is something speech does not clearly convey, since the phrase “on the
other side” creates an incomplete meaning, because it refers to a broader area rather than a
specific position. Additionally, one might say that ig; depicts the objects themselves, since
each hand represents an object of equal size (and equal weight).
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The remaining complementation structures related to the general structure s; + dg;.
In other words, the student used speech to express the concept “same kilos” and deictic
gestures for the concept “same position on the other side”. For example, in task three, with
the mathematical balance, the student created the multimodal “sentence”:

“Because where you put the one that weighs the same kilos (s1), it should go there
(dgo: pointing a little further in from the left end of the balance).”

In this case, a weight was placed on the mathematical balance and the child was asked
where they should place another equal weight to achieve equilibrium. It is obvious that
modalities s; and dg, are the semantically strong ones, as the location adverb “there” is
general and abstract compared to the deictic gesture (dg»), which precisely signifies the
point where the second object must be placed for equilibrium to be achieved.

Similarly, for the conceptual dimension of unequal weights (D2), the following is an
example of a “sentence” consisting of the synergy of distinct meanings that complement
one another:

“Because the small ones (s4) always usually go here (dg;: pointing to the right
end of the balance) and the large ones (s;) (dgs: pointing to the two bricks in the
center of the one side of the balance) are always placed further in”.

In this case, the student produced this particular answer while two weights were
hanging on one end of the balance and was asked where the single weight should be
placed to achieve equilibrium and to defend its answer. The student signified the concepts
“light object + outer position” with the synergy of the pronouncement “the small ones”
(s4) and the “deictic gesture towards the right end of the balance” (dg;). As before, the
deictic gesture communicates the exact position where the object must be placed to achieve
equilibrium, as the pronouncement “here” is inaccurate and its meaning weak.

Table 3 presents the multimodal “sentences” put together by the student through
speech, drawing, and gestures. Student’s multimodal activity is described by the follow-
ing structures: x + y, X + y(z). The complementation structure x + y has been discussed
previously and appears between speech and a deictic or iconic gesture. In a complemen-
tation structure, the elements x and y carry different information and need each other,
complementing one another to create a semantic whole. In y(z) the y element is semanti-
cally stronger than z and does not need z to signify it, while viewed on its own, z creates
ambiguities, and the meaning is incomplete. For example, with dg;(sg) the student points
to the end of the balance and utters the adverb “out” (sg). While the gesture describes the
position with absolute precision, the adverb “out” expresses a wider area.

Table 3. Complementation structures.

Complementation “Sentences” Modal Structures
si + ig;j (speech + iconic gesture) .+
si + dg; (speech + deictic gesture) y

sy + dgs(s3) [speech + deictic gesture (speech)] x+y(2)

s4 + dg(sg) [speech + deictic gesture (speech)]

4. Discussion

In a sense, the child’s expressions in the material environment constitute narratives of
the conceptual dimensions of mechanical equilibrium [48]. The student displayed in its syn-
tax complementation structures of the form s; + ig; and s; + dgj, creating semantic sets. For
the dimension of equal weights, both complementation structures were employed, while s;
+ dg; was employed for the dimension of unequal weights. In other words, there appeared
modalities of speech and of deictic and iconic gestures, which carry distinct information; as
a result, when combined, they occasionally form semantic sets. The two types of gestures,
deictic and iconic, exclusively communicate the concept of position/distance, while speech
exclusively communicates the concept of weight, and they express themselves in the context
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of formulating a rule. When balancing equal weights, the rule refers to the relationship
of equal weights and symmetrical position, while for balancing unequal weights, the rule
refers to balancing greater weight and shorter distance with lighter weight and greater
distance. According to Inhelder and Piaget [11], the formulation of these rules constitutes a
stage before the formulation of the rule of quantitative proportionality in the process of
conceptualizing mechanical equilibrium. More specifically, they categorize the following
stages in the development of learners’ reasoning: (a) the recognition that weight is required
on both sides of the beam, but with no acknowledgment of a weight-distance relationship,
(b) the achievement of equilibrium with equal weights based on the symmetry of weight
and distance, or achieving equilibrium through trial and error with greater weight and
shorter distance and lighter weight and greater distance, without formulating a rule, (c) the
formulation of a qualitative rule for equilibrium with greater weight and shorter distance
compared to lighter weight and greater distance, (d) the formulation of a quantitative rule
of proportionality, and (e) seeking causal explanations.

The iconic gesture appeared in the speech task, where the child did not use material
objects as an expressive need; it thus appears to replace the missing material parameters
of the environment. It is conceivable that this absence of material objects caused the child
to produce a bodily depiction. This is associated with the views of Ping and Goldin-
Meadow [10] and Roth [49] who reported that when material objects are absent, iconic
gestures develop to replace them. This particular gesture (ig;) might be associated with the
simulation the student engaged in during the first teaching intervention. There, during the
teaching process, the student used their hands to count, interacting with the simulation
projected onto the wall. Thus, although this gesture might have been activated by the
current, “materialess” environment of task one, it might have been constructed in an early,
different form at a previous time when the simulation was used to teach. The absence of
material objects in task one—when the student was asked to imagine what would have to
happen for a seesaw in the playground to balance—led to the “objects and their placement
on the seesaw” being loaded onto the gesture. According to Ping et al. [50] and Trofatter
et al. [51], the iconic gestures’ representational dynamic and a problem that must be solved
(as in task one) might cause grounded thought in action, with the gestures remaining
unaffected by the context of speech. The same researchers believed that iconic gestures
might have a greater effect on learning when solving a problem than action on objects itself,
even when an action is accompanied by speech. In the context of embodied cognition,
actions are grounded in thought. Thus, gestures not only have a one-way relationship with
thoughts, constituting outcomes of the latter, but actively fuel the cognitive processes [52].
Gestures are not merely carriers for expressing action information, but they add action
information to the mental representations of the person who produced the gesture [53].

It seems that the morphology of each task led to the production of different comple-
mentation structures to speech. Task one resulted in the emergence of iconic gesture, while
task three led to the use of deictic gestures. This point is linked to the perception of situated
and embodied cognition, i.e., with the unique understandings of an agent through specific
bodily interactions with a specific context [54]. In task three, naturally, there is no alterna-
tive to using deictic gestures when one is placed before a mathematical balance. In task one,
the iconic gesture, as mentioned, was a morphological response to the lack of materials
of the specific semiotic context [10]. The effect of the semiotic context on the activation of
specific semiotic systems and modalities permits the creation of learning environments that
educate students in multimodal thinking and “multilingualism”, through their initiation in
every mode of expression.

Many researchers in science education emphasize the value of the multimodal pro-
duction of meaning in the education process, something confirmed by the current study
in the context of early childhood science education [55-57]. It was demonstrated that the
student’s thinking was multimodal, assembling, as the situation required, a different syntax,
using various modalities and semiotic systems. The student produced complementation
[x + y] while expressing modalities semantically stronger than others [y(z)]. In the current
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research, to balance equal weights, the student used deictic gestures exclusively, along
with one iconic gesture, to conceptualize the correct position, perhaps because gestures
are more precise than the ambivalent local adverbs “here” or “there”. In many cases in
preschool-aged children, it is the very nature of the entities that render them amenable to
more precise conceptualizations via semiotic systems other than speech. Spatial entities,
intangible entities (e.g., light), and entities from the microcosm and the megacosm (e.g.,
earth’s rotation), are apparently more clearly conceptualized through bodily expression
or drawings than speech [3,58,59]. Frequently, in the case of preschool children—and not
only them—the human body appears to be the exclusive signification provider in science
activities [11,13,60].

The methodology developed in this particular study can capture the ideas of the
learners, regardless of how they are expressed, thereby providing additional insights into
research on students’ precursor models at the preschool age. The precursor model holds a
significant role in examining how mental representations align with scientific models in
educational settings. Introduced in the 1990s, the idea of the precursor model integrates
elements from different theoretical perspectives, including science education, Piagetian
genetic epistemology, and Vygotskian socio-cultural approaches [61,62]. Its purpose is
to bridge the gap between children’s naive mental representations and science models,
facilitating the development of intermediate mental schemes within an educational frame-
work. These mental entities correspond with children’s developmental capabilities while
remaining consistent with scientific models [63]. Recent studies in early childhood science
education have shown the construction of precursor models across various subjects [64,65].
Therefore, the multifaceted exploration of children’s mental representations can reveal
items of meaning related to precursor models that may not be detected by adopting a
research discipline based solely on orality.

5. Conclusions

We have shown that during the process of understanding the concept of mechanical
equilibrium, the student utilizes a multimodal syntax, combining speech and gestures in a
complementary manner. The results indicated that the child employs complementation
structures of the form “speech + iconic gesture” and “speech + deictic gesture”, signify-
ing distinct dimensions of mechanical equilibrium. Specifically, for the concept of equal
weights, both complementation structures were utilized, while for unequal weights, only
the “speech + deictic gesture” structure was employed. The findings suggest a develop-
mental progression in reasoning from the simple recognition of weight placement to the
qualitative understanding of weight—distance relationships.

Furthermore, the presence or absence of material objects influenced the types of ges-
tures produced. When material objects were absent, iconic gestures emerged to replace
them, indicating a form of embodied cognition where gestures supplement missing envi-
ronmental parameters. Additionally, the morphology of tasks influenced the production of
different complementation structures, with iconic gestures appearing in tasks with absent
material objects and deictic gestures in tasks with material presence.

The presence of complementarity and multimodality indicates their significance in
the learning process, aligning with the concept of variability in thinking that has been
recognized in cognitive sciences for several decades [50,66,67]. This brings the notion of
variability into the realm of early childhood science education, emphasizing the need for
the further exploration of semantically complementary modalities and their collaborative
role in creating diverse syntactic structures.

6. Limitations and Extensions

This research constitutes a case study and does not aim to draw generalizations from a
single student. Further research is needed with a larger sample size, encompassing children
from schools with diverse socioeconomic characteristics.
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The study focused on children’s expressions within a controlled educational setting,
centered around three different tasks and two distinct teaching interventions. The relation-
ship between oral speech and gestures in students’ conceptual development could also be
explored in contexts involving technological artifacts such as robots or objects that children
can use to construct something, such as educational engineering projects. In this regard,
the methodology relying on the analysis of speech and gestures may not capture all aspects
of children’s cognitive processes and requires adaptation to different contexts.

Analyzing children’s expressions across various modalities opens avenues for explor-
ing their understanding in educational settings conducive to constructing precursor models,
which are intermediate mental schemes consistent with scientific models.

Extensions of this work could involve longitudinal studies to monitor children’s
conceptual development over time through the modalities they use, and cross-cultural
comparisons to examine variations in children’s conceptualization across different cul-
tural contexts. Additionally, integrating advanced technologies, such as eye-tracking or
neuroimaging, could provide new avenues for investigating the underlying cognitive
mechanisms involved in children’s scientific multimodal reasoning.
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