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Abstract

Early experiences in STEM education can contribute to positive cognitive development in young
children. When students have the opportunities to play, inquire, follow their interests/curiosities,
develop STEM identities, be creative, and operate within concrete/contextualized STEM
explorations, they will experience expansive cognitive growth. Cognitive benefits include
expanded thought capacity, increased creativity, better problem-solving abilities, a developing
capacity for research, better exploration processes, and better observational powers. Implications
for practice and recommendations for educators are discussed.
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Introduction

The general development of a child is a complex, dynamic process that is interdependent on
several factors. According to Richter et al. (2019), experiences in a child’s early years can
significantly “shape biological and psychological structures and functions in ways that affect
health, well-being and productivity throughout the life course” (para. 1) Strong child
development across general domains, which include the cognitive, social, emotional, and
physical realms is crucial for long-term academic success, individual thriving, and
social/emotional maturity (US Department of Health and Human Services, 2022; Diamond,
2010). Though a healthy general development is critical to a child’s future success, experiences
in STEM, especially during the vital early period of neuroplasticity (first 2-3 years of life), can
serve as a catalyst for expansive cognitive growth. Ulu and Kiraz (2014) suggest that not only do
early experiences in STEM provide opportunities for expanding thought capacity and creativity,
but these experiences can foster the child’s capacity for problem-solving, researching, exploring,
and observing through a child’s own unique engine of curiosity. A child’s interests are the key to
unlocking these critical developmental pathways (Neitzel et al., 2019). Furthermore, future
curriculum in STEM areas can be built directly from a child’s original interests and inquiries
while promoting exploration, experimentation, and STEM learning (Guarrella et al., 2022).

Due to the importance of quality initial STEM experiences in a child’s cognitive development,
stakeholders, including parents and early childhood educators, need to consider the axiological
characteristics for high-impact pedagogical approaches and experiential activities. In other
words, what constitutes quality or authentic STEM experiences, and how will those experiences
maximize a child’s cognitive development? Furthermore, how can educators and parents
prioritize/foster these experiences? The purpose of this paper is to explore the factors that impact
healthy development through STEM activities while also providing recommendations for
educators and parents. Since authentic STEM experiences are an important early pathway for
constructive cognitive development, stakeholders must be aware of the critical significance of
play, interest-based/child-led inquiry, identity development, creativity, and
concrete/contextualized activities. These traits, when fostered in early childhood STEM
experiences can lead to increased observational capacity, divergent thinking and creative
innovation, problem-solving, critical thinking, engagement in science and engineering practices,
conceptual development, and meaningful retention (Firdaus & Rahayu, 2019, Stone et al., 2019).
In addition, these types of holistic, child-centered, inquiry and play-based activities will foster
healthy cognitive development, increase STEM engagement and identity, and create pathways
for future STEM success.

Factors that Promote Positive Cognitive Development through STEM Activities

Play represents a strong mode for positive, general development across all domains. According
to Yogman et al. (2018), play is essential to development as it “enhances brain structure and
function and promotes executive function” (para. 2) Furthermore, play is necessary for the
development of problem-solving skills, collaboration, creativity, and prosocial behaviors
(Yogman et al, 2018). However, the role that play performs in STEM is not as well researched as
its general benefits to the developing child. The literature is clear that play in STEM areas
affords children the opportunities to increase their imagination as it relates to STEM subjects,
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ponder new meanings and possibilities, engage in STEM talk, and increase the capacity for
authentic inquiry (Vartianinen & Kumpulainen, 2020). Furthermore, both unstructured and
structured play in STEM are critical components of impactful instructional models that will
foster meaningful and relevant learning experiences (Kennedy & Tunnicliffe, 2022). Play in
STEM promotes high-level engagement, inclusion, and holistic skill development through
activities that promote joy, meaning, and intrinsic motivation (Parker et al., 2022). Play also
offers pathways for children to build their understanding of STEM concepts as they engage with
materials in divergent ways while exercising their authentic inquiry (Stone et al., 2019). For
example, children playing with magnets can discover concepts like attraction and repulsion, and
they can discover that magnets will stick to metals. This process can occur holistically and
organically through their free play and the employment of their personal inquiries. Play
opportunities in STEM should involve plenty of time and materials for free explorations,
questioning, investigation, and the testing of hypotheses.

Early experiences in STEM should also be driven through the natural engine of a child’s
curiosity. Harackiewicz et al. (2016) suggest that a child’s interest is one of the most “powerful
motivational process that energizes learning,” and it is particularly needed in STEM subjects that
often do not capitalize on students’ interests (para. 1). Interest is also crucial for healthy
cognitive development. McIntyre et al. (2021) suggest that interests are a significant factor in
cognitive processes and that it is possible to dramatically increase STEM engagement and
learning by making the content “interest relevant” (para. 12). In terms of cognitive development,
interest plays a key role. When a child’s interest is piqued, they have an elevated awareness that
drives further investigation, and increases the construction of new knowledge while facilitating
positive cognitive ontogenesis (Van Aswegen & Pendergast, 2023). For parents and early
childhood educators, the goal is to create the right circumstances and contexts where children
will develop interests in STEM areas. Creating these environments that foster interest include
triggering situational interest through new experiences, maintaining situational interest through
relevant connections, encouraging emerging individual interests through independent inquiries
and choice, and aiding an enduring/well-developed interest that is deeply connected to identity in
STEM (Renninger & Hidi, 2015; AIR, 2024). In one major study, relevance of the STEM
content and the agency of the child were found to be significant factors in children developing
situational and individual interest (AIR, 2024). Curiosity is an innate and powerful mechanism
that can and should be fostered in the early STEM experiences of children. Curiosity represents
the pathway for children to explore their interests in individual, dynamic ways.

Closely related to interest, authentic inquiry in STEM areas will provide children an opportunity
to explore and investigate through meaningful activities. These inquiries are crucial to children’s
work as scientists, engineers, and mathematicians. As children actively engage in exploring the
world through inquiry, they come to better understand it, and therefore the child is a scientist,
even from birth (Shrager & Carver, 2012; NRC, 2012). Inquiry processes, especially in
developing young minds involve observations, wonder about the world, process-oriented
explorations, questioning, investigations, identifying patterns, working collaboratively, and
sharing ideas (Worth, 2010). Furthermore, inquiry approaches will foster critical thinking,
communication, collaboration, and creativity (Spector & Ma, 2019). Perhaps most importantly,
the self-creation of knowledge through independent and individually owned explorations “can
activate deeper cognitive processing and improve long-term retention compared to the passive
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reception of information” (Kaiser et al., 2018, para. 1). Further supported by research in
cognitive psychology, maximum open-endedness (of the inquiry activities) and high self-creation
(of the child) have been demonstrated to benefit long-term learning (retention) and application
(Kaiser et al., 2018). Inquiry process is deeply active and should naturally involve engagement
through science and engineering practices. Furthermore, inquiry provides opportunities for
organic/meaningful integration. Inquiry is most potent when the questions and processes belong
to the individual child and are driven by their curiosity.

In addition to play, interest, and authentic inquiry, cognitive development through STEM
activities is influenced by the creation of a positive identity in STEM subjects. STEM identity is
a key to building a strong scientific literacy (Brown et al., 2005). Not surprisingly, interest is a
significant attribute in constructing a robust STEM identity, as children begin to feel a sense of
belonging through their interest-driven activity (Kim, Sinatra, & Seyranian, 2018). Furthermore,
the lack of a STEM identity can lead to disengagement, which weakens future prospects and
activity in STEM areas (National Inventors Hall of Fame, 2024). According to one study,
students develop metacognitive awareness through a strong STEM identity, and opportunities for
experiential, open-ended STEM explorations contribute to students’ strong problem-solving
skills in STEM contexts (Huvard et al., 2020). Moreover, a sense of belonging and STEM
identity are crucial factors in students developing a high motivation, practical STEM skills, and
future success in STEM careers (Mulvey et al., 2023). In order to develop a strong STEM
identity, young children need plenty of opportunities to engage with STEM toys, play and
imagine, authentically inquire, explore through their curiosity, investigate their interests, and
operate in carefully designed STEM contexts that promote open-ended explorations with
educators as a guide and facilitator of meaningful processes. Children also need opportunities to
think critically, innovate, think divergently, problem-solve, and persist through challenges. By
developing a positive identity and a strong sense of belonging, children will not only learn to
persevere through challenges, but they will cling to STEM as a defining trait of their existence.

Creativity and its link to STEM experiences, though not substantially researched, is an emerging
factor in cognitive development and future STEM success. In one study, children who were
engaged in STEM activity, and who enjoyed STEM experiences, demonstrated a significantly
higher level of creativity than students who were not engaged or did not enjoy STEM (Borg
Preca et al., 2023). Furthermore, when students are engaged in project-based STEM activities,
they operate in the creative realms of adventurousness, curiosity, imagination, resolution,
elaboration, and novelty (Hanif et al., 2019). These realms are integral to healthy cognitive
development. According to Khalil et al. (2019), creative cognition is rooted in executive
functioning and positive moods increase creative thinking. Furthermore, healthy development is
dependent on cognitive, motivational, and emotional traits that support creative ideation (Khalil
et al., 2019). This study is highly interrelated to the aforementioned work on play and identity in
that play specifically provides opportunities for executive functioning, and identity development
helps individuals attach positive moods/motivational elements to STEM activities. When
considering that STEM is a highly creative set of interrelated fields, and that its progress relies
heavily on the imagination and the creativity of its pupils (Morgan et al., 2023), it is of the
utmost importance that young children have the opportunities to engage creatively within STEM.
However, STEM teaching and learning experiences have often been reduced to a rigid,
positivistic system of prescribed endeavors that preclude students’ creativity and dynamic
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cognition. Therefore, it is necessary to shift away from or greatly reduce STEM methods that
favor memorization and convergent activity. Instead, young children need to engage creatively
within STEM experiences, and they can do so by operating as innovators, imaginers, and players
within their own internally created representations of STEM concepts. Here, the teacher or
parent can operate as a guide and facilitator but must resist becoming the giver of knowledge.
The capacity to think limitlessly through play, especially, can have a profound impact on the
direction and success of the child.

Finally, STEM education should be context-driven and utilize concrete experiences to engage
learners. Concrete experiences in STEM offer opportunities for children to see concepts
represented through experiments, manipulations, and investigations that favor direct activity
rather passivity. Furthermore, concrete explorations demonstrate the concept through physical
knowledge involving visual/spatial representations, touch, and the ability of the learner to work
through the concept using physical (concrete) media. These experiences are most effective when
they allow the child to build from previous knowledge and fit within Dewey’s principle of
interaction which states that external factors need to align with internal factors (Baroody, 2017).
In other words, the context must be meaningful and relevant to the individual child, interest is a
significant factor, and the experience must be concrete and tied to the student’s level of
familiarity. According to Piaget’s theory of cognitive development, “problem solving and
cognitive development progress from establishing object permanence, causality, and symbolic
thinking with concrete (hands-on) learning to abstract thinking and embedding of implicit to
explicit memory development” (Malik & Marwaha, 2023, para. 7). There is a continuum of
learning and development that varies by child, and the capacity for abstraction is built over time
from the operation of the individual in the concrete realm and the development of symbolic
thinking first. It would belie the generally accepted belief that students can learn effectively
through whole-group (often abstract) instruction when context, interest, and individual readiness
are such significant factors in the learning process and can vary widely from individual to
individual. Furthermore, STEM activities must involve a relevant context through which students
engage in problem-based or project-based learning, inquiry, and design through real-world
examples (Sutaphan & Yuenyong, 2019). The isolated, discrete, sterile environments where
STEM concepts are efficiently delivered through a prescribed curriculum and standardized
teaching disallow the flexibility for individual, context-driven explorations that are highly
divergent and dependent on the learner’s interests/understandings.

Discussion and Implications

Authentic STEM learning should be characterized by frequent opportunities for unstructured
play (in STEM domains), capitalize on a child’s natural engine of curiosity to explore the world,
foster the child’s unique interests, allow for multiple authentic inquiries and engagement in
science and engineering practices, create a strong STEM identity, promote creativity and creative
thinking, and be characterized by meaningful, relevant, concrete, and context-driven
explorations. When young children operate in authentic STEM experiences, they have the
opportunity for expansive cognitive growth and development. Children increase observational
capacity, divergent thinking and creative innovation, problem-solving, critical thinking,
engagement in science and engineering practices, conceptual development, and meaningful
retention. Early childhood educators and parents should be aware that an overly academic focus
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on STEM, meaning strict programs that emphasize content knowledge memorization, are too
limiting. In fact, they can be detrimental not only to the child’s development of a STEM identity,
but to their cognitive development. Even programs that are active (hands-on) can be ineffective
if they are too teacher-directed with little to no opportunity for children’s authentic inquiry, play,
creativity, and connections to personal relevance. From an early age, the child should be
immersed in STEM materials, toys, language, and contexts (e.g. trips to the science museum or
space center, etc....). The child should have complete control over the direction and magnitude of
their wonder with the adult(s) serving as a guide only. Educators and parents should recognize
the interests of the child and foster those interests through material and experiential activities.
Potential barriers for formal STEM programs include a standardized curriculum program,
standards, a lack of teacher training/understanding, and a lack of adequate materials for
exploration and investigation.

Conclusion

STEM learning is too often characterized by teacher-directed, overly content-oriented, prescribed
procedures that are derived from standardized curricula. In these types of environments, young
children are often not afforded the opportunities to play, authentically inquire, follow their
interests, or develop conceptual understandings through concrete, context-driven explorations.
Based on emerging research in cognitive development, a more holistic, child-led STEM
approach is recommended, especially for early childhood programs. Children should have
freedom and plenty of time/resources to freely play with STEM materials (obviously in a safe
manner). Through their play, they will discover certain concepts, build foundations for future
instruction through personally relevant experience, exercise inquiries and scientific process, and
develop a potentially strong identity in STEM. Furthermore, by fostering a more child-centered
STEM approach, children will have opportunities to engage and progress cognitively by
expanding thought capacity and creativity and increase their capacity for problem-solving,
researching, exploring, and observing. Quality STEM experiences in early childhood can provide
pathways for children to develop STEM understandings, build strong foundations for
constructing future knowledge, create a robust identity in STEM, and lead to future success in
their academic and career endeavors. Educators and parents should be aware of the nature of the
impact of these types of authentic experiences and advocate for better practice.
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