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Abstract

This article analyzes how experimentation in secondary education contributes to the development of higher-order
scientific skills (HOSS): critical thinking, problem solving, argumentation, and hypothesis formulation. Through a syste-
matic review using PRISMA methodology (2016-2026) in databases such as Scopus, WoS, ERIC, SciELO and Redalyc,
seven thematic categories were identified: scaffolding, teaching based on international studies, collaborative problem
solving, design-build-test (maker culture), STEM/STEAM education, contextualization of learning, and reflective ex-
change spaces. Findings reveal that experimentation alone does not automatically develop HOSS; explicit teacher
scaffolding, pedagogical guidance, meaningful contextualization, and argumentation opportunities are required.
Lack of teacher training and infrastructure in Latin America limits this potential.

Keywords: experimentation, higher-order scientific skills, secondary education, scaffolding, systematic review.
Resumen

Este articulo analiza cémo la experimentacion en educacion secundaria contribuye a la formacion de habilidades
cientificas de orden superior (HCOS): pensamiento critico, resolucion de problemas, argumentacion y formulacion
de hipotesis. Mediante una revision sistematica con metodologia PRISMA (2016-2026) en bases como Scopus, WoS,
ERIC, ScifLO y Redalyc y, se identificaron siete categorias temaéticas: andamiaje, enseflanza basada en estudios in-
ternacionales, resolucion de problemas colaborativa, disefio-construccion-prueba (cultura maker), formacion
STEM/STEAM, contextualizacion del aprendizaje, y espacios de intercambio reflexivo. Los hallazgos revelan que la
experimentacion por si sola no desarrolla automaticamente HCOS; se requiere un andamiaje docente explicito,
orientacion pedagdgica, contextualizacion significativa y oportunidades de argumentacion. La falta de formacion
docente y de infraestructura en América Latina limita este potencial.
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Introduction

When teaching science in secondary education, the aim is to educate citizens capable of understanding
the world from a scientific perspective, developing critical thinking and problem-solving skills (Jiang et
al. 2023). Undoubtedly, such consideration implies that education must correspond to the demands of
today's world, as UNESCO (2017) affirms, along with the challenges and aspirations of the 21st century
through relevant learning objectives and content. In this perspective, how can we achieve what Furman
(2016, p. 32) calls "the possibility of experiencing first-hand the very process of investigating the world"?
The answer is none other than through experimentation. Laboratory practices in natural sciences have
long been considered a backbone connecting theoretical knowledge with empirical reality. But what role
does the teacher play in this epistemic shift in the classroom? Garcia and Moreno (2019, p. 157) respond:

The teacher can foster the learning process through experimental work that involves active ob-
servation, questions and hypotheses, the artificialization of natural phenomena, and the search
for solutions to everyday situations, and simultaneously, the development of scientific skills such
as description, argumentation, analysis, appropriation, and application of scientific knowledge to
question reality and transform it; finally, to understand science as knowledge that is built from
everyday situations with no apparent answers, where students are the protagonists in the cons-
truction of their own new explanations.

A review of the published scientific literature shows that laboratory practices contribute to the deve-
lopment of experimental skills in secondary school students. Osorio (2022) and Jiang et al. (2023)
mention that at this age, young people learn to handle chemical reagents, laboratory equipment and
instruments, formulate hypotheses, conduct experiments to confirm them, and measure variables re-
lated to the phenomena under study.

Similarly, voices from the scientific community argue the benefits that experimentation brings to se-
condary education and how learning is generated across multiple dimensions. Along these lines, Bretz
et al. (2013) and Hakim et al. (2013, 2016) have found that conducting scientific experiments allows for
conceptual understanding and helps correct erroneous ideas. Furthermore, they affirm that laboratory
practices help achieve meaningful learning by creating a motivating environment that awakens stu-
dents' interest and curiosity to learn, while also favoring a deep understanding of complex concepts
such as mediating space (Escobar, 2016; Pillajo et al., 2025).

However, if considered from a procedural perspective, it is worth mentioning that laboratories con-
tribute to the development of specific skills. Thus, the study by Hernandez et al. (2018) argues that
experiments in secondary education are a source of knowledge and a means to confirm hypotheses,
contributing to the development of experimental skills and habits.

Similarly, the University of San Pedro Sula (2017) states that laboratories contain measuring instruments,
reagents, and other elements that facilitate the achievement of objectives in the search for concrete
scientific knowledge through discovery learning. Palacios (2016), for his part, affirms that these practices
increase experimentation skills and foster respect for the environment.

From a reflective perspective on the attitudinal and epistemic level, it can be argued, as Gonzalez et al.
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(2004) indicate, that experimentation in science teaching goes beyond facilitating hypothesis verification.
In this sense, experiments are actually a key means to promote content learning, solve problems, and
reach solid conclusions, adding greater scientific rigor to secondary education teaching. This aligns with
what the National Research Council (2013, cited in Murphy et al, 2018, p. 1239) states: "it requires a fun-
damental shift in scientific pedagogy to foster knowledge and practices such as deep conceptual know-
ledge, model-based reasoning, and oral and written argumentation where scientific evidence is evaluated.”

In this line of thought, Lopez and Tamayo (2012) insist on considering that laboratories strengthen both
conceptual and procedural knowledge, allowing for deeper exploration of essential aspects of scientific
methodology and fostering reasoning skills such as critical and creative thinking, as well as attitudes like
open-mindedness, objectivity, and a healthy distrust of judgments not supported by sufficient evidence.

Now, one might ask: What are the conditions for experimentation to take place? Today, both physical
and virtual laboratories are essential. De Jong et al. (2013) have stated that at the pre-university and
university levels, attractive and stimulating scientific experiences are often offered. In this same vein,
Satterthwait (2010) affirms that hands-on experiences in science laboratories play a fundamental role
in enabling students to learn. Ambusaidi et al. (2018) add that by incorporating technology into these
spaces, the way students learn science changes notably. Bazan and Diaz (2027, p. 18) synthesize this
idea by stating that laboratories make possible "problem-solving based on their real experiences, and
enable the improvement of school scientific skills."

However, despite theoretical consensus among researchers, it is undeniable that in Venezuela and some
countries, many institutions face significant obstacles to implementation. For example, there are educa-
tional centers where experiments cannot be carried out because they lack equipped laboratories. Studies
such as those by Torres and Ayuso (2025, p. 22), conducted in the Dominican Republic, indicate that:

50% of students in public schools and 52% in subsidized schools state that they have low or very
low levels of proficiency in evaluating and designing experiments. Likewise, 73% of students in
public schools and 70% in subsidized schools indicate that experiments are only sometimes or
never carried out in the classroom. Also, 53% of students in public schools and 44% in subsidized
schools state that the scientific method is only sometimes or never used in class.

The same situation has been found in Colombia, where, despite investment, a lack of clear guidelines
persists. Ortiz and Cervantes (2015, p. 16) hold the State responsible: "there are no policies that define,
regulate, support, and ensure the general development of scientific skills in the child population from
their entry into the formal education system." This has prevented the widespread implementation of pro-
grams and proposals that have been presented, even though investment in resources has been made.

In the case of Ecuador, there is also a stated "need for training programs that promote the participation
of the Natural Sciences teacher as a guide in preparing the student to become more independent in
the search for and assimilation of scientific knowledge through experimentation’ (Ramirez, 2023, p. 637).

Paradoxically, the opposite occurs: facilities exist, but teachers do not conduct laboratory practices,
thereby depriving students of the opportunity to validate their hypotheses, refine their observation
and analysis skills, and learn from their own mistakes—all of which are relevant aspects for the deve-
lopment of scientific competencies (Osorio, 2022).
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Nevertheless, the problem is not only one of infrastructure and laboratory equipment. There are teachers
who adopt teaching practices that undermine meaningful learning, giving greater importance to reading
books or didactic materials than to situations where students acquire knowledge through experimentation.
In this regard, Ramirez (2023, p. 634) states that these teachers show "a predominance of content deve-
lopment, knowledge, and terms over experiential activities." Coinciding with this, other researchers have
mentioned that teachers implement few classroom activities where students engage in authentic argu-
mentation within the science classroom (Sampson & Blanchard, 2012; Knight-Bardsley & McNelll, 2016).

This behavior is based on a traditional role and rote learning focused on repetition without the possibility
of knowledge reconstruction and without favoring the learning of natural sciences (Mufioz & Charro, 2023).
As a consequence, classes often fall into boredom, with students assuming a passive role, neither awakening
student interest nor promoting the everyday usefulness of what is learned (Sanmarti & Marquez, 2017).

These teacher behaviors set aside higher-order scientific reasoning such as transfer, heuristics, and
argumentation—cognitive dimensions of learning according to the taxonomy proposed by Bloom et
al. (1956) and revised by Anderson and Krathwohl (2001) and Gallardo et al. (2010).

It also often happens that some teachers ask questions to students instead of letting students ask ques-
tions to the teacher. This situation is contrary to what experts suggest (Martin-Hansen, 2002). Moreover,
this classroom inquiry is often of a low level (Fay et al, 2007; Tamir & Garcia, 1992). Furthermore, the
teacher ends up providing answers based on content, which is why the question is not investigable
because it is structured inquiry and not true inquiry (Ferres, 2017). This is the case even though cons-
tructivist curricula suggest that content should be an instrument to formulate a hypothesis that guides
the research process (Domenech, 2014). This is by no means easy for the teacher to achieve. Lombard
and Schneider (2013) state that question formulation is an interactive and iterative process between
student and teacher, leading from vagueness to complexity and appropriateness, and that it takes time.

Based on the above, experimentation is an unavoidable component in the scientific training of se-
condary school students. However, upon a deeper observation of the nature of the learning that typi-
cally derives from the development of experimental activities in laboratory practices, a fundamental
distinction emerges. While the acquisition of basic skills—such as following a protocol or a set of steps
to conduct an experiment in biology, physics, or chemistry and measuring a variable or handling a
reagent—appears automatically during laboratory practice, the development of so-called Higher-
Order Scientific Skills (HOSS) presents a less clear picture from an epistemological point of view.

While some studies focus their attention on basic skills, other higher-order aspects are neglected. In
this regard, it is worth mentioning that Coronado (2024) and Hernandez et al. (2018) describe expe-
riments as spaces where students confirm hypotheses and develop habits. However, such a charac-
terization may be omitting the deep cognitive process.

When students conduct experiments in the natural sciences laboratory, they carefully follow the steps
corresponding to that analytical procedure of the experience, which implies prior planning of the ex-
periment, design, selection of necessary materials and equipment, as well as safety rules to follow.
This demonstrates the student's ability to solve problems and learn scientific concepts validated in
their context (Coronado, 2024).

Instituto de Estudios Superiores de Investigacion y Postgrado



Experimentation in secondary education: how to develop higher-order scientific skills?

Despite the above, conducting a laboratory experience is, as Silva and Caceres (2024) argue, a way of approa-
ching scientific knowledge, but one might ask: Is confirming a hypothesis a mechanical act of verification, or
does it imply a genuine exercise of contrast and reflection? Likewise, does the design of an experiment emerge
from the student’s initiative and reasoning, or is it guided step by step by the teacher only to confirm what is al-
ready known rather than posing new perspectives and scientific hypotheses according to the student's interest?

Undoubtedly, these questions become more important if one considers what is meant by complex
scientific skills. Researchers such as Faican and Manzano (2024, p. 100) state that "critical thinking,
problem-solving, cognitive and communication skills, the ability to formulate hypotheses, expe-
rimentation, and interpretation" correspond to the core of authentic scientific competence, and
that this is not usually developed automatically simply by conducting experimental activities.

Furthermore, it could be considered that, in many secondary education classrooms, the experiences
carried out in natural sciences laboratories might be merely procedural activities without educational
intentionality, rather than being motivating and useful for illustrating concepts that challenge students
to think like scientists. As Ramirez (2023) has explained, when a traditional approach focused on re-
petition and content prevails, even laboratory practices can be used to follow a logic of memorization
or simple verification, wasting their epistemic potential.

Although a large amount of published literature exists regarding the role of experimentation in the de-
velopment of basic skills in students, there is still a significant gap in understanding the actual mechanisms
that establish a link between experimental activities or laboratory practices and the development of
HOSS in secondary school students. Without exaggeration, some studies aim to discern what is learned
in the laboratory, but they do not direct their attention to how this complex learning occurs in students.
It is worth mentioning that this distinction is of utmost importance when designing curricula, developing
training and professional development programs for natural sciences teachers, and proposing didactic
strategies that can be used in teaching natural sciences to young people in educational institutions.

In this sense, the present article has as its cardinal point the following scientific question: In what way
does experimentation, when carried out in the context of secondary education, truly contribute to
the formation of higher-order scientific skills? The logbook to follow has as its operations center a
systematic review of the literature published between 20162026, seeking to analyze the pedagogical,
contextual, and epistemological factors that determine whether a laboratory practice becomes a mere
procedural exercise or an authentic inquiry experience that develops students' scientific thinking.

Methodology

In the research, a systematic review of the literature was conducted following the guidelines of the PRISMA
2020 statement (Page et al,, 2021). The research question guiding the review was: In what way does ex-
perimentation in secondary education contribute to the formation of higher-order scientific skills (HOSS)?

Search strategy. Search equations were developed in English and Spanish, combining key terms with
Boolean operators (AND, OR) and wildcards (*). The main concepts were: (a) population/context:
secondary education; (b) intervention/phenomenon: experimentation or laboratory practices; (c)
outcome: higher-order scientific skills (critical thinking, problem-solving, hypothesis formulation, ar-
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gumentation, inquiry). The equations were applied to the Scopus, Web of Science, ERIC, SciELO, and
Redalyc databases, covering the period 2016-2026.

Inclusion and exclusion criteria. Empirical articles (qualitative, quantitative, or mixed), systematic
reviews, and controlled trials, published in English or Spanish, that addressed experimentation in
secondary education and its relationship with HOSS were included. Editorials, book reviews, stu-
dies focused exclusively on primary or university education without explicit transferability, and
those that did not present original data or methodologically explicit syntheses were excluded.

Selection process and data extraction. Two reviewers independently examined titles and abstracts
(phase 1), then full texts (phase 2). Disagreements were resolved by consensus. From each included
study, the following were extracted: author(s), year, country, educational level, research design, type
of experimentation (physical, virtual, mixed), HOSS evaluated, main findings, and limitations. Met-
hodological quality was assessed using the MMAT (Mixed Methods Appraisal Tool) version 2018.

Synthesis of results. For the synthesis of results, a thematic analysis was performed following
the phases of Braun and Clarke (2006). A total of 250 studies met the inclusion criteria and
were subjected to thematic analysis. The emerging themes are presented in the results section.

PRISMA diagram: Study selection process
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=
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5 |
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Results and discussion
Category 1: Scaffolding in learning how to research

In the research community, scaffolding is a construct of singular importance when posing scientific
questions. It is not about offering immediate answers, but about providing the means for the auto-
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nomous construction of knowledge. From our perspective, we propose an illustrative example: in a
biology experiment on photosynthesis, the teacher can model thinking and act as a mirror of reaso-
ning, provoking doubt:

"l observe that bubbles are coming out of the Elodea branch through the test tube that is in
the water tank. What will happen if | bring the lamp closer to the glass tank?"

The teacher can also encourage the student to connect variables: "If oxygen is a product of
photosynthesis, then does the rate at which these bubbles are produced indicate the rate of
production in the plant?"

Likewise, the teacher can suggest measurement: "Kids, how do you think it is light, not the
heat from the lamp, that controls the result? What do you think we can keep constant?"

Similarly, the teacher can use another common variant such as "do and then reflect on what happened"
(Strat et al,, 2023). In this type of experience, the student works collaboratively and actively. It has
been found that under this methodology, students acquire both knowledge and key skills. However,
the essential element is the motivational support provided by the teacher to the student to achieve
the experience. Studies indicate that there is a positive correlation between teachers' motivational
support and students' expressions of motivation (Adler et al., 2018). Although, Zhang and Cobern
(2020) have also mentioned that it is important to make scientific content available to students. The
reason is that it is not always easy for students to develop inquiry-based activities without them being
linked to scientific concepts (Ronnebeck et al., 2016).

Category 2. Science teaching based on results from international studies

Various publications mention that in many educational systems, science instruction with an emphasis
on inquiry is advocated, but studies based on large-scale international assessments often show that
inquiry is negatively associated with achievement. Aditomo & Klieme (2020) show a positive association
of inquiry with outcomes when teacher guidance is present. The study, with 151,727 students, indicates
that multi-group confirmatory factor analyses further confirm that measurement invariance cannot
be established, suggesting substantial regional variation in the pattern of inquiry-based instruction.

Likewise, Aditomo & Klieme (2020) point out that at the conceptual level, many regions exhibit a con-
trastable pattern between 'guided inquiry' and 'independent inquiry'. Inquiry is positively associated
with outcomes when it incorporates teacher guidance and negatively when it does not. However, the
strength of positive associations is stronger in regions where guided inquiry is measured with fewer
items referring to student-centered activities. Such results correspond to what current theories propose
regarding the role of scaffolding in learning how to research.

Other international research reveals that in experimental science teaching, a fundamental aspect to
consider is the didactic training of teachers. In this perspective, Rios (2021) raises the need to consider
the onto-epistemological and gnoseological reality of the science to be taught without neglecting
the articulation with the Philosophy of Science and Methodology from an ethical realism standpoint
(Quijano et al,, 2022). From the last two decades of the 20th century, an epistemological shift occurred
in science didactics, moving from positivism to considering how teachers should take positions re-
garding phenomena of reality, that is, to see the repercussions of scientific research on them and
make "socio-scientific" decisions in this regard (Aduriz & Ariza, 2012). These proposals represent a
move from logical-positivist procedures to a civic humanism (De Hoyos, 2020).
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This situation paves the way for the need (and at the same time the difficulty) for the philosophy of
science and metasciences together with experimental sciences to set aside their mutual distrust because
something fundamental is lost when one ignores the other. In this sense, collaboration between scientists
from the metasciences and object sciences is necessary for disciplinary actions. However, such an ap-
proach is not easy to achieve. On the one hand, there are philosophers who disdain laboratory work.
For them, it is not important to know what scientists study or how they do it. Hence, this scientific praxis
is not relevant. Perhaps this is the reason why their eidetic process is merely mental, with a degree of
abstraction whose basis is ideas, and the theories constructed are disconnected from empirical reality.

On the other side are experimental scientists who downplay the benefits of philosophy in a context
dominated by hyper-specialization. From our point of view, the problem for experimental science tea-
chers is taking sides with one of these extremes. Therefore, the challenge for secondary education
natural science teachers is not only to choose between guided or independent inquiry methods, but
also to overcome the false dichotomy between philosophy and scientific practice.

Logically, it is necessary to think about the development of higher-order scientific competencies such
as critical thinking, modeling, or argumentation. This requires an integrative approach that combines
experimental rigor with epistemological reflection. In other words, teachers must be capable of de-
signing learning experiences where students not only manipulate variables but also question the
nature of scientific knowledge, its methods, and its social implications. Only then can we advance to-
ward a science education that forms citizens capable of participating in socio-scientific debates with
a deep and contextualized understanding of science.

Category 3. Problem-solving through collaborative individual experiences

Different studies suggest that problem-solving competence is of great importance both academically
and professionally. In fact, a recurring question in natural science classes, from our experience with se-
condary school children and even at university, is these two questions: "What use is this content in real
life?" "What utility does it have in the things we do in our lives?" These two questions always destabilize
teachers' lesson planning and in some cases generate unsatisfactory answers for the students, while
for teachers they provoke a critical look at the curriculum provided by the ministries of education.

Young people always connect that knowledge with their lifeworld. However, contents are fragmented
and explained from the perspective of disciplines. Teachers rarely contextualize and give little impor-
tance to the questioning and implications of the content. Although the epistemological foundations
of curricular designs include aspects of meaningful learning and constructivism in the classroom, these
aspects remain in the official document, and teachers assume the role of transmitting and reproducing
knowledge as the central axis, leaving aside critical thinking and student participation, turning them
into passive entities in their learning process.

This described scenario suggests the need for change. In the United States, it has been proposed that
a program of excellence requires "effective teaching that engages students in meaningful learning
through individual and collaborative experiences" (National Council of Teachers of Mathematics, 2014,
cited by Koskinen & Pitkaniemi, 2022, p. 2). Isolating knowledge only to the realm of science means
the student does not understand its relationship with their lifeworld, let alone develop reasoning com-
petence. Cruz (2021, p. 55) states that "teachers must be capable of creating innovative teaching prac-
tices." Likewise, Cruz and Cabero (2020) suggest that one way to achieve this meaningful learning is
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through problem-solving. Through this, creativity is implemented in learning in an active, personalized,
and dynamic way. But not only that, students also become active agents of learning, make decisions,
and stop being mere reproducers of knowledge.

Now, what should be done to implement teaching based on problem-solving effectively in natural
sciences? From our perspective, we believe that one way would be to pay attention to what certain
documents, such as the Programme for International Student Assessment (PISA), suggest. A review
of this document allows us to make some important considerations regarding science teaching.

At level 2, that is, where students are able to recognize the correct explanation of familiar scientific
phenomena and can use that knowledge to identify, in simple cases, whether a conclusion is valid
based on the data provided; we find that the situation is very concerning in countries such as Colombia,
which is among the lowest performers, about 75 points below the threshold established by the OECD
(2019); Argentina has only 46% of its students, Brazil 45%, Dominican Republic 23%, Mexico 49%, Peru
47%, Panama 38%, Paraguay 29%, compared to the OECD average of 76%. However, Turkey has 75%,
United States 78%, Vietnam 79%, Canada 85%, Korea 86%, Estonia 90%, and Japan 92%.

Now, at levels 5 or 6, where students can creatively and autonomously apply their knowledge of and about
science to a wide variety of situations, including unfamiliar ones; the OECD average is 7%. Brazil, Panama,
and Peru reach only 1%; Colombia is not reflected; Chile 2%; Dominican Republic, Mexico, Paraguay, almost
no students achieved the best results in science. The following infographic illustrates what we have stated.

Figure 1 105
PISA results
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Category 4. Designing, making, and testing as a shift toward active learning and the
materialization of knowledge

One of the important aspects in teaching natural sciences is to provide the opportunity to design,
make, and test. This implies going beyond observation or hypothesis verification and going
through the process of knowledge construction. This principle has its roots in maker culture and
active STEM methodologies. Liduena and Alcocer (2025, p. 311) argue that maker culture focuses
on creativity, "collaboration, and solving real problems, not only improving academic performance
but also promoting educational equity and the development of essential competencies for the
21st century.”

Logically, these scientific skills are higher-order, and among them we can mention creativity, com-
plex problem-solving, and critical thinking because students are architects of their own experiment
or design. Allowing teaching practice to unfold in this way means moving from a structured labo-
ratory practice that often develops by following an analytical procedure and recording each ex-
perience in a manual or laboratory guide, i.e., simply following a predefined script. However,
"designing, making, and testing" implies an iterative cycle of ideation, construction, error, reflection,
and redesign.

Dominguez (2023) affirms that maker culture is based on the idea formalized as "do it yourself" and
"do it with others." Epistemologically, knowledge is then seen as a construction, hence its connection
to constructionism, a learning theory proposed by Seymour Papert. In this process of collective cons-
truction, real or virtual social networks intervene to share the created knowledge. Most people tend
to access these networks where they find support or guidance. Interestingly, the knowledge created
is subsequently left open so that it is accessible to others and better solutions can be found (Domin-
guez, 2021). Morales and Dutrenit (2017) synthesize this by saying that the Maker movement is involved
in the processes of knowledge generation, transfer, and use.

Precisely, a study that materializes this philosophy of maker culture was conducted by Zulfa and Adam
(2025) in Indonesia with secondary education students, where they implemented Project-Based Lear-
ning integrated with STEM (PJBL-STEM) through chemistry teaching on electrochemistry content.
These researchers improved learning outcomes and developed Higher-Order Thinking Skills (analysis,
synthesis, and evaluation, key cognitive steps that led them to a holistic understanding). Beyond ex-
periments, they designed and completed authentic projects, where "making" was guided by a real
question or problem that allowed the integration of engineering and technology into experimental
design as a powerful vehicle for complex thinking. This project made it clear that an expensive, spe-
cialized laboratory is not needed; rather, when designing, one can reconfigure familiar objects for
scientific purposes. This fact allows students to understand physical concepts and principles more
deeply than a laboratory apparatus or equipment would allow.

In the same perspective, recently at the University of Malaya, they integrated design with action, but
from social innovation and accessibility, in the project "Toying with Science." Through the experience,
students participated in the co-creation of learning modules. Finally, the strategy employed awakened
interest in STEM disciplines and facilitated the assimilation of essential transferable skills such as per-
severance, critical thinking, creativity, and teamwork (Universiti Malaya, 2025).

In the line of discussion raised, the technological dimension also offers new possibilities in the cycle
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of "designing, making, and testing," especially if physical resources are limited. Research conducted
in Nigeria mentions the impact of virtual laboratories in biology, chemistry, and physics on secondary
school students. The results confirm significant differences in problem-solving skills between students
who used virtual simulations and those who received traditional teaching (St. Clair et al, 2024). Like-
wise, students are able to modify variables, design new parameters, and test hypotheses iteratively in
simulated environments, developing scientific reasoning ability without the barrier of physical input
availability. However, tactile experience should not be completely replaced; rather, it is complementary.
Similarly, scaffolding is needed to guide students' thinking.

Category 5. STEM or STEAM education

In this category, according to the research found, we focus on didactic strategies and technological
environments for the development of HOSS. These strategies serve as scaffolding and technological
mediation, allowing for higher-order reflective experimentation, that is, going beyond procedural ex-
perimentation or recipe-based manipulation of instruments (St. Clair et al., 2024).

In the case of countries with limited physical infrastructure, as mentioned in previous paragraphs, and
also in cases where there are gaps in teacher training, as in Colombia and Ecuador, an epistemological
shift in natural sciences teaching is necessary. Similarly, in situations such as the COVID-19 pandemic,
where students could not attend classes and virtual laboratories were implemented (Gamage et al,
2020), these should not be seen as substitutes but rather as a valuable environment for scientific mo-
deling and evidence-based reasoning (Solbes et al, 2025).

Meronda et al. (2025, p. 2020) argue that: "Virtual laboratories have emerged as a significant innova-
tion in science education, enriching learning experiences, deepening conceptual understanding, and
providing more flexible and safer access to experiments." It is important to mention that these te-
chnological tools allow students to focus on scientific argumentation and critical decision-making in
the case of unexpected data—skills that define the scientifically literate citizen of the 21st century.

Raman et al. (2022) and Zhang et al. (2024) mention that these laboratories are effective solutions for
the challenges of modern learning. Meanwhile, Chen and Wang (2023) argue that they foster moti-
vation, enthusiasm, and creativity among students. Bazie et al. (2024), referring to virtual laboratories,
state that in practical chemistry courses, they offer electronic simulations that replicate real laboratory
experiences.

Recent studies confirm that there is currently a transition from traditional modes to online modes, fa-
cilitated by interactive simulations (Vo & Simmie, 2025). Thus, the challenge for teachers lies in trans-
forming the laboratory into a space of explicit inquiry, where error and material resistance become
the engine of critical thinking rather than an obstacle to learning.

From our perspective, we consider it necessary to train students to evaluate the validity of claims. The
secondary school laboratory is the ideal place to practice this media scientific literacy. By designing
their own experiments, students learn to identify biases, control variables, and understand that science
does not offer absolute truths, but rather conclusions supported by evidence. This process elevates
the activity from a low-order skill (memorizing steps) to a higher-order one (evaluation and synthesis).
The major epistemological obstacle often encountered in secondary education is that some teachers
are very comfortable with confirmation laboratories (where the outcome is already known), but they

G’ "’!/ REDIP, Revista Digital de Investigacion y Postgrado, E-ISSN: 2665-038X

107

01O




108

@O0

Omar Escalona Vivas & Victor Bless Gutiérrez

fear the uncertainty of an open, problem-based laboratory.
Category 6. Contextualization of learning

A few years ago in Hong Kong, despite being a pioneer in PISA results, several curricular reforms were
undertaken because, as Kwok (2018, p. 533) expressed, "Our students succeed in exams, but they do
not know to what extent science and mathematics are relevant to their lives." This statement leads to
a highly valuable reflection: how to achieve meaningful learning that is accessible to all students, es-
pecially in secondary education. The answer lies in the contextualization of learning.

In this regard, Hufner et al. (2025, p. 1) argue that "Context-based science education (CBSE) has played
a central role in reorienting scientific literacy for all students." The idea of using context as a support
for pedagogical purposes considers that content is connected to everyday phenomena, social issues,
and students' prior experiences.

Along these lines, Fayzullina et al. (2023, p. 2) affirm that "context-based learning has become a cut-
ting-edge educational strategy that seeks to bridge the gap between theoretical scientific concepts
and their real-world applications." Moreover, context-based learning is widely valued for education
within the scientific community (Sevian et al,, 2018). Studies also indicate that context as a learning
environment and social construction is sustained by continuous interactions (AlabdulRazzak et al,
2018).

In science teaching, context-based learning is recognized as a promising method (Nagarajan & Over-
ton, 2019). But beyond that, there is talk of context-based science curricula (Fensham, 2009). In this
sense, contextualization makes it possible for content to cease being complex and become a bridge
between school learning and real life, logically awakening students' interest and facilitating their un-
derstanding of science (Aydin-Ceran, 2021).

In this system, one starts with a sociocultural context that is familiar to the student; each concept is
taught from that starting point, but the effectiveness of the process is truly reflected when the student
is able to associate the taught concepts with other, more complex contexts (Aydin-Ceran, 2018; De-
Girolamo et al., 2024). This situation gives rise to a "need to know" in order to explain the scientific
phenomena being studied. For this reason, it is necessary to understand the underlying concepts and
principles to clarify the questions triggered by the context. This fact generates student engagement
in their own learning process (Vogelzang & Admiraal, 2017). Studies show that students connect aca-
demic knowledge with everyday life through practical applications (Demelash et al,, 2024).

In the case of secondary education students, from our disciplinary perspective, biology, physics, and
chemistry present themselves as fertile domains for context-based learning because there are many
real-world phenomena connected to the content included in curricular designs. For example, in bio-
logy, laboratory experiments can be contextualized with issues such as antibiotic resistance, the bio-
diversity of the students' nearby environment. Changes occurring in local ecosystems could also be
considered; this would help students formulate hypotheses based on authentic observations, design
small samplings, and argue using ecological and physiological evidence. Regarding physics, contexts
such as home energy efficiency and road safety can be used. Likewise, designing simple technological
devices transforms the measurement of variables and the application of physical laws into an exercise
in modeling and informed decision-making.
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Similarly, in chemistry, contextualization is possible through water quality analysis, food composition,
or recycling processes. This prompts students to connect abstract concepts with inquiry practices that
demand critical thinking and creativity. In all cases, contextualization is not exhausted in an initial anec-
dote; its formative potential unfolds when it becomes the structuring axis of the entire didactic se-
quence, promoting inquiry processes that require not only the application of procedures but also the
formulation of relevant questions, the evaluation of evidence, and the construction of scientifically
based arguments.

Precisely, these latter elements constitute the core of HOSS. Therefore, contextualization is not a pe-
dagogical ornament; rather, it is an epistemic scaffold that gives meaning to experimental practice
and mobilizes complex cognitive processes, essential for forming citizens capable of critically interve-
ning in their reality. Thus, from a theoretical perspective, situated learning is one of the frameworks
that underpins contextualization. Ojo (2025), when investigating the teaching of genetics concepts in
secondary education in Nigeria, used this theory to demonstrate that when scientific content is ad-
dressed in authentic contexts linked to socio-scientific controversies (such as reproductive cloning or
genetic modification), students develop more positive attitudes toward concepts that are traditionally
abstract or distant.

Category 7. The need to offer spaces for exchange and reflection to make thinking visible

The need to offer spaces for exchange and reflection to make thinking visible constitutes a fundamental
category in the formation of HOSS in secondary education. As Garcia and Moreno (2019, p. 149) point
out, itis a priority "to implement experimental practices in the classroom, especially at the basic edu-
cation level, where curiosity and observation skills are configured as a key element in the articulation
of the biological and the social." These practices to be developed, according to Harvard University's
Project Zero, are based on "a thinking routine called | think—I wonder—| explore, which makes students
share what they think about a topic, identify questions that intrigue them, and point out directions for
exploration" (Ritchhart & Perkins, 2008, p. 57).

Although this thinking develops in the person's mind and is invisible to oneself and others, it becomes
externalized when the thinker expresses their ideas through speech, writing, drawing, or other means,
thus allowing them to direct and improve their own cognitive processes. However, this externalization
is not a mere communication exercise, but an epistemic condition for the development of critical thin-
king and metacognition.

Recent research has confirmed that the deliberate creation of dialogic spaces in the science classroom
significantly enhances higher-order skills. Wijesekera & Hameed (2025), in an intervention study in
science classrooms and English Medium Instruction in Sri Lanka, where traditionally exam-oriented
rote learning predominates, limiting critical thinking and meaningful cognitive engagement, imple-
mented two specific strategies: "What if?" questioning and "Notice and Wonder" observation within
collaborative groups. The results showed substantial improvement in higher-order thinking: students'
critical thinking, problem-solving ability, and deep cognitive engagement. Furthermore, greater cu-
riosity and willingness to approach complex scientific concepts were observed, even in contexts where
the language of instruction (English) represented an additional barrier.

In this analytical category under discussion, an important element that emerged from the reviewed
literature is that discursive scaffolding is essential for these exchange spaces to be effective. A study
on the effects of the argumentation-based teaching approach on students' critical thinking disposition
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and argumentation skills, as well as the relationship between argumentation skills and critical thinking
disposition in secondary school students in Turkey (Meral et al, 2027).

The cited work demonstrated that: (a) Argumentation-based teaching improves critical thinking dis-
position. This fact is fundamental from our perspective because it is not only necessary for students
to have skills, but also to have the disposition to use them. Critical thinking disposition is a prerequisite
for activating HOSS. "The argumentation-based teaching approach had a positive effect on students'
critical thinking disposition" (Meral et al,, 2021, p. 17). (b) Argumentation is not spontaneous: it requires
explicit and sustained practice. We have already indicated in this article that many teachers assume
that experimentation automatically develops HOSS. This study demonstrates that without deliberate
scaffolding (such as argumentation routines), students remain at low levels. (c) Argumentation predicts
critical thinking. We consider that if experimentation is accompanied by argumentative activities such
as designing, making, testing, STEM, HOSS can be enhanced. Furthermore, as evidenced, "Argumen-
tation skills explained 34% of the variation in critical thinking disposition" (Meral et al., 2021, p. 17).
This means that working on argumentation has a direct and measurable impact on critical thinking.

Conclusions

Throughout this systematic review, it has been shown that experimentation in secondary education,
while constituting an unavoidable component in the scientific training of students, is not sufficient on its
own to develop the so-called HOSS. Traditional laboratory practices, often focused on hypothesis veri-
fication and strict adherence to protocols, tend to foster basic skills such as instrument manipulation or
variable measurement, but leave complex cognitive processes such as critical thinking, evidence-based
argumentation, or creative problem-solving in the background. This finding invites us to move beyond
the idea that simply conducting experiments automatically guarantees deep and meaningful learning.

It is also concluded that the teacher's role in this context is a determining factor for experimentation to
achieve its true epistemic potential. It is not enough for students to follow instructions or confirm expected
results; explicit scaffolding by the teacher is required, including modeling scientific thinking, formulating
researchable questions, connecting variables, and sustained motivational support. The reviewed findings
agree that deliberate pedagogical guidance turns a merely procedural activity into an authentic inquiry
experience, where error becomes a learning opportunity and curiosity becomes the engine of knowledge.

Likewise, it has been identified that contextualization of learning and the adoption of approaches such as
maker culture or STEM and STEAM methodologies significantly enhance the development of HOSS. When
experiments are linked to real problems in students' environments, everyday situations, or authentic social
challenges, science ceases to be a set of abstract concepts and becomes a living tool for interpreting and
transforming reality. The design-build-test cycle, characteristic of the maker movement, promotes iterative,
creative, and collaborative thinking that is difficult to achieve with conventional laboratory practices.

It is also concluded that there is a close relationship between argumentation and critical thinking. The
studies analyzed demonstrate that explicit teaching of scientific argumentation not only improves students'
ability to support their claims with evidence but also explains a substantial part of the variation in critical
thinking disposition. This means that fostering dialogic exchange spaces, question routines such as "what
it..?" or reflective observation strategies are not complementary activities but central components of any
didactic proposal that aims to form scientifically literate citizens.

Finally, it becomes evident that, despite the theoretical consensus on the benefits of experimentation,
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significant structural and training gaps persist in Latin America that limit its impact. The lack of equip-
ped laboratories, connectivity difficulties, and, above all, insufficient teacher training in inquiry and ar-
gumentation approaches keep many classrooms anchored in traditional practices focused on
repetition and content. Overcoming these limitations requires not only investment in infrastructure
but also a profound change in the initial and continuing training of natural science teachers, so that
experimentation truly becomes a vehicle for the development of higher-order scientific skills rather
than a mere verification exercise.
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