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Editorial: Emerging Innovations and Persistent Challenges
in STE(A)M Education

Martin Rusek

Abstract

The 22" year of the PBE conference captured a noticeable shift in the community’s focus, reflecting how
digital tools and emerging technologies reshape approaches to STE(A)M education. The proceedings illustrate
how traditional student-activating strategies such as project- and inquiry-based learning are being enriched by
research on demonstrations, visualization, and outdoor or environmental learning. The authors explored the
pedagogical impact of real versus video demonstrations, the use of augmented and virtual reality tools, and
the integration of Al in teacher preparation. Several studies expanded beyond cognitive outcomes to include
affective and motivational dimensions. Across the studies, promising practices included thoughtful blending
of real and virtual representations, careful pedagogical use of Al, and sustained support for teacher capacity.
The volume underscores that active, technology-enhanced learning is central to contemporary STE(A)M
education and calls for systematic research, collaboration, and scaling of successful innovations.

INTRODUCTION

The 22nd year of the PBE conference demonstrated a gradual shift in focus within the community. Although
many rationales remain anchored in traditional frameworks, the rapid expansion of new technologies is
clearly transforming approaches to STE(A)M education. Compared to previous trends (Rusek & Vojif,
2018), educational landscapes in STE(A)M are evolving rapidly which is reflected in work of the researchers
participating in the conference. The main theme: students benefit more from student-activating strategies:
project-based or inquiry-based learning, is being expanded by a look on the role of chemistry demonstrations,
the use of interactive digital tools, and environmental or outdoor learning. This year’s proceedings then took
a step forward showing more directions for further research in the field.

THEMATIC CLUSTERS OF RESEARCH
Demonstration and Perceptual Engagement

The proceedings paper by Tesarkova and Rusek (2025) showed results of a pilot investigation that revisited the
traditional consensus on the use of real versus video demonstrations in chemistry. Despite new technologies
bring possibilities unthinkable several years ago, the paper takes a cautious step back by evaluating how
much are students able to learn from either type of chemistry demonstrations. The results suggested video
demonstrations tend to be perceived as more accessible and engaging, while real-life demonstrations are
valued particularly when sensory effects are crucial. This specifies previous publications on this issue (Skoda
& Doulik, 2009) and aligns with Veldzquez-Marcano et al. (2004), who found that combining video and
animations helps students correlate the macroscopic, sub-microscopic, and symbolic levels of representation,
improving conceptual understanding.

Visualisation and augmented reality

Several proceedings contributions indirectly brought supporting information. Digital task sequences, AR
applications, interactive textbooks, and visualization tools were addressed. These are used to help students
bridge between symbolic, sub-microscopic, and graphical representations — for instance, AR tools enabling
3D geometry drawing, or e-textbooks addressing energy flows and biomass. In their study, Kristanto et
al. (2025) explored an AR application (GeoTry) for 3D geometry visualization. It challenges students to
draw geometries themselves and compare their work with sample catalogues. The results, similarly, to other
studies (Lee et al., 2023; Stanciulescu et al., 2024), showed this approach improves spatial visualization
and engagement. Despite geometry brings different challenges, this approach may be utilised in visualising
science structures too. An example how to bridge these findings and school practice was presented by Véacha
and Ryplovéa (2025). Their study evaluated an interactive e-textbook on topics like biomass, photosynthesis,



and ecological flows. It studied both cognitive and affective outcomes, demonstrating how such electronic
curricula tools can support learning and motivation when well designed.

Teacher Preparation and AI Integration

Large Language Models and Al in general, have become an inseparable part of researchers’ focus in the last
couple of years (see e.g. Kasneci et al., 2023). PBE 2024 did not differ. Emerging research dealt with how
student teachers engage with artificial intelligence tools (text generators, image tools, lesson design software)
(Svandova et al., 2025) or school management’s perspectives on the role of Al in education (Elmas & Adiguzel
Ulutas, 2025). These studies reveal high interest and unease: enthusiasm for novel tools, yet concerns over
pedagogical alignment, ethics, and clarity of learning outcomes.

Environment, Attitudes, and Motivation

Projects on “plant blindness” (Bréakova & Ryplova, 2025) or outdoor chemistry (Hrdlicka et al., 2025) stressed
the environmental aspects of science education. The results of such activities showed not only knowledge
gains but also shifts in attitudes and increased student awareness of ecological roles—important for STE(A)M
education in an age of climate crisis.

METHODOLOGICAL INSIGHTS

In terms of quality evidence-based instruction, methodological rigor plays a vital role. Study design and
validation play an important role. Many studies in PBE 2024 employed quasi-experimental pre-/post-test
designs, control groups, pilot testing, and expert validation of modules. Research spanned from preschool
through university, though secondary level appears most common. Some studies with smaller sample sizes
or limited geographic reach alert us to caution in generalizing, yet they form an important foundation more
rigorous studies may build on in the future. As far as the focus of the studies is concerned, several studies
(Hrdlicka et al., 2025; Martinelli et al., 2025; Tesdrkovd & Rusek, 2025; Vacha & Ryplovd, 2025) moved
from the more traditional focus on cognitive outcomes of the presented activities and focused on measures
of attitude, motivation, or affect. These enrich the picture of what teaching innovations do but also raise
measurement challenges (e.g. how to reliably measure “interest,” “motivation,” or “agency”).

IMPLICATIONS FOR PRACTICE

As the conference has started as purely practical, evolving into a research-based event (Rusek & Vojif, 2018),
the following practices emerge as particularly promising, keeping the original direction of the conference
focused on practice:

o Integrate both real-life and video demonstrations, chosen to match the learning goals and sensory
affordances (Tesarkova & Rusek, 2025).

o Focus on students’ observation skills’ development (Haspl & Vojit, 2025).

e Use AR and interactive visualization tools to support abstract content, ensuring that graphical repre-
sentations are scientifically accurate and clearly labelled (Martinelli et al., 2025).

e Embed active, inquiry-based, project-based tasks within the curriculum, including outdoor and field-
-based investigations (Hrdlicka et al., 2025; Smidl & Martiaskové, 2025).

e Incorporate Al with care: ensure pedagogical alignment, provide critical thinking around tool use, and
monitor for equity and ethics in Al usage (Elmas & Adiguzel Ulutas, 2025; Svandova et al., 2025).

GAPS AND DIRECTIONS FOR FUTURE RESEARCH

While the proceedings provide a rich mosaic of research, several gaps and open questions remain. Longitudinal
studies tracking retention of knowledge, attitude, or skills over time are rare. More work is needed in lower



(elementary/preschool) levels to understand foundational STE(A)M attitudes and skills. Representational
clarity: when students encounter misleading visuals or inconsistent symbolisms, their understanding may
suffer, however, ways of visual literacy scaffolding remain underexplored. Scaling innovations: As typical
for conferences, many studies are pilot or small scale. Research should examine implementation fidelity,
cost, teacher capacity, and system-level adoption and authors supported into ongoing research instead of the
conference presentation and publication being the final stage.

CONCLUSION

The articles in this proceedings collection underline that student-activating strategies are not optional extras
but central to high-quality STE(A)M education today. They affirm that blending demonstration, project
work, visualization, AI, AR, and environmental contexts can deepen understanding, motivate learners, and
build scientific identity. However, to fully realize these potentials, we need sustained research of solid method-
ological design, abundant teacher support, attention to visual and conceptual fidelity, and intentional efforts
toward equity. It is my hope that this volume will serve not only as a showcase of innovation, but as a call
to educators, researchers, and policymakers to collaborate in refining, scaling, and embedding what works —
for the benefit of all learners in STE(A)M fields.
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Visual and Cognitive Aspects of Chemistry Experiments:
Investigating the Benefits of Video and Real Demonstrations

Tereza Tesarkovad, Martin Rusek

Abstract

This pilot study investigated how pre-service chemistry teachers perceive and interpret selected chemical
demonstrations when presented in video versus real-life formats. This study addressed the educational value
of demonstrations—the most frequent experimental activity in Czechia—particularly their affective impact,
perceived clarity, and cognitive contribution. Twenty-five undergraduate chemistry pre-service teachers ob-
served three video and three real-life demonstrations, completing worksheets that assessed their responses
and understanding. A worksheet and student discussion analysis were used to map their understanding and
motivation The results indicate that while video demonstrations were rated as more engaging and accessible,
real-life demonstrations were perceived as more illustrative and impactful when sensory effects were essential.
Students emphasized the importance of theoretical scaffolding, including chemical equations and explana-
tions, to support understanding. The study highlights the need for thoughtful integration of both video and
real-life demonstrations in teacher training, along with future research into the explanatory elements that
enhance learning outcomes.

Keywords

Experimental activities in chemistry; real-life demonstrations; video-demonstrations; chemistry education;
pre-service teachers

INTRODUCTION

Over the past four decades, experimental activities have been a prominent topic in the discourse surrounding
chemistry education. While traditional perspectives often equate the inclusion of experimental activities with
high-quality teaching (Galloway & Bretz, 2015; Oliveira & Bonito, 2023), numerous studies suggest that the
impact of current approaches to integrating experimental activities is either inconclusive (Hofstein & Lunetta,
2004) or minimal (Abrahams & Millar, 2008). Osborne (2015) further highlights that only a limited subset of
chemistry education objectives necessitates practical activities. Nevertheless, experimental activities remain
crucial in providing real-world context to chemistry instruction. They serve as a foundation for fostering
scientific literacy by enabling students to evaluate and design scientific research (Janouskovd et al., 2019).
Without them, the educational experience risks losing its relevance and connection to authentic scientific
practice (Hofstein & Mamlok-Naaman, 2011).

In the context of Czech schools, a tension exists between traditional curricula and modern educational
practices. Chemistry teachers often adhere to legacy curricular frameworks, focusing on the structured
delivery of content while neglecting the experimental component, which was originally integrated into specific
topics (Vojif & Rusek, 2020, 2021). This oversight translates to infrequent inclusion of experimental activities
in classrooms, occurring approximately once a month in primary schools and, at best, once every six to eight
lessons in secondary schools (Rusek et al., 2021). Consequently, students in primary schools encounter
experimental activities in only about one in eight lessons, while secondary school students experience them
slightly more frequently.

Teachers name several reasons for the limited presence of experimental activities, including the lack of spe-
cialised laboratories, insufficient storage for chemicals and equipment, safety concerns, and a lack of ideas
for practical activities (Rusek et al., 2021). These challenges align with barriers observed internationally
(Oliveira & Bonito, 2023). However, as Benes et al. (2015) demonstrated, cost-effective solutions exist that
enable the implementation of experimental activities in standard classrooms. Additionally, there is a wealth
of methodological support available in Czech, including resources such as studiumchemie.cz and eBedox.cz,
which offer extensive collections of experimental suggestions. The eBedox.cz database also provides safety
guidelines for handling chemicals and their reaction products, addressing a critical area of concern.


https://studiumchemie.cz
https://ebedox.cz
https://ebedox.cz

To enhance the role of experimental activities in chemistry education, it is essential to increase teacher
awareness of accessible material and methodological resources. Furthermore, in line with Osborne (2015)
recommendations, emphasis should be placed on fostering science process skills that do not necessarily require
the use of chemicals. This dual approach can enrich chemistry education, making it more engaging, relevant,
and reflective of real-world scientific practice.

THEORETICAL BACKGROUND

The Necessity of Experimental Activities

While many goals of science education can be achieved through non-experimental (Osborne, 2015) methods
(experimental activities in chemistry education, such as demonstrations of reactions, substance properties,
and contextualisation of chemical calculations, predominantly focus on the macroscopic level—phenomena
observable by human senses. However, these macroscopic observations are often explained to students at
the symbolic level (e.g., chemical equations and formulas), which has been shown to be counterproductive
(Gilbert & Treagust, 2009; Hamerskd et al., 2024; Talanquer, 2011). Demonstrating substance properties
and their reactions reduces theoretical abstraction but does not inherently lead to a deeper understanding of
chemical principles. Integrating the submicroscopic level, which addresses particle and molecular behaviour,
is essential for a comprehensive understanding of chemistry. This underscores the need to complement
experimental activities with appropriate visualisations.

The abstract nature of chemistry, which relies on understanding processes at the molecular and atomic levels
beyond direct human perception, contributes to its low popularity among students (Gilbert & Treagust,
2009; Talanquer, 2011). In this context, visualisation becomes crucial, enabling students to comprehend the
structure of substances, particle interactions, and chemical processes (Cheng, 2018). Experiments play a
vital role in bridging theoretical knowledge with practical observation, providing students with real-world
insights into scientific principles and enhancing their motivation and engagement. Furthermore, practical
demonstrations offer opportunities to contextualise scientific principles within everyday life, highlighting the
relevance of chemistry to societal and personal experiences (Childs et al., 2015).

Conceptualisation of Experimental Activities

Student activities involving experimentation and hands-on engagement in science or chemistry education are
referred to using a variety of terms which overlap. In the UK, the term practical science is widely referring to
a broad set of experiences spanning from students observation to real hands-on experimentation (Holman,
2017). Practical work is another, frequent, term includes tasks beyond formal experiments (Abrahams & Mil-
lar, 2008), lastly, investigative projects emphasise students inquiry (Holman, 2017). Other authors also use
terms such as experimental work, laboratory activities, fieldwork, or hands-on science. These are being used
interchangeably depending on the context. Their implications of students conceptual learning, procedural
skill-building, or engagement, however, differs.

In relation to project-based education, effectiveness of students’ (inquiry) experiments has been evaluated
(Kuncova & Rusek, 2020; Tepl4 et al., 2020; van Brederode et al., 2020; Vojif et al., 2018). Recent endeavours
to evaluate effectiveness of chemistry experimental activities have dominantly focused on laboratory work
(Koperova et al., 2025). However, in the Czech educational system, teachers’ demonstrations — activities
based on s teacher’s manipulation with objects and chemicals to demonstrate e.g. properties of compounds,
represent the most-frequently employed experimental activities in Czech chemistry classrooms (Rusek et al.,
2020b). For this reason, more attention towards effectiveness of demonstration is needed.

Both real and video demonstrations have unique strengths and limitations. Video demonstrations excel in
providing safe, cost-effective, and repeatable learning experiences with enhanced visualisation capabilities
(Veldzquez-Marcano et al., 2004). However, they may fall short in offering the hands-on engagement and
practical skill development afforded by real experiments (Baddock & Bucat, 2008; Thompson & Soyibo, 2002).
Real demonstrations, on the other hand, foster active student involvement and create memorable learning
experiences, effectively bridging theory and practice (Cheng, 2018; Oliveira & Bonito, 2023). However, they
require significant resources, including chemicals, equipment, and safety measures, and carry risks of failure



due to preparation errors or unfavourable conditions (Noetel et al., 2021). Addressing these challenges involves
balancing the benefits of both approaches, integrating video demonstrations for safety and accessibility while
maintaining real experiments to cultivate essential laboratory skills and deeper engagement.

GOALS

This study is a part of larger research aimed at supporting experimental activities in chemistry education.
This pilot study to examine how pre-service chemistry teachers perceive and interpret selected chemical
demonstrations when presented in video versus real-life formats. Student experiments or inquiry activities,
represent a more complex set of tasks, therefore the first study was oriented on demonstrations only.

The study focused on identifying differences in students’ affective responses, perceived clarity, and cognitive
understanding of chemical processes, as well as on mapping the challenges that hinder deeper comprehension.
The goal was to evaluate the usability of the developed research tool and inform the design of follow-up
studies investigating the role of explanatory elements, such as chemical equations, in enhancing conceptual
understanding.

The study was guided by the following research questions:

1. To what extent does the research instrument capture both cognitive and affective learning gains resulting
from students’ observation of a chemistry demonstration?

2. What difference, if any, is there between students’ comprehension (conceptual understanding, affective
engagement) of real and video demonstrations?

The answers to these research question have the potential to bring more clarity to evidence-based improve-
ments to pre-service teacher training.

METHODS
Study design and methods

The students observed three pairs of chemistry demonstrations. First, they watched a selected video demon-
stration, upon which they independently completed the prepared worksheet. For the final item of the work-
sheet, they collaboratively interpreted the chemical nature of the observed process, recording their discussion
as an audio file. This session was added to capture students’ argumentation and their different conceptions
of the observed demonstration (Erduran et al., 2004; Osborne et al., 2004).

Following this, a demonstration of similar nature was conducted in a real-life setting, allowing students
to observe the process firsthand. After this demonstration, students once again completed the worksheet,
including a group discussion. In the pilot study, the following demonstrations were presented:

Real demonstrations:
e Preparation and Testing of Hydrogen
e Reactions of Carbon and Sulphur with Oxygen
e Preparation and Properties of Acetylene
Video-demonstrations:
e« Why a Candle Extinguishes
o Combustion of Gelatine

e Preparation and Properties of Chlorine



As obvious from the description, the first pair of demonstrations focused on gas properties. The second
pair was represented by eye-catching exothermic reactions and the third, showed a more complex reaction
demonstrating reaction of acetylene and chlorine with different compounds. This selection was made based
on the palette of available demonstration at ebedox.cz with the intention to select pairs of comparable
demonstrations. Since the same demonstrator conducted them on video and in reality, the duration of each
pair of experiments was similar, 1-2 minutes each.

Description of the Research Tool

The worksheets comprised five items, with the first four designed to evaluate both cognitive and affective
aspects of observing demonstrations. Items 1 and 3 included an additional prompt: “Explain why.” The
content of the worksheets was adapted from the study by Buntine et al. (2007). The research tool utilised a
four-item scale where students responded to statements on a Likert scale ranging from 1 (“strongly agree”)
to 5 (“strongly disagree”):

1. I find this demonstration interesting.

2. This demonstration is related to what we learned in chemistry.

3. This demonstration was sufficiently illustrative for me.

4. Overall, I would rate this demonstration as useful.

5. Interpret and describe the essence of the observed chemical process.

The final item was responded by the students in groups of four. The discussion was recorded for further
analysis.

Sample

The pilot study involved 25 third-year undergraduate students from the Faculty of Education at Charles
University, enrolled in the teacher-training programme specialising in chemistry education at the Faculty of
Education at Charles University. The They were chosen as participants of the ”School Chemistry Experi-
ments” — the first course focused on chemistry experiments from the point of view of chemistry teaching in the
pre-service chemistry teacher curriculum. With exception of analytical chemistry laboratory, the students
underwent laboratory courses in every other chemistry discipline. At the same time, this course is the first
one where chemistry and practical education are merged.

For organisational purposes, the students were divided into two groups (Group 1: 12 students; Group 2: 13
students). This course represents the first explicitly focused on chemistry pedagogy, as the students’ prior
coursework primarily covered various chemical disciplines.

Data analysis

The data comprised three components: students’ responses on Likert scales (items 1-4), their written justifi-
cations for selected responses (items 1 and 3), and group discussions on the essence of the observed chemical
phenomena. The median was used to evaluate the Likert scale responses. Due to the small sample size, no
advanced statistical methods were applied. The students’ written responses were analysed using open coding
facilitated by ChatGPT’s Qualitative Research Data Analysis bot. It provided a preliminary set of codes,
which were reviewed by the researchers and subsequently used to analyse the dataset. If a student’s response
could not be classified under any of the existing codes, a new code was created. The coding results were then
manually verified by two of the authors to enhance reliability. Similarly, the transcribed group discussions
were analysed using the same approach, ensuring consistency and accuracy in the qualitative analysis.



RESULTS AND DISCUSSION

To answer the research question, students’ responses to the five items of the worksheet were analysed. Table
1 presents the medians of the values students reported on the Likert scale for each demonstration, reflecting
their perceived interest, relevance to the chemistry curriculum, clarity, and overall usefulness. The results
suggest that they found the video demonstrations more interesting overall (median = 1 for all three video
demonstrations), whereas the real-life demonstrations were rated as "somewhat interesting” for two of the
three cases.

Table 1: Students® responses to the worksheet items (1 = strongly agree, 5 = strongly disagree). Interest:
1. I find this demonstration interesting, Relation to chemistry curriculum: 2. This demonstration is related
to what we learned in chemistry, Illustrativeness: 3. This demonstration was sufficiently illustrative for me,
Usefulness: 4. Overall, I would rate this demonstration as useful. Experiments denoted in italic were shown
on video, the rest as a live demonstration.

Experiment Interest | Relation to | Illustrativeness | Usefulness
Chemistry
Curriculum
Gelatin combustion 1 3 2 3
Reaction of carbon and sulfur with oxygen | 1 3 2 2
Preparation and properties of chlorine 1 2 2 2
Preparation and properties of acetylene 2 3 2 3
Candle combustion 1 1 1 1
Preparation and detection of hydrogen 2 1 1 2

The higher perceived interest in the real-life demonstration of gelatine combustion demonstration was sup-
ported by students’ statements, such as, "In a video, it would just be a ‘wow’ effect; in reality, everything
was visible (referring to the technical execution).” They also emphasised the role of the demonstrator in
enhancing engagement. Conversely, the lower interest in the real-life demonstration of hydrogen properties
was attributed to students’ familiarity with the reaction, leading them to evaluate the interest from the
perspective of its contribution to their own understanding. In the case of the demonstration of acetylene
properties, the lower perceived interest was linked to what students described as reduced clarity, exemplified
by the less vivid bubbling of gas in the video demonstration. These results indicate that students prefer real-
life demonstrations when identifying gases. This preference is further supported by their written statements
highlighting the importance of auditory effects in these experiments.

Students’ evaluations of the relevance of demonstrations to their chemistry curriculum confirm earlier findings
(Elmas et al., 2020). In this context, differentiating between video and real-life demonstrations did not clearly
indicate substantial differences to better reflect the preliminary status of your findings. Students perceived
a strong connection between the demonstrations on hydrogen production and candle combustion and their
prior chemistry education. The properties of chlorine were rated as "somewhat related,” while the remaining
three demonstrations were assessed as neither related nor unrelated. This suggests a lower awareness of the
educational content among the students, reflecting the traditional conception of experimental activities as
tools to confirm previously explained phenomena rather than as a primary source of information (see Rusek
et al., 2020).

The results revealed no significant differences in perceived clarity between video and real-life demonstrations.
Students rated two video demonstrations (the reaction of carbon and sulphur with oxygen and the properties
of acetylene) as "somewhat illustrative,” while the preparation of hydrogen was rated as "illustrative.” The
ratings for the first two demonstrations likely reflect the effect of unfamiliar reactions. In their written
responses, students expressed mixed opinions about the visibility of the ongoing reactions. They highlighted
the need for additional explanations by the demonstrator or chemical equations to enhance clarity (see
Talanquer, 2010).

For real-life demonstrations, students rated the candle combustion as illustrative due to its simplicity. The
properties of chlorine were perceived as "somewhat illustrative,” with students attributing this to the com-



plexity of following multiple reactions occurring simultaneously in a series of wash bottles. They again
emphasised the importance of including equations and explanations to aid comprehension, noting that they
often struggled to independently deduce key concepts from videos without prior training in such analytical
thinking (Kelly & Akaygun, 2019; Kelly, 2017). The combustion of gelatine was rated as neither illustrative
nor non-illustrative, likely reflecting the limited exposure to organic chemistry demonstrations in their prior
studies. Students noted difficulties in understanding the reaction mechanism, citing a lack of supporting
knowledge and again underscoring the importance of explanatory equations.

The analysis of students’ written descriptions of the observed reactions provided additional insights into the
educational value of the demonstrations. Overall, the demonstrations were viewed as beneficial for support-
ing chemistry education, effectively linking theoretical knowledge with visual and practical illustrations of
chemical processes (Galloway & Bretz, 2015).

As for the demonstrations’ contribution to students’ learning, students particularly appreciated the demon-
strations’ ability to visualise abstract concepts, such as the preparation and properties of hydrogen, the prop-
erties of chlorine, and the combustion of organic substances. Practical examples, including the characteristic
sound effect during the hydrogen combustion test, experiments on carbon dioxide density, and visualisation of
exothermic reactions, helped students better understand key chemical principles and enhanced their retention
through illustrative presentations (Knox, 1990). However, some demonstrations required a stronger focus on
theoretical explanations and a more structured approach. Students identified several challenges, including
the absence of chemical equations, difficulties in understanding individual steps of the demonstrations, and
insufficient connections to everyday applications. They also suggested improvements, such as dividing com-
plex reactions into smaller steps and incorporating video materials to mitigate risks associated with less safe
reactions (Seibert et al., 2019; Taber, 2018).

CONCLUSION

This pilot study aimed to evaluate the added value of real-life and video-demonstration in pre-service chem-
istry teacher training. It highlights the complementary roles of video and real-life demonstrations in chemistry
education, as well as their respective strengths and limitations. The students included in this pilot study
rated video demonstrations as slightly more engaging, providing a safe, cost-effective, and repeatable way
to visualise complex reactions. However, real-life demonstrations were perceived as more illustrative and im-
pactful for fostering deeper engagement, particularly when auditory and sensory elements were crucial. The
findings underscore the importance of aligning demonstrations with educational objectives and providing stu-
dents with adequate theoretical support, such as chemical equations and detailed explanations. Addressing
challenges, such as limited clarity and insufficient connections to prior knowledge, is essential to maximise the
educational value of both video and real-life demonstrations. Ultimately, due to the small sample, the study
needs to be repeated to bring more conclusive results. The pilot study suggested that the demonstrations
in the contemporary conception could benefit from some improvements. In the following research, the effect
of chemical formulas and equations as well as the long-term effects of demonstrations on students‘ learning
outcomes could be investigated.
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It’s time to build skyscrapers: A digital task sequence on graphs
as representations of covarying quantities

Yosep Dwi Kristanto, Zsolt Lavicza, Alessandro Martinelli

Abstract

This study proposes a digital task sequence, drawing on instruction based on the foundational principles
of duality, necessity, and repeated reasoning (DNR-based instruction), designed to support students in de-
veloping an understanding of graphs as representations of covarying quantities. It reports on a lesson case
involving 22 first-year pre-service mathematics teachers who engaged with the sequence. The findings high-
light the potential of the digital task sequence to develop emergent graphical shape thinking (EGST) as
a productive way of thinking about graphs. Through tasks that progressively bridge situational quantitative
and covariational reasoning and reasoning with graphical representations, students demonstrated their ability
to interpret, construct, and refine meanings related to graphs as representations of covarying quantities.

Keywords
Graphs; emergent graphical shape thinking; intellectual need; DNR,

INTRODUCTION

Graphs representing covarying quantities are a common tool used to convey information to informed citi-
zens. From illustrating the rise in global sea levels over the years to depicting trends in teen health-related
behaviours, graphs effectively convey important messages. Thus, interpreting and constructing graphs are
essential skills for students to develop as both consumers and producers of information (Binali et al., 2024;
OECD, 2023). However, researchers have reported students’ difficulties with graphs (Glazer, 2011; Had-
jidemetriou & Williams, 2002; Ivanjek et al., 2017; Van Dooren et al., 2008). In this study, we propose a
digital task sequence designed to support students in developing an understanding of graphs as representa-
tions of covarying quantities.

Integrating theories for designing a digital task sequence

In designing the digital task sequence, we integrated two perspectives: the DNR (duality, necessity, and
repeated reasoning) framework for mathematics curriculum and instruction (Harel, 2008a, 2008b) and emer-
gent graphical shape thinking (EGST, Moore & Thompson, 2015; Paoletti et al., 2023). Drawing on Harel’s
DNR framework, we articulated a pedagogical stance for teaching and learning mathematics. Drawing on
EGST, we promote a productive way of thinking that supports students in interpreting and constructing
graphs.

The DNR framework outlines three foundational instructional principles, i.e. duality, necessity, and repeated
reasoning (Harel, 2008a, 2008b). The duality principle is based on the view that mathematics consists of
two intertwined sets of knowledge: ways of understanding and ways of thinking (Harel, 2008b). The duality
principle suggests that students develop ways of thinking through the production of ways of understanding,
and the ways of understanding they generate are influenced by the ways of thinking they hold (Harel, 2008a).
The second principle is the necessity principle, which states that for students to learn the mathematics
intended for instruction, they must have an intellectual need for it. Intellectual need refers to a problematic
situation that arises when an individual encounters a situation incompatible with or unsolvable by their
current knowledge (Harel, 2013). Lastly, the repeated reasoning principle states that students must engage
in reasoning repeatedly to internalize desirable ways of understanding and thinking (Harel, 2008a).

Moore and Thompson (2015) distinguished between two forms of graphical shape thinking: static and emer-
gent. The former refers to viewing a graph as an object in itself, while the latter involves envisioning a graph
as being dynamically generated by the trace of a moving point that represents covarying quantities. Re-
searchers emphasize that emergent graphical shape thinking (EGST) is crucial for understanding concepts
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in advanced mathematics and other STEM disciplines (Paoletti et al., 2024; Thompson & Harel, 2021). Pao-
letti et al. (2023) developed a framework outlining the key components necessary for students to engage in
EGST. According to this framework, students must first engage in situational quantitative reasoning and
covariational reasoning as well as reasoning with graphical representations as prerequisites for developing
EGST (Paoletti et al., 2024).

Digital task sequence

We applied the instructional design principles of duality, necessity, and repeated reasoning proposed by Harel
(2008a, 2008b) in designing the digital task sequence. Guided by the duality principle, the task sequence em-
phasized both graphs and EGST as central to students’ activity. Drawing on the necessity principle, students
were prompted to devise their strategies for effectively communicating about two covarying quantities. These
student-generated strategies served as an entry point for introducing graphs as representations of covarying
quantities. Finally, in alignment with the repeated reasoning principle, the task sequence provided multiple
opportunities for students to engage in situational quantitative and covariational reasoning, reasoning with
graphical representations, and EGST to interpret and construct graphs.

A digital task sequence titled “It’s Time to Build Skyscrapers” was developed using Desmos, which is publicly
accessible at https://s.id/build-skyscrapers. The sequence consists of four tasks, which are detailed in
Table 1.

Table 1: Description of the digital task sequence.

Task | Objective Description

1 Students generate their own strategies | Students first locate the positions of two buildings
to communicate covarying quantities | and provide reasons for their choices. Next, they
through text and images. drag to adjust the position of a car on the street.

They then match the distances between the car and
the two buildings with preconstructed segments (Fig-
ure 1(a)). Finally, they communicate the relation-
ship between the distances using text and images.

2 Students analyse and evaluate the | Students analyse a strategy that uses a graph to rep-
mathematical thinking and strategies of | resent the distances between the car and the two
others to envision a graph both as the | buildings (Figure 2(a)). By observing an animation,
trace it creates and as a representation | they interpreted the graph as dynamically generated
of covarying quantities. by the trace of a moving point constrained by those

two covarying quantities (Figure 2(b)). Finally, they
define a graph in their own words.

3 Students explore different situations | Given a segment of a graph, students identify dif-
that can produce the same final graph | ferent situations that could produce it (Figure 1(b)).
through varying traces. They are then presented with another segment of the

graph and repeat the process, identifying potential
situations that could result in the new segment.

4 Students construct a graph to represent | Students are first presented with a situation involv-
changing quantities within a given con- | ing a car moving along a straight path between two
text. buildings. They construct a graph representing the

distances between the car and the two buildings.
Next, they are given a situation where the car moves
along a non-straight path, and they construct a cor-
responding graph for the distances (Figure 1(c)).

Table 1 outlines how the digital task sequence aligns with the EGST framework (Paoletti et al., 2023). It
offers opportunities for students to engage in both situational quantitative and covariational reasoning as
well as reasoning with graphical representations and further supports engagement with EGST as students
interpret and construct graphs.
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Figure 1: Screens from the digital task sequence.

Task 2 plays an important role in the digital task sequence, as it is the first point where students are expected
to construct meaning for graphs as dynamically generated representations. In this task (see Figure 2(a)),
students are intended to coordinate two varying quantities, specifically the distances between the car and
each of the two buildings, and reason about how these quantities change in relation to each other. They then
consider the corresponding variations in the lengths of two orthogonal segments on the coordinate axes, each
representing one of the distances. By conceiving a point in the coordinate plane as a multiplicative object
that simultaneously represents the magnitudes of both segments, students begin to build connections between
the real-world situation and its graphical representation. These situational quantitative and covariational
reasoning, along with reasoning with graphical representations, are intended to support students’ meanings
for EGST, namely their understanding of graphs as traces of moving points, dynamically generated through
the interplay of covarying quantities (see Figure 2(b)). This understanding is foundational for engaging with
subsequent tasks, where students are expected to interpret a given graph in Task 3 and construct graphs in
Task 4.
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Figure 2: Screens from Task 2.

In summary, the digital task sequence was designed based on instructional principles: duality, to help students
develop an understanding of graphs through EGST as a way of thinking; necessity, to present situations that
naturally require the use of graphs; and repeated reasoning, to offer students multiple opportunities to revisit
and deepen their understanding of graphs throughout the tasks. These principles guided the design of tasks
that progressively engage students in reasoning about covarying quantities and in constructing a conceptual
understanding of graphs as representations of these relationships.

METHODS

This study aims to propose a digital task sequence designed to support students in developing an understand-
ing of graphs as representations of covarying quantities. The structure and design of the task sequence have
been detailed in the preceding section. Accordingly, the central research question guiding this study is: How
can the digital task sequence support students in developing EGST as a way of thinking for constructing an
understanding of graphs?
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This study is part of a larger design research project aimed at transforming mathematics curriculum and
instruction related to change and relationships. Specifically, it presents a lesson case showcasing the imple-
mentation of a digital task sequence on graphs. The participants were 22 first-year pre-service mathematics
teachers enrolled in an algebra and trigonometry course at a private university in Yogyakarta, Indonesia.

The lessons were conducted in two separate sessions, each lasting 100 minutes. The first session took place
in late August 2023, followed by the second in early September 2023. Students worked in groups of two or
three. In the first session, they completed the first task, generating their strategies to communicate covarying
quantities using text and images. In the second session, students worked on the second, third, and fourth
tasks.

The data for this study consists of students’ work on the digital platform Desmos, which includes both
textual and image-based responses that capture their answers and reasoning for the tasks. The analysis
was guided by the EGST framework (Paoletti et al., 2023), which served as a lens to examine how the
digital task sequence supported students in developing EGST as a way of thinking. The framework consists
of situational quantitative and covariational reasoning (M.S.), reasoning with graphical representations of
covarying quantities (M.R.), and EGST (M.E.). Using this framework, the first author coded students’ works
on the digital platform. The coded data were then discussed with the research team to ensure agreement and
consistency in the interpretation.

RESULTS AND DISCUSSION

In this section, we present students’ work in response to the digital task sequence. We then interpret their
responses to examine how the opportunities provided by the sequence supported the development of EGST
and contributed to their understanding of graphs as representations of covarying quantities.

In the first task, students developed various strategies to communicate covarying quantities. All strategies
involved sketching a literal representation of the situation, depicting a car on the street and two buildings.
However, six out of ten groups represented a dynamic process in their sketches by illustrating two or more
positions of the car along the street. Figure 3 shows Group 1’s work, which illustrates this approach by
intentionally selecting two key positions of the car to convey their message.

The students’ response in Figure 3 demonstrates that they developed meanings related to M.S. and M.R.
They were able to identify the covarying quantities in the given situation and represent their magnitudes
through varying segment lengths. Additionally, they coordinated how these quantities change in relation to
each other. They divided the situation into three cases based on two key points: the first point, where the car
is directly in front of building 2, resulting in the smallest distance between the car and building 2, and the
second point, where the car is directly in front of building 1, resulting in the smallest distance between the
car and building 1. From their answer (Figure 3), we infer that the students developed an operative image
of covariation, at the stage of directional covariation (Carlson et al., 2002).

In Task 2, the students were introduced to a strategy for conveying the relationship between the two distances,
i.e. the distance between the car and building 1, and the distance between the car and building 2, using a
graph on a rectangular coordinate plane. When asked to analyse the graph, two groups, i.e. Group 1 and
9, demonstrated meanings related to M.E. Below is a translated excerpt of Group 1’s interpretation of the
graph.

The black point represents the driver’s distances from both buildings. The vertical position of the black point
represents the driver’s distance to the second building. The horizontal position of the black point represents
the driver’s distance to the first building. If the driver moves from the west until directly in front of the
second building, the black point will move to the bottom left. If the driver moves from in front of the second
building until directly in front of the first building, the black dot will move to the top left.
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Translation:

y When a person moves from west to east, the
distance the driver can see to both buildings will
decrease. However, once the driver is directly in
front of the second building, the distance to the

0 second building will increase, while the distance
to the first building will continue to decrease.

This continues until the driver is directly in front

of the first building, at which point the distance

to both buildings will increase.

Figure 3: Group 1’s response to Task 1.

From this group’s interpretation of the graph, we infer that they perceived the motion of a point in the
coordinate plane as representing changes in the distances. They also conceptualized the graph as the trace
of the point, illustrating how the distances covary.

However, eight groups did not succeed in constructing meanings related to M.E. Group 2, for instance,
struggled to interpret the point’s movement, as shown in the following translated excerpt.

If the black point moves upward, the driver gets closer to the larger building. If the black point moves
downward, the driver gets closer to the smaller building.

Based on the excerpt, it appears that Group 2 interpreted the point on the coordinate plane as representing
the driver’s literal position. As a result, they stated that the higher the point, the closer the driver is to the
larger building, and the lower the point, the closer the driver is to the smaller building.

In Task 3, two groups, i.e. Group 3 and Group 10, successfully identified different situations that could
produce the given graph. Figure 4 shows that Group 3 was able to identify two distinct situations represented
by the given graph in the first question of Task 3.
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Edit my response

Translation:

From bottom to top:

In the initial position, the distance
between the car and Building 1
decreases and then increases again,
while the distance to Building 2
continuously increases

From top to bottom:

In the initial position, the distance
between the car and Building 1
decreases and then increases again,
while the distance to Building 2
continuously decreases

Figure 4: Group 3’s response to the first question of the Task 3.
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Group 3’s response in Figure 4 demonstrates their attempt to describe the relationships between the car’s
position and its distances to the two buildings. They distinguished two directional movements along the
graph, i.e. from bottom to top and from top to bottom and explained how the distances change in each case.
From this response, we infer that the group demonstrated meanings related to M.E., as they identified two
distinct situations that could produce the given graph by interpreting its traces in different directions.

Five groups interpreted the graph in the first question of Task 3 in only one direction. Group 1, for instance,
analysed the graph from the bottom-to-top direction. Their response is presented in the following translated
excerpt.

If the point moves to the upper left, it indicates that the car is moving closer to the first building and farther
from the second building until a certain point. The point will then move to the upper right, indicating that
the car is moving away from both buildings.

In Task 4, most groups successfully answered the first question, constructing a graph to represent covarying
quantities from the given situation. A similar pattern was observed in their responses to the second question,
which is illustrated in Figure 1(c). Figure 5 displays all groups’ answers to the second question.

Figure 5 illustrates that most groups (8 out of 10) constructed appropriate graphs in response to the second
question of Task 4, accurately representing the given situation. Their use of linear relationships for segments
of their graphs appears appropriate to the context. However, the students’ sketches do not provide enough
evidence to infer their reasoning behind this choice.

We identified the progression of students’ EGST as they engaged with the task sequence. The problem of
conveying information about covarying quantities served as a bridge to introduce graphs. The ability of graphs
to effectively communicate covarying quantities provided students with a clear rationale to understand and
utilize graphs. Using Harel’s term (Harel, 2013, 2024), this allowed students to perceive an epistemological
justification for the necessity of graphs. These features reflect key principles of project-based instruction,
particularly the use of a strong guiding problem and the active engagement of students (Rusek & Becker,
2011) in exploring and constructing mathematical ideas within a purposeful context.

Group 1 Group 2 Group 3 Group 4 Group 5
§ ® 5 ® 5 ® 5 § ®
H s 4 ]

Group 6 Group 7 Group 8 Group 9 Group 10

Jarak dari Karangenom
Jarai dar Karanganom
Jarak dari Karanganom

Jarak dari Keranganom
Jarak dar| Karanganom

Jarak tempuh Jarak tempun Jarak tempuh | Jarsk termpuh

Figure 5: Sketches created by all groups in response to the second question of Task 4.
We found that most students were not successful in completing Task 2, which is particularly noteworthy

given that this task was designed to serve as a conceptual foundation of graphs for the subsequent activities.
Drawing on cognitive load theory (Sweller, 1988; Sweller et al., 2019), we suspect that this difficulty may
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be attributed to a split-attention effect, as students were required to integrate related information presented
across two separate screens (see Figure 2(a) and 2(b)). To address this, we plan to revise the task into
a single-screen format that presents both visualizations concurrently. This strategy is supported by previous
research showing that integrated designs can reduce cognitive load (Kueker & Moore, 2024). Additionally, we
will incorporate the segmentation principle to manage cognitive load by gradually introducing information
(Lusk et al., 2009). As a result, in the revised task, students will first see the changing lengths of orthogonal
segments on each axis, which represent the distances to the two buildings, as they manipulate the car on the
street. Next, they will be shown a point on the coordinate plane that corresponds to these distances. Finally,
they will observe how the trace of that point forms a graph, allowing for a more coherent and scaffolded
understanding of the covarying relationship.

We also found that providing students with repeated opportunities to engage in situational quantitative and
covariational reasoning, reasoning with graphical representations of covarying quantities, and EGST, helped
them refine their understanding of graphs. This result aligns with findings from previous studies (Moore, 2014;
Paoletti et al., 2024). For example, Group 2, which initially struggled with interpreting graphs in Task 2, was
able to construct meaningful interpretations of graphs by Task 4. These findings highlight the importance of
repeated practice for developing fluency, aligning with conclusions from other studies (Harel, 2021; Soto et al.,
2022). However, we acknowledge that some students were still unable to construct graphs successfully by the
end of the task sequence. This raises important questions about how to best support students in developing
EGST through repeated reasoning: How many tasks are needed for students to achieve understanding? What
types of tasks, and how should they be sequenced? These questions offer valuable insight for further studies.
For example, further studies could incorporate tasks that encourage the use of multiple representations for
interpreting and constructing graphs, as suggested by previous studies (Johnson, 2022; Moore et al., 2013).

The findings of this study underscore the significance of EGST as a productive way of thinking for students
to develop a meaningful understanding of graphs. This study offers a lens to organize and frame curricular
approaches to teaching graphs and their functions. For example, we align with Moore and Thompson’s (2015)
hypothesis on function transformations, suggesting that a solid understanding of graphs as representations
of covarying quantities is essential for students to develop a meaningful and productive understanding of
function transformations.

While this study provides valuable insights into students’ learning through the digital task sequence, there
are some limitations to consider. First, the methods relied on interpreting students’ learning based on their
works in the platform, which offers limited evidence and does not capture a complete picture of their cognitive
processes. Second, the technology used for the digital task sequence is primarily optimized for tablets and
computers, and its functionality is limited on mobile devices. This restricts its potential for widespread use
in schools, where access to appropriate devices may vary.

CONCLUSION

The findings of this study highlight the potential of the digital task sequence to support students in developing
EGST as a productive way of thinking about graphs. Through tasks that progressively bridge situational
quantitative and covariational reasoning and reasoning with graphical representations, students demonstrated
their ability to interpret, construct, and refine meanings related to graphs as representations of covarying
quantities. While many students successfully developed a robust understanding of graphs, the study also
identified challenges faced by some students, underscoring the importance of providing repeated opportunities
and carefully sequenced tasks to support the development of fluency.
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Artificial Intelligence in the Preparation of Chemistry Student
Teachers

Veronika Svandovd, Leos Sablik, Katerina Klebanovd, Patrik Pospisil

Abstract

This contribution describes the implementation of artificial intelligence (AI) in chemistry education of student
teachers at Masaryk University in spring 2024. It discusses Al tools like text generators (ChatGPT, Gemini),
graphics generators (Midjourney, DALL-E, Canva), and lesson preparation applications (ScioBot). The
results of a questionnaire survey on student teachers’ experiences and interests in Al applications before Al
classes highlight that most student teachers used the free version of ChatGPT-3.5 (77 %) and were eager to
learn more about it and Gemini (76 %), while many (88 %) sought to enhance their skills in Canva. The
results of the post-course survey indicated that the most students (71 %) interested in Microsoft Copilot text
generator and Image Creator and Al Czech textbooks.

Keywords

Artificial intelligence; chemistry; student teachers; preservice teachers; Al tools

INTRODUCTION

The rapid advancements in the field of so-called generative artificial intelligence (AI), particularly since 2018
and marked by a breakthrough in 2022, have ushered in a new era of innovation across various sectors,
including education (Bendel, 2023). Al is rapidly moving from the lab to daily life, it becomes more efficient,
affordable, and accessible (Stanford University Human-centred Artificial Intelligence, 2025).

AT and computer science education is worldwide expanding — Africa and Latin America making the most
progress (Stanford University Human-centred Artificial Intelligence, 2025). But gaps in access and readiness
persist, yet access remains limited in many African countries due to basic infrastructure gaps like electricity
(Stanford University Human-centred Artificial Intelligence, 2025).

In the U.S., 81 % of K-12 Computer Science (CS) teachers say Al should be part of foundational CS education,
but less than half feel equipped to teach it (Stanford University Human-centred Artificial Intelligence, 2025).
As AT continues to be integrated into education (Inamdar, 2024) affecting primary and secondary schools
(Hyunsoo, 2022), it is essential for future teachers—mot just those teaching chemistry—to learn how to work
with this technology.

Educational research has been investigating the effectiveness of various teaching methods, including inquiry-
based teaching, project-based education, and using educational digital tools and sources (Sarboch & Tepla,
2022; Tepld et al., 2021). In recent years, the involvement of Al in the educational process has become an
important topic (Abualrob, 2025; Iyamuremye et al., 2024; Sun et al., 2024; Yildirim & Akcan, 2024). How-
ever, integrating AI into education brings not only opportunities but also concerns and challenges (Alasadi
& Baiz, 2023).

COURSE TEACHING MATERIALS IN CHEMISTRY

"Teaching Materials in Chemistry” is an optional course of chemistry teacher training at the Faculty of
Science, Masaryk University. The course is primarily devoted to master’s degree students. The course aims
to develop students’ digital competencies and introduces them to the theory and practice of creating teaching
materials in chemistry. The emphasis is mainly on creating their own electronic teaching materials that can
be practically used in teaching chemistry at secondary schools. In 2023/2024, 17 students completed the
course (Svandova et al., 2024).

In the spring of 2024, the course covered six topics. Students received theoretical knowledge, which they then
applied through practical tasks. Due to the inclusion of two new topics (“Al in Chemistry Teaching” and
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“Virtual Reality in Chemistry Teaching”) some earlier, less relevant topics had to be removed from the course
plan (Svandova et al., 2024). For example, the topics "Chemical Experiments” (which focused on a database
of school chemical experiments and measurement systems such as Vernier and Pasco) and "Popularisation of
Chemistry” (which involved training in writing popular science articles) were discontinued.

AT in the course

The inclusion of AI in chemistry teaching, as part of the Teaching Materials in Chemistry course, covered
several key areas, as briefly described in Svandové et al. (2024):

1. Text Generators: This section involved the presentation and comparison of various applications,
including ChatGPT-3.5 and 4, Microsoft Copilot, and Deeply (nowadays renamed to Editee). Students
engaged in practical work using these applications.

2. Graphic Generators: In this portion, students explored and compared applications such as Copilot
Designer, Midjourney, DALL-E in ChatGPT-4, and Deeply / Editee). The focus was on understanding
the advantages and disadvantages of each tool.

3. Preparing for Chemistry Teaching: This area included a presentation and comparison of ScioBot,
ChatGPT, Canva Write applications, as well as the Magic School application (in English) and their
usage in the context of lesson planning. A practical task involved creating a teaching preparation using
ScioBot.

4. Chemical Didactic Software: Students (among others) learned to work with the Canva application
and Al graphic generators in this application, the training was realised on chemical topics.

Overall, the course provided students with valuable insights into using Al tools for chemistry teaching and
its preparation.

RESEARCH OBJECTIVE

The primary objective of our research was to explore the experiences of students regarding the use of Al in
teaching chemistry. We aimed to understand their experiences before they joined our course, as well as to
identify their areas of interest and the specific skills they would like to develop. After completing the course,
we gathered participants’ opinions on the inclusion of AT within the course. We also explored their views on
the use of Al in education as a whole, as well as whether and how they utilize artificial intelligence in their
teaching (in the context of pedagogical practice) or to enhance student learning. The investigation aimed
to gain initial insights into AI and chemistry education issues, providing a foundation for potential future
extensive research.

The research method was a questionnaire focused on future chemistry teachers. The questionnaire completed
after the course was inspired by part of the instrument used in the TALIS 2024 survey — the Teaching
and Learning International Survey (OECD, n.d.). The TALIS is an international project by the OECD
(Organisation for Economic Cooperation and Development), allowing participation of member countries and
other non-member countries and economic regions (MSMT CR, 2024). The project aims to map the learning
environment and the working conditions of teachers and principals (OECD, n.d.). In the Czech Republic, the
Cesk4 skolni inspekce (CSI) is responsible for preparing, implementing, and evaluating the TALIS 2024 survey
(Ceska skolni inspekce, 2024). The results are set to be published in October 2025 and are typically used
by policymakers to enhance teaching and learning globally (OECD, n.d.). The TALIS 2024 study covered
55 education systems and focused on teachers and school leaders at ISCED 2 (The International Standard
Classification of Education is defined by UNESCO, in the Czech Republic this level corresponds to the second
stage of primary schools and the lower level of multi-year grammar schools) (OECD, n.d.). The study also
included additional modules that focused e.g. on ISCED 1 and 3, but the Czech Republic did not participate
in those modules (MSMT CR, 2024).
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METHODS
Research type

Quantitative descriptive research was selected to gain initial insights into issues surrounding Al in chemistry
teaching.

Target group

The research target group was future chemistry teachers (student teachers). The group consisted of chemistry
student teachers who enrolled in the course Teaching Materials in Chemistry at the Faculty of Science,
Masaryk University, in spring 2024, totalling 17 students. Participants gave informed consent to be a part
of the research, and according to Masaryk University’s rules of the Research Ethics Committee, anonymous
survey research in adults does not require ethics approval (Masaryk University, 2025).

Research questions

The research focused on the following 3 questions:
RQ1: What experiences do student chemistry teachers have with AI, mainly in the area of lesson preparation?
RQ2: In which applications are student chemistry teachers interested in improving?

RQ3: What are the opinions and experiences of student chemistry teachers about Al related to teaching
after completing the course?

The research questions were explored in relation to the topics covered in the course: AI Text Generators
(applications such as ChatGPT-3.5 and 4, Microsoft Copilot, and Gemini), AT Graphic Generators (applica-
tions such as Copilot Designer, Midjourney, DALL-E in ChatGPT-4, and Canva), Preparing for Chemistry
Teaching (applications such as ScioBot, ChatGPT, Canva Write, and Magic School).

Research tool

In this research, a questionnaire was used as a research method. We designed our own questionnaire in two
versions, administered before and after the course they attended. The questionnaire contained both closed-
ended items (such as dichotomous and multiple-choice) and open-ended items, which allow respondents to
create their own answers. Some of the items included sub-items. The inquiry covered nominal, ordinal,
and interval data (scale items). Questionnaires before and after classes are described below in detail. All
questionnaires were distributed electronically using the Microsoft Forms tool.

Survey for student chemistry teachers -— before classes

The questionnaire consisted of two parts. Part 1 included nine items that focused on experiences with Al,
particularly in the realm of AI text generators. It explored interest in improving skills related to specific
applications such as ChatGPT-3.5 and 4, Microsoft Copilot, and Gemini, as well as the use of Al for preparing
chemistry teaching (applications such as ScioBot, ChatGPT, Canva Write, and Magic School). Part 2
explored the experiences of student teachers and their interests in AT Graphic Generators (such as Copilot
Designer, Midjourney, DALL-E in ChatGPT-4, and Canva).

Survey for student chemistry teachers -— after classes

The questionnaire consisted of nine items, which explored chemistry students’ opinions about Al related to
the course and their views on the use of Al in education generally. The second part could be in future
compared to the TALIS 2024 survey (Ceska skolni inspekce, 2024) after the TALIS results are published in
October 2025.
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Implementation period, research sample, return and study limitations

In the spring of 2024, the inquiry involving chemistry preservice teachers was conducted with 17 participants.
Each of them completed questionnaires both before and after receiving instruction on artificial intelligence
(AI), achieving a 100 % return rate for both questionnaires. As the number of participants was low (17),
special methods for small sample analysis were used (e. g. Wilson confidence interval identification).

The inquired participants weren’t chosen randomly from the population of preservice chemistry teachers, but
we inquired about those who had chosen the Teaching Materials in Chemistry course as their voluntary choice.
Volunteer sampling is vulnerable to self-selection bias: people who choose to volunteer may differ from those
who don’t in important ways (e.g. their attitude to Al in our case), which is limiting for generalizability.
Therefore, the inductive analysis results are not referenced to all chemistry preservice students at Masaryk
University but describe attitudes and opinions of the course graduates and are input for subsequent deeper
research. On the other hand, 90 % of chemistry preservice teachers for whom the course is recommended
chose the course, so the results in the population could be close to those described.

Data analysis

Data from the completed questionnaires were exported to Microsoft Office Excel for initial analysis. In
Excel, we calculated the absolute and relative frequencies for the basic variables. Following this, we utilized
IBM SPSS Statistics software (International Business Machines Corporation Statistical Product and Service
Solutions Statistics) to verify the results obtained from Excel and to conduct a more in-depth statistical
analysis of both basic and derived variables. We performed basic descriptive statistics, which included
determining the absolute and relative frequencies of responses, calculating position characteristics (such as
mode, median, and mean), and assessing data variability.

From the perspective of inductive statistics, univariate analysis (the examination of a single variable) was
conducted. We calculated confidence intervals for both the means and the relative frequencies of responses.
Additionally, we assessed whether the observed frequency distribution differed from the theoretical distribu-
tion using the Chi-square goodness-of-fit test for polytomous variables and the Binomial test for dichotomous
variables. ChatGPT, Perplexity and NotebookLM Al applications were used to work, check, organize and
present the inquiry data. In this paper, the initial results of a survey for student chemistry teachers are
presented.

RESULTS
Respondents

In a research survey of chemistry student teachers, 17 respondents participated, comprising 13 women (76
%) and 4 men (24 %). Therefore, the modal category is "Woman”.

Survey before classes

The RQ1 examined students’ experiences. Most students (60 %) have not actively used AI during their
primary or secondary education practice. Only a minority (12 %) have encountered Al in other subjects at
university (e.g. in mathematics).

In the field of AI text generators, such as ChatGPT-3.5, ChatGPT-4.0, Microsoft Copilot, and Gemini,
students primarily reported using ChatGPT-3.5, with 77 % of respondents indicating familiarity with this
application. In contrast, most respondents had little to no experience with the other text generators: 94 % had
not used Microsoft Copilot, 88 % had not used ChatGPT-4.0, and 77 % had not used Gemini. Respondents
rated their experience with each application on a scale from -1 (indicating "I do not use this program”)
to 2 (indicating ”I use this program often”). Figure 1 illustrates the average ratings for each application:
ChatGPT-3.5 received an average rating of 1, Gemini received 0.12, Microsoft Copilot received -0.29, and
ChatGPT-4.0 received -0.47. The figure also includes 95 % confidence intervals for the mean, represented by
lines.
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Figure 1: Mean usage and confidence intervals of AI Tools among student teachers of chemistry.

Among graphic Al programs, students reported the most experience with Canva Free (47 %), while none had
any experience with Midjourney or Dall-E (0 %).

In the context of lesson preparation, only a minority of students (35 %) reported having experience using Al.
Specifically, 35 % had experience with lesson planning, while only 29 % had created materials with AI. In an
open-ended question, they specifically mentioned using ChatGPT-3.5 as part of their experience.

The areas of interest examined in RQ2 and the specific skills they would like to develop were identified
firstly in the field of AT text generators. Most respondents showed interest in learning about Gemini (76 %)
and ChatGPT-3.5 (71 %), less respondents were interested in ChatGPT-4.0 (47 %) and Copilot (35 %). An
overview of individual applications’ learning interest is shown in Figure 2.

Among graphic Al programs, most students wanted to improve in Canva (41 % Canva Free, 41 % Canva
Edu, 18 % Canva Pro, 88 % in some type of Canva), less than 18 % of respondents were interested in other
applications.

Data on students’ opinions about Al was not gathered prior to the course being taught.

Survey after classes

This part of the survey answered the RQ3. As they evaluated Al related to the course (Figure 3), 76 % of
students stated that they valued the course innovation based on the integration of Al into teaching, and they
felt more confident in using AT in relation to teaching after completing the course (65 %). They thought they
had acquired new skills related to the use of Al in teaching (71 %), they had learned new information about
the use of Al in teaching (76 %). After the course 71 % preservice teachers found the topic of using Al in
teaching useful and 76 % interesting.

Respondents rated work with each application in the course on a scale from — (indicating "The application
didn‘t interest me, I don’t see its benefit for teachers®) to ++ (indicating "The application interested me very
much, I find it very useful for teachers”). The results are shown in the Table 1. The most students (71 %)
interested in Microsoft Copilot text generator, Microsoft Bing/Copilot Image Creator and Al in Vividbooks
and Fraus Czech textbooks.
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Integration of Al into the Course Teaching Materials in Chemistry

| value the course innovation based on the integration of Al into teaching
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Figure 3: Frequency of opinions on integrating Al into the Teaching Materials in Chemistry course.

DISCUSSION

As Al is integrated into education (Inamdar, 2024), it is essential for future teachers to learn how to work
with this technology. From the results presented above, there were several consequences.

Based on the identified experience (RQ1) and interest (RQ2) in learning ChatGPT-3.5 and Canva, detailed
instruction on these subjects was included in the course.

Additionally, based on the identified interest (RQ2) in learning Gemini and the lowest experience with this
application, teaching alternative chat applications (to the already known ChatGPT-3.5), including Gemini,
was prepared for the course. Generative Al chatbots, such as ChatGPT and Gemini, have become increas-
ingly popular as educational tools as they have the potential to enhance learning (Baidoo-Anu & Owusu
Ansah, 2023). They have significant implications for teachers, especially pre-service science teachers: they
can use them to support the teaching-learning process, focusing on preparing lesson plans and teaching aids,
developing authentic assessment tools, creating tables and pictures, and determining instructional strategies
that engage all students in the lesson (Abualrob, 2025). A comprehensive study (Iyamuremye et al., 2024)
found that these applications enhance students’ problem-solving skills, especially in the area of material sci-
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Table 1: Various selection of choices about interest and usefulness of the AT applications (frequencies).

AT application - =-]10] 4+ | ++
ChatGPT-3.5 (free version) 0 |0|3] 8 2
ChatGPT-4.0 (paid version) 0 |2[3]3 5
Microsoft Copilot 0O |0|1] 5 7
Canva — Magic Media Application 0O |11 3 8
Midjourney 0 |26 2 3
Microsoft Bing/Copilot image creator 0 |0O|1] 6 6
DALL - E 0|13 7 2
Adobe Firefly 0 |0|8] 4 1
DeepL 0O |0|7]| 4 2
Deeply 0 |0|b5]| 6 2
Lesson preparation with the ScioBot application | 0 | 1 | 1| 9 2
Lesson preparation using foreign application 0 |26 4 0
AT in Vividbooks and Fraus textbooks 0O |110]10 2

ence; they help in understanding the boiling points of organic compounds and significantly improve students’
performance in topics like chemical bonding and atomic structure. According to another study of Czech
pupils (K¥izkova Hronova, 2024), ChatGPT is the most favourite Al application among them, followed by
Photomath, Google Gemini, and Microsoft Copilot. The post-course survey (RQ3) also indicated that most
of the preservice teachers (71 %) saw potential in Microsoft Copilot text generator, Microsoft Bing/Copilot
Image Creator. To ensure the success of future educators, it is crucial to prioritize these applications in the
training of student teachers.

A large-scale survey by Canva (Wilmot, 2023) of 1,000 teachers in the US found that 78 % of educators
expressed interest in implementing Al in their teaching, with the main motivation to create visual materials
more efficiently. While the study does not explicitly mention future chemistry teachers, it covers general
pedagogical trends. Key barriers include a lack of technical knowledge (93 % of respondents) and concerns
about the ethical implications of automated design. Responsibly integrating AI into Canva (which is, accord-
ing to the authors, many times the first interaction of teachers with AI) and by guaranteeing free access to
Canva for Education, the education could be more tailored to students’ needs.

Due to respondents’ limited experience with teaching preparations, this topic was thoroughly studied and
incorporated into the course. The after-course data shows that most of the students (65 %) were interested
in creating a preparation course in the Czech application Sciobot. It is crucial to develop this student
teachers’ competence during their studies at universities because teachers in practice also don’t have this
competence on an adequate level (Yildirim & Akcan, 2024). In this area, Al can help, for example, visualize
and solve chemistry problems, analyse chemical reactions, and conduct chemistry experiments (Yildirim &
Akcan, 2024).

Preservice teachers, who are currently in training to become educators, play a crucial role in shaping the
future of education. Their willingness to incorporate Al technologies into the classroom and their eagerness
to explore, master, and utilize various Al tools are paramount for their effectiveness as future educators (Sun
et al., 2024).

CONCLUSION

This contribution shared experiences from the implementation of Al in teaching chemistry for student teachers
at the Faculty of Science of Masaryk University in 2024. It described the courses Teaching Materials in
Chemistry for student teachers as well as a questionnaire survey that focused on participants’ experiences,
interests in AI applications, and their attitudes towards Al in teaching before and after the courses. Initial
data from the survey of student teachers were presented, highlighting their interest in learning about tools
like Gemini, ChatGPT-3.5, and Canva, as well as their limited experience with teaching preparations with
Al Based on these results, related parts of the course were prepared.
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Pilot Study on the Impact of Innovative Educational Approaches
on Students’ Knowledge and Attitudes Toward Plants: Insights
into Addressing Plant Blindness

Tereza Bréakovd, Renata Ryplovd

Abstract

This study explores how two distinct educational approaches influence 8th and 9th grade students’ under-
standing of the cooling effects of plants and their related attitudes, particularly in the context of addressing
the phenomenon known as “plant blindness.” The quasi-experimental study was conducted in the South
Bohemia region with a control and an experimental group of students (N = 211) in June 2024, using a pre-
post-test design. Results suggest that with modern technologies, project-based learning increased students’
knowledge and positive attitudes toward the subject matter significantly more than traditional teaching
methods, which resulted in only small changes. There is growing evidence, such as that presented here,
on how modern educational technologies with proper instructional design can potentially improve students’
understanding of plants and their ecological roles, especially concerning climate change. This study adds to
the literature on the use of modern educational technologies and how these different teaching methodologies
influence students’ perception and appreciation of plants.

Keywords

Plant awareness; knowledge about plants; attitudes towards plants; concept maps

INTRODUCTION

The term ”plant blindness,” first described in the 1990s, has gained widespread attention in recent decades. It
encompasses people’s inability to notice plants in their surroundings and the ecological roles and beauty they
add (Wandersee & Schussler, 1999). This phenomenon affects people of all ages and backgrounds worldwide
and has been frequently examined in educational contexts. Consequently, there is a plethora of literature
on the phenomenon, its occurrence at different levels of schooling, and its effect on people’s environmental
consciousness (Amprazis & Papadopoulou, 2020; Marcos-Walias et al., 2023; Ryplova & Pokorny, 2020; Stagg
& Dillon, 2022).

Studies tend to show more interest in animals than plants (Jose et al., 2019; Balas & Momsen, 2014). During
biology classes, animals are prioritized over plants, something which extends out of the classroom. In fact,
society has a general bias toward animals as well. Teachers use animals as the main focal point in biology
classes, resulting in little work with plants (Wandersee, 1986). In addition, an interest in plants goes hand
in hand with a lack of basic knowledge essential to fostering sustainable development and environmental
concerns (Jose et al., 2019).

This is associated with a phenomenon described as "plant illiteracy,” where people lack the knowledge and
understanding of plant biology, ecology, and their significance in the ecosystem (Ryplova & Pokorny, 2020).
The causes of plant blindness are multidimensional, ranging from a lack of formal education about plants
to cultural and cognitive biases that prioritize animals over plants in both media and science (Balding &
Williams, 2016).

The teaching modules of this research stem from the global issue of plants cooling the climate. Understanding
this key process is essential for sustainable development, as it directly impacts climate regulation and envi-
ronmental preservation. The cooling effect of plants, through processes like transpiration, plays a significant
role in mitigating urban heat islands and combating climate change (Ellison et al., 2017). The relevance of
this issue in relation to the European Green Deal is also notable, which aims for carbon neutrality and bio-
diversity restoration by 2050 (European Commission, 2019). Understanding the role of vegetation in climate
regulation will be crucial for upcoming generations to give urban environments and ecosystems the attention
and care they deserve through proper planning and conservation. This calls for understanding the cooling
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effect of vegetation as a powerful tool for promoting environmental protection, as emphasized by Ryplova &
Pokorny (2020). It highlights how far-reaching and effective pedagogical approaches to engineering ecological
awareness need to be, especially when it comes to tackling plant blindness.

Contextually, the infusion of such themes into the teaching programs should help students cope with the
worrying issues of climate change in connection with the sustainable development goals (United Nations,
2015). Through active learning methods and project-based learning, as proposed in this study, it is expected
that students will gain knowledge and potentially develop attitudes that support environmental sustainability.

Why knowledge and attitudes?

The phenomenon of ”plant blindness” remains relatively theoretical, albeit there have been developments to
measure it. For instance, Parsley et al. (2022, p. 9) introduced the term ‘plant awareness disparity’ (PAD)
to divide plant blindness into four significant dimensions. These are: Attention, which is also divided into
General Attention and Attention to Food Plants; Attitude, which is divided into Positive Affect and Caring
for or Investment in Plants; Relative Interest, which comprises Plants Better than Animals and Animals
Better than Plants; Knowledge, which deals with Necessity or Importance of Plants (Parsley et al., 2022).

Pany et al. (2022, p. 4) further classify Plant blindness into four groups: Visual Perception of Plants;
Categorizing Plants as Living Organisms; Knowledge About Plants, and Attitudes Towards Plants. They
explain that these domains are related to one another, and they demonstrate an intricate relationship between
perception, knowledge, and attitudes towards plants.

Both Parsley et al. (2022) and Pany et al. (2022) recognize two main pillars: knowledge and attitudes
towards plants. Building on these theories, this pilot study seeks to address the following research questions:

1. How does students’ knowledge of plants influence their attitudes toward them?
2. How do students’ attitudes toward plants influence their plant knowledge?

By investigating these questions, this study aims to build our understanding of plant blindness and its
influence on the way people engage with nature, in particular plants. This study will enhance the broader
knowledge base on environmental education and will help inform future projects that work towards increasing
awareness within learning settings.

METHODOLOGY

This study was conducted in June 2024 among 211 8" and 9*" grade primary school pupils and equivalent
grades of secondary schools in the South Bohemia region. The research aimed to answer the following
question: ”Does modified knowledge of the cooling function of plants in the human environment impact
students’ attitudes toward plants?”

Participants were assigned to control and experimental groups based on existing class units due to the
impossibility of random assignment. For comparability, groups were selected from the same grade level and
comparable school environments. The study compares the impact of an active teaching approach with the
use of digital technologies to traditional frontal teaching. Both methods were designed to transmit the same
information on the cooling ability of plants. The control group participated in classroom-based lessons using
a pre-recorded presentation supported by a worksheet, with sufficient time allocated for completing exercises
(45 minutes). The experimental group engaged in project-based learning in a school garden, working with
infrared thermometers, thermal cameras, and solarimeters. Students measured surface temperatures, visited
theoretical stations, and designed urban cooling projects (e.g., reducing the thermal impact of parking lots).
Lessons averaged 60 minutes due to additional time spent explaining digital tools.

Both groups completed identical pre-test and post-test questionnaires. The knowledge section consisted of
nine modified questions from a valid survey (Ryplovd & Pokorny, 2018), combining open-ended and multiple-
choice formats. The attitudinal section also included nine questions, three from the validated questionnaire
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of attitudes toward plants (Diinser et al., 2024) and six adapted from another survey (Kaur & Zhao, 2017).
For an assessment of students’ attitudes, a Likert scale was used in the survey, from 1 (most negative) to
100 (most positive), and reasons for ratings were requested from students. For the exact wording of the
questionnaires, please address the author.

In the final section of the questionnaire survey, students were asked to create concept maps related to the
cooling role of plants. Six keywords were provided to the students: solar radiation, cooling of the surroundings,
water, stomata, roots, and water evaporation. The concept map structure was pre-designed and required
students to incorporate these keywords and connect them appropriately.

Figure 1 illustrates the fill-in-the-map method used in the survey. This method asks students to complete
a partially structured concept map by filling in missing concepts or relationships. The exercise prompted the
students to engage actively with the content by recalling and classifying appropriate information regarding
the cooling effect of plants.

WATER STOMATA WATER VAPOR ROOTS SOLAR RADIATION —COOUNGEFFECT-OFPLANTS—
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Figure 1: Fill-in-the-box concept map used in the survey.

The use of concept maps in this study aimed to assess students’ understanding of complex plant processes.
However, it should be noted that concept maps were employed as a methodological tool, and some challenges
arose during the implementation. A brief introduction to the technique was provided, but students’ unfamil-
iarity with the creation of concept maps may have impacted the quality of the results. For future research,
it will be necessary to provide more comprehensive training on how to create concept maps, ensuring that
students are adequately prepared to use this tool effectively.

RESULTS

The results indicate a weak positive correlation between knowledge and attitudes which was observed in both
the control and experimental groups. Figure 2 illustrates the correlation between knowledge and attitudes in
the control group, which underwent intervention through traditional frontal teaching. Spearman’s correlation
analysis for the control group revealed a significant but weak positive relationship between knowledge about
plants’ cooling role and attitudes toward plants (R = 0.24, p = 0.02, N = 95). Wilcoxon’s test, conducted
on the knowledge section of the questionnaire, demonstrated a statistically significant increase in knowledge
about the cooling role of plants (p < 0.001, N = 95). However, for the attitudinal section, which exhibited
a normal distribution as confirmed by the normality test, a T-test was applied. This analysis did not show
a statistically significant change in attitudes toward plants (p = 0.79, t = 0.27, N = 95).
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Figure 2: Correlation of knowledge and attitudes towards plants for a control group (R = 0.24; p = 0.02;
N = 95).

Figure 3 shows the correlation between knowledge and attitudes in the experimental group, which participated
in project-based learning using modern digital tools. Spearman’s correlation analysis for the experimental
group revealed a significant but weak positive relationship between knowledge about the cooling effect of
plants and attitudes toward plants (R = 0.32; p < 0.001; N = 116). Wilcoxon’s test indicated a statistically
significant improvement in knowledge (p < 0.001, N = 116). This statistical test was used because of non-
normally distributed data. Additionally, Wilcoxon’s test for the attitudinal part demonstrated a statistically
significant increase in attitudes (p < 0.001, N = 116).

Project-based learning using modern technologies was enjoyed by 81 % of respondents, while transmissive
teaching was enjoyed by 58 % of respondents. The responses from the attitude scales were coded. For negative
attitudes toward plants, respondents most commonly mentioned that plants were unnecessary for life, the
subject was taught in a boring manner, and that plants were not needed. Positive attitudes were most often
based on aesthetic appreciation, such as beauty and fragrance. Mentions of photosynthesis, plants’ cooling
effects, and air purification were relatively rare.

This pilot study shows a very weak positive correlation between knowledge and attitudes, which was similar in
both groups. It is therefore impossible to assert that the type of educational program contributed significantly
to the relationship between these two variables. Nevertheless, statistically significant changes in attitudes and
knowledge were found in the experimental group that received project-based learning with the application
of digital technology. While the project-based approach was rated as more enjoyable by students (81 % of
respondents compared to 58 % in the control teaching group), this aspect alone may not entirely explain the
attitude changes observed. Attitude development is a complex process that likely requires a longer time frame.
These results are thus to be interpreted with some caution with due regard to methodological limitations
inherent in pilot studies. This study can serve as a basis for upcoming and more detailed studies intended to
evaluate the effectiveness of various learning approaches in facilitating the familiarity of students with plants.

DISCUSSION

This pilot study provides an initial insight into the knowledge-attitude relationship toward plants in an
ecological context — namely their cooling role via transpiration, which is a subset of the broader phenomenon
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Figure 3: Correlation of knowledge and attitudes towards plants for an experimental group (R = 0.32;
p < 0.001; N = 116).

of plant blindness. Although the relationship observed was weak, it was statistically significant, suggesting a
possible connection between students’ cognitive and affective domains in plant-related topics.

Both the control and experimental groups showed a statistically significant increase in knowledge about
plant cooling (caused by transpiration, for more details see Ryplova & Pokorny, 2018). However, a significant
positive change in attitude was observed just in the experimental group with project-based learning supported
by modern digital tools in comparison with traditional teaching methods used in the control group. This
result would suggest that not only the content but also the form of instruction plays an important role in
shaping students’ attitudes. Stagg & Dillon (2022) emphasize that people’s awareness of plants develops
when they engage with plants in meaningful and relevant contexts. In line with this. Thomas et al. (2022)
and Uno (2009) present an argument that the inclusion of plant biological processes in education is critical for
building plant awareness and science literacy. The role of digital technologies and their impact on knowledge
acquisition is also addressed by Ryplové et al. (2023).

Other scholars have also raised the relationship between cognitive knowledge and affective qualities. For
instance, Diinser et al. (2024) discussed a possible link between knowledge of ecosystem service knowledge
and pro-plant attitudes. Similarly, a study by Gabela et al. (2022) conducted with undergraduate agricultural
students also identified a weak but positive correlation between these variables. These findings support the
results of this pilot study and confirm the benefits of including both cognitive and affective learning outcomes
in plant education.

Concept maps were used in this study to gain a deeper insight into students’ comprehension of the complex
process of the cooling role of plants. Although concept maps are considered a promising tool in science
education (Ruiz-Primo & Shavelson, 1996; Choudhary & Bano, 2022), their application in this study also
demonstrated several limitations. Despite prior agreements with teachers regarding students’ familiarity
with concept maps, the results reflected severe difficulties in their correct construction. Students lacked
the necessary skills to structure meaningful connections among the concepts, which led to inconsistent and
distorted outputs.

Although students were briefly familiarized with the process before the pre-test, it was not adequate to ensure
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credible outcomes. For future studies, it will be required to include an instructional block focused on devel-
oping concept mapping skills before data collection takes place. This finding is in line with recommendations
by Ruiz-Primo & Shavelson (1996) emphasizing the need to train students in building concept maps in order
to achieve valid and reliable results. While the method is extremely promising, the problems experienced
in this study illustrate how a lack of preparation can reduce its utility as a research tool. These limitations
should be carefully considered when interpreting the findings.

Despite these constraints, the use of concept maps in this pilot study identified gaps in student knowledge and
gave valuable insight into instructional needs for this method. Future research should explore how concept
mapping can be more effectively integrated into biology education, particularly in topics related to ecosystem
services and plant awareness.

The findings of this study also align with broader educational concerns regarding plant blindness. Marcos-
Walias et al. (2023) point out that, despite education, plant blindness persists, and students routinely fail
to recognize or appreciate plant life. Their research in Spain showed that animals are far more likely to
be recognized than plants, pointing to the importance of including learning experiences that increase both
knowledge along with emotional engagement. The present study confirms this recommendation and supports
the use of experiential and digitally supported learning as one possible tool for increasing plant awareness
and reducing plant blindness.

In conclusion, this pilot study contributes to the understanding of how students’ knowledge and attitudes
towards plants can develop within an educational intervention, and it underlines the importance of method-
ological considerations when using tools such as concept maps. With suitable instructional support and
well-designed interventions, such strategies can be instrumental in fostering both cognitive and affective
aspects of plant literacy.

CONCLUSIONS

This pilot study aimed to evaluate the impact of different instructional approaches on students’ knowledge
and attitudes toward plants, with a specific focus on the cooling effect of plants, as a component of the
broader phenomenon of plant blindness. The findings showed that both the control and experimental groups
improved their knowledge after the intervention. However, a statistically significant improvement in attitudes
was observed only in the experimental group, which was exposed to an innovative educational approach com-
bining modern technologies and project-based learning. The findings suggest that although both traditional
and modern methods can enhance students’ knowledge, fostering positive attitudes towards plants may de-
mand more immersive and student-driven instructional strategies. The experimental program appeared to
support not only knowledge acquisition but also emotional engagement and relevance to students’ lives —
elements often emphasized in the literature on plant awareness (e.g. Thomas et al., 2022; Stagg & Dillon,
2022). Similar findings were reported by Gabela et al. (2022) and Diinser et al. (2024), who documented
a positive relationship between students’ knowledge and attitudes in contexts involving plant-related topics
and ecosystem services. Although our data point to a weak correlation, it is important to consider that only
the experimental group showed significant changes in both domains.

Although a weak but statistically significant correlation between knowledge and attitudes was observed
overall, the results imply that such a relationship may only manifest when the educational approach effectively
connects content with students’ lived experiences. This aligns with previous research by Gabela et al. (2022)
and Diinser et al. (2024), who reported a positive association between students’ knowledge of ecosystem
services and their attitudes toward plants. Moreover, Marcos-Walias et al. (2023) emphasize the persistent
problem of plant blindness and advocate for instructional strategies that simultaneously foster plant interest
and understanding, echoing the value of the experimental approach used in this study. Given the ongoing
challenge of plant blindness, particularly in younger students, integrating innovative teaching strategies —
such as those employed in the experimental program — may represent a promising direction for future
interventions. These strategies, when aligned with national curricula, have the potential to enhance both plant
literacy and appreciation of plants’ ecological roles. Future studies should further refine these approaches
and explore their long-term effects on students’ perceptions and behaviours.
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School Principals’ Perspectives on the Role of Artificial
Intelligence in Education

Ridvan Elmas, Merve Adiguzel Ulutas

Abstract

This study examines school principals’ general attitudes towards artificial intelligence (AI). A survey model,
one of the quantitative research methods, was used in the study. The sample consists of 82 school principals
working in an international private school chain. The general Attitudes Toward Artificial Intelligence scale
developed by Schepman and Rodway (2020) was used as a data collection tool in the study. The collected
data were analysed descriptively. Frequency tables were created for school principals’ responses to the items.
School principals frequently expressed positive views on certain aspects of AI. However, they showed greater
hesitation when it came to items comparing humans with AI. While many principals acknowledged some
negative aspects of Al, they largely disagreed with the notion that Al is inherently dangerous. At the same
time, they expressed concerns about AI’s potential to violate human privacy. These findings suggest that
school principals’ perceptions of Al are nuanced, reflecting a balance of both positive and negative views
influenced by the specific context of each question.

Keywords
Artificial intelligence; Al; attitudes toward AI; school principals

INTRODUCTION

The use of artificial intelligence (AI) powered educational technologies has increased in recent years. In
many countries worldwide, including China, the US, and South Korea, efforts are being made to integrate
AT into the K-12 curriculum (Steinbauer et al., 2021). These efforts have led researchers to investigate the
effectiveness of Al-supported technologies at many different points in the learning and education processes
(Elmas et al., 2024). Researchers are exploring various applications of AI technologies in education, including
adaptive learning (Minn, 2022; Kabudi et al., 2021), scaffolded learning (Gobert et al., 2024; Kim et al.,
2022), personalized learning (Pratama et al., 2022; Somasundaram et al., 2020), automated feedback systems
(Naseer et al., 2024; Yang et al., 2024), classroom management and planning (Yugandhar & Rao, 2024), and
measurement and evaluation processes (Owan et al., 2023; Khan et al., 2021). Considering the potential
of AT tools to enable students to participate in their own learning process actively, it is closely compatible
with project-based education. Al tools are valuable in facilitating students ’ research processes, especially in
project-based environments focused on STEAM (Science, Technology, Engineering, Arts, and Mathematics).
Considering all these research studies and trends, integrating Al into education has become an increasingly
popular subject (Bulus & Elmas, 2024). In this regard, it is necessary to evaluate the perspectives of teachers,
students, school principals, and parents regarding the use of Al in education. There are various studies related
to AI conducted with teachers (Park et al., 2023; Lin et al., 2022; Lindner & Romeike, 2019), pre-service
teachers (Pokrivcakova, 2024; Sanusi et al., 2024; Zhang et al., 2023), and students (Przybyla-Kasperek,
2023; Shin et al., 2018). However, the number of studies conducted with school principals is relatively low.
Principals are crucial change agents (Fios et al., 2024) in encouraging educational reform and innovation.
Given the role of school principals in integrating educational technologies into the classroom, more studies
are needed to determine their perspectives. Indeed, according to Waxman et al. (2013), school principals’
perceptions of technology can affect the success of embedding these applications in practice. According to
Tolwinska (2021), school principals who use digital technologies and integrate them into their profession play
a key role in integrating these applications into the school environment. Gulpan and Raja (2020) emphasized
that leading the use of Al is expected from school principals more than curricular leadership. Accordingly,
it can be said that the principal is a vital facilitator in the drive to incorporate technology into the school.
Indeed, evaluating the relationship between school principals’ attitudes and student achievement, as well
as overall school performance (Shen et al., 2021; Sebastian et al., 2016; Wu et al., 2020) highlights the
importance of principals’ attitudes toward Al. To address this gap, this study examined school principals’
general attitudes toward Al. Given the key role of principals in the school ecosystem, their perspectives on Al
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Table 1: Demographic information about science teachers.

School Principals Variable N
Male 52

Gender Female 29
Asia Pacific 25

. Africa (Francophone) | 18
Region Europe( : 15
Africa (Anglo-Saxon) | 14

Middle East 9

4 Year University 49

Education Level Master’s Degree 27
Doctorate — PhD 5

0-10 58

. 11-20 18

Years of Experience 9130 3
31 and above 2

. op s . Yes 29
International Accreditation System Experience No 59

technologies can directly impact the integration of AI technologies into educational environments designed
for both STEM Education and Project-Based Education Approaches. Understanding principals’ perspectives
toward Al is essential for effectively integrating Al tools into academic environments.

METHODOLOGY

In this study, a descriptive research design, one of the qualitative research designs, was used. Descriptive
research provides a general picture of the need, subject, or phenomenon under consideration (Willis et al.,
2016).

Sample

The study research group consists of 82 school principals working in different regions. Table 1 shows demo-
graphic information about school principals.

Data collection tools

The General Attitudes Toward Artificial Intelligence Scale (GAAIS), developed by Schepman & Rodway
(2020), was used as a data collection tool. Permission to use the scale has been granted. The scale includes
twelve positively and eight negatively worded items. The scale consists of 20 items and is a 5-point Likert-
type scale (strongly disagree, disagree, neutral, agree, strongly agree). The scale exhibited strong internal
consistency reliability, with a = 0.88 for Positive GAAIS and a = 0.83 for Negative GAAIS (Schepman &
Rodway, 2020).

Data analysis

The scale items were transferred to Google Forms and sent to school principals via Google Forms, emails,
and group messaging. The collected data were analysed using frequency analysis and demographic data.
A frequency table was created for school principals’ responses to the items.

RESULTS

The research analysed the general attitudes of the school principals toward AI. The results are shown below.
The Figure 1 shows that the school principal endorsed some positive items with high frequency. However, the
school principals were more reluctant to endorse Al for items comparing humans with AL It is seen (Figure 2)
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that school administrators mostly agreed with some of the negative items related to AI. However, while they
mostly disagreed with the item stating that AI is dangerous, they agreed with the possibility of Al taking
control of the population.

DISAGREE NEUTRAL AGREE
(f) (f) {f)

FOR ROUTINE TRANSACTIONS, | WOULD RATHER INTERACT

WITH AN ARTIFICIALLY INTELLIGENT SYSTEM THAN WITH A 29 33 20

HUMAN.

ARTIFICIAL INTELLIGENCE CAN PROVIDE NEW ECONOMIC - ‘ 2 ‘ -

OPPORTUNITIES FOR THIS COUNTRY.

ARTIFICIALLY INTELLIGENT SYSTEMS CAN HELP PEOPLE FEEL 18 29 35

HAPPIER. ‘ ‘

| AM IMPRESSED BY WHAT ARTIFICIAL INTELLIGENCE CAN - ‘ 19 ‘ =

Do.

| AM INTERESTED IN USING ARTIFICIALLY INTELLIGENT

SYSTEMS IN MY DAILY LIFE. 2 ‘ “ 3

ARTIFICIAL INTELLIGENCE CAN HAVE POSITIVE IMPACTS ON 12 34 36

PEOPLE'S WELLBEING. ‘

ARTIFICIAL INTELLIGENCE IS EXCITING. g | 13 | 61

AN ARTIFICIALLY INTELLISENT AGENT WOULD BE BETTER o ‘ 28 ‘ o

THAN AN EMPLOYEE IN MANY ROUTINE JOBS.

THERE ARE MANY BENEFICIAL APPLICATIONS OF ARTIFICIAL

INTELLIGENCE. 1 ‘ v ‘ =

ARTIFICIALLY INTELLIGENT SYSTEMS CAN PERFORM BETTER

THAN HUMARS. 2 2 ‘ 2

MUCH OF SOCIETY WILL BENEFIT FROM A FUTURE FULL OF - 10 -

ARTIFICIAL INTELLIGENCE

I WOULD LIKE TO USE ARTIFICIAL INTELLIGENCE IN MY OWN

108, 14 28 40

Figure 1: The frequency of responses to positive statements in the General Attitudes to Artificial Intelligence
Scale.

DISAGREE NEUTRAL AGREE
(f) (f) ()
ORGANIZATIONS USE  ARTIFICIAL  INTELLIGENCE
UNETHICALLY. 22 36 24
I THINK ARTIFICIALLY INTELLIGENT SYSTEMS MAKE
MANY ERRORS. &0 32 D
I FIND ARTIFICIAL INTELLIGENCE SINISTER. E) [ 3 [ 1
ARTIFICIAL INTELLIGENCE MIGHT TAKE CONTROL OF
PEOPLE. 7 ‘ 26 ‘ 29
| THINK ARTIFICIAL INTELLIGENCE IS DANGEROUS. 37 [ 25 | 20
I SHIVER WITH DISCOMFORT WHEN | THINK ABGUT
FUTURE USES OF ARTIFICIAL INTELLIGENCE. - 28 o
PEOPLE LIKE ME WILL SUFFER IF ARTIFICIAL
INTELLIGENCE IS USED MORE AND MORE. D 30 4
ARTIFICIAL INTELLIGENCE IS USED TO SPY ON PEOPLE.
21 26 35

Figure 2: The frequency of responses to negative statements in the General Attitudes to Artificial Intelligence
Scale

DISCUSSION AND CONCLUSION

The survey revealed that school principals commonly backed positive items. These results indicate that
school principals’ positive perceptions of educational technologies can be a potential support element in the
integration process of Al technologies. These results are seen as valuable in the context of their facilitating
role in integrating artificial intelligence technologies into the educational environment.

Chang (2012) discovered that school principals’ technological leadership encourages teachers to integrate
technology into their practice. Laouni (2023) found a moderate relationship between the level of technology
integration in education and the self-efficacy of school principals. Hao et al. (2021) examined school principals’
willingness to adopt Al training. The study found that school principals can adopt AI education, but only
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16.3 % of schools have implemented AI education. There is a contradiction between a high willingness to
adapt and a low development rate.

The research also revealed that school principals are hesitant to approve things that compare humans to Al.
This situation is thought to be because Al is a new concept, and school principals mostly do not have enough
knowledge and competency related to this subject. Afshari et al. (2019) revealed that school principals have
moderate levels of information technology competency. Cheng & Wang (2023) conducted a study with school
principals and management-level teachers to examine the barriers to teachers in Hong Kong incorporating
AT into primary education.

They emphasize that internal and external barriers (unclear curriculum guidelines, ethical concerns, limited
technological resources, teachers’ perceptions, attitudes, pedagogical beliefs, and confidence levels) signifi-
cantly affect the use of AIl. Tyson & Sauers (2021) wanted to look at how school leaders adopted and used
AT technology in their schools. They used ALEKS as an Al tool. They found that school principals actively
participated in discussions about adopting and implementing AI. The leaders realized that many of their
students, staff, and parents had been extensively exposed to technology. When describing implementation,
one school principal contended, “if the quality isn’t there, if the interface is weird or it looks sold, or if it
looks too generic.”

In conclusion, the study’s findings indicate that comprehensive training programs for school principals and
teachers are crucial to empower them with the skills to utilize Al tools effectively. School principals must be
equipped to guide classroom practices with these technologies.

Furthermore, collaboration and continued research are essential for effectively integrating AI applications
in education. As key leaders in the education system, school principals play a pivotal role in shaping the
adoption and implementation of Al technologies. Their attitudes, awareness, and willingness to engage with
Al-driven innovations can significantly influence the broader school community, including teachers, students,
and parents. Therefore, targeted professional development programs and initiatives are crucial to increase
school principals’ understanding of AI. AI’s role in enhancing educational outcomes and transforming the
education system can be significantly strengthened by fostering awareness among all stakeholders, especially
school principals. The findings of this study are based solely on the perceptions of the school principals in the
sample. The results need to be supported by studies conducted in different regions and with larger samples
to make broader generalizations.
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The impact of using the interactive electronic textbook Biomass
in Sustainable Landscapes on secondary school students

Zbynek Vicha, Renata Ryplova

Abstract

This study describes the results of the impact of the e-textbook Biomass in Sustainable Landscapes in
a secondary school. From a cognitive perspective, the impact of the textbook on the development of knowledge
of photosynthetic biomass production, energy flows and ecological contexts was evaluated. The evaluation also
focused on validating the affective goals of education. The investigation was conducted in three secondary
schools, and 185 second-year students participated. Data collection was based on a controlled pre-test -
post-test system. The results indicate that the electronic textbook is a suitable supplement in teaching
photosynthetic issues to achieve cognitive but mainly affective learning objectives.
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E-textbook; biomass; photosynthesis; secondary school

INTRODUCTION

Biomass is all organic matter derived from the bodies of living organisms, i.e. plants, animals, fungi or
micro-organisms. Plant biomass production is closely linked to photosynthesis, which is rightly considered
one of the most important processes on planet Earth. Research conducted in primary and secondary school
settings shows that students’ knowledge of these issues is not very high (Vidal & Membiel, 2014). Teaching
involving photosynthetic issues is even considered one of the critical points in the biology curriculum from the
perspective of both students and teachers (Vagnerova et al., 2019). It is one of the most challenging topics
in biology (Carlson, 2002). In the course of teaching, students’ misconceptions are often formed, including,
for example: the main principle of photosynthesis is the production of oxygen (Kose, 2008; Ryplovd, 2014);
photosynthesis is the respiration of plants (Keleg & Kefeli, 2010); plants take in food from the soil (Kose, 2008);
or plants only breathe at night when no light is available (Al Olaimat, 2010). Students often do not enjoy
teaching about similar topics because it is too abstract for them (Martin-Lépez et al., 2007; Fancovi¢ovd
& Prokop, 2010; Jose et al., 2019). Previous didactic work has pointed out that the use of activating
interdisciplinary approaches (currently, e.g. STEM - Science, Technology, Engineering and Mathematics) can
have a significant impact on increasing the attractiveness of botanical topics by reducing the abstraction of the
curriculum through the implication of examples from practical and everyday life, increased interaction with
model natural environments, or the use of a variety of computer technology and adequate applications (Lohr
& Pearsoon-Mins, 2005; Balding & Williams, 2016; Robinson et al., 2016). The newly developed interactive
textbook Biomass in Sustainable Landscapes was incorporated into the teaching process for this research
(Ryplové et al., 2023). Electronic texts have several advantages over printed texts, including interactivity
that allows live podcasts, hyperlinks, audio-visual elements, simulations of phenomena or events, and various
quizzes. Including QR codes is also popular (Millar & Schreier, 2015). Another benefit of e-textbooks is that
learners are routinely sent additional supplementary information about the topic at the click of a button,
which can be particularly beneficial for engaged learners (Dobler, 2015). The use of electronic textbooks
has been steadily increasing over the last decade (Rodriguez-Regueira & Rodriguez-Rodriguez, 2022). The
disadvantages of electronic interactive resources include that they cannot be used in education without the
need for exceptional reading equipment or specific software (Bouck et al., 2016), which can be very costly
and often unaffordable for schools. Software also becomes rapidly obsolete and needs to be upgraded (Lee et
al., 2013).

MAIN GOAL

The main goal of this study was to test, through a controlled experiment, the effect of using an electronic
textbook on the development of cognitive and affective goals of secondary school students in photosynthetic
biomass production, energy flows and their ecological context. The authors’ partial goal was to make the
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discussed topic more attractive to students. For this reason, an electronic textbook with interactive content
was included in the teaching, which contains several interdisciplinary overlaps between biology, chemistry,
physics, mathematics and environmental science.

METHODOLOGY

The Research Process

The e-textbook was first piloted with 451 lower secondary and 128 secondary school students (Chmelové et
al., 2023, Vécha et al., 2023). At the same time, practising teachers commented on the text and the graphic
design. Based on the feedback from the described investigations, the final version of the textbook was created
(available from https://fotosyntezavkrajine.cz/).

Data were collected through a controlled experiment. The research investigation was conducted in three
secondary schools that expressed interest in participating in the testing. Thus, it was an ’available sample’
of respondents (Skutil, 2011), which may represent a limiting factor of the research, and the results obtained
cannot be fully generalized. The research included two classes of second graders at each school - an exper-
imental group (N = 94) and a control group (N = 91). A total of 185 pupils participated in the research.
The lessons in both groups lasted three lessons and were taught by the same teacher.

Before the actual teaching, the pupils were always given a pre-test to determine the starting level of their
knowledge. The topics covered were photosynthetic biomass production, energy flows and their ecological
context. Based on the pre-test results, two homogeneous groups were formed in each school and then
subjected to the experiment. In the experimental group, the teaching was carried out using an electronic
textbook; students had tablets and could use individual interactive schemes within the education. In the
control group, typical conventional teaching was carried out using a regular printed textbook and pictures in
the presentation, which provided more space for frontal teaching by the teacher. Immediately after the end
of the lesson, the students were tested using a uniform knowledge test (post-test), which was identical to the
pre-test. One more post-test, retention test, was included in the experiment and was implemented 2 weeks
after the teaching. The knowledge tests contained nine questions (the maximum test score was 19). The
test questions were validated before use through a pilot survey involving 53 second-year secondary school
students. The items were then edited into their final form. A Likert-type questionnaire was used to verify the
achievement of affective goals as part of the post-test 1. The questionnaire contained two subjective items:
(1) T enjoyed today’s teaching, and (2) I would include a similar type of teaching more often (repeatedly).
In addition, students in the experimental group could verbally express the positives and negatives of the
electronic textbook.

Data analysis

The impact of teaching using the e-textbook on student knowledge was evaluated using Mann Whitney U
test, utilising group (experimental versus control) as a variable. To compare the differences in knowledge
level among pre-tests, post-test]l and post-tests2 of the experimental and control group, the Wilcoxon test
was used. Students’ Likert scale assessment of their subjective enjoyment and willingness to learn using the
same approach were evaluated using a t-test for independent samples. These parametric tests were selected
for analysis due to their robustness, as proven by previous research (Carifio & Perla, 2008; Norman, 2010;
Blanca et al., 2023).

RESULTS

Based on the pre-test results, it can be concluded that students of both groups entered the study with the
same level of knowledge. No significant differences between the mean pre-test score of control (mean score
6.47 £ 0.23 St. dev.) and experimental (mean score 6.38 + 0.22 St. dev.) were found using the Mann
Whitney U test (Z = -0.22932, p = 0.9817). Wilcoxon tests indicated significant increase in the mean scores
of the knowledge tests in pre-test 1 of the control (mean score 13.01 £ 0.41 St. dev., p < 0.001) as well as
the experimental group (mean score 13.57 + 0.4 St. dev., p < 0.001). After two weeks, post-test 2 values
revealed a statistically significant decrease in knowledge compared to post-test 1 in both groups (control
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group mean score 11.58 £+ 0.41 St. dev., p < 0.001, experimental group mean score 12.00 + 0.4 St. dev. p
< 0.001). Despite the mean test scores of the experimental group being slightly higher in both post-tests
compared to the control group, the differences were not statistically significant (Z = 0.124, p = 0.900 for
post-test 1, Z = 0.869, p = 0.384 for post-test 2) — Figure 1.
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Figure 1: Analysis of students’ knowledge as influenced by teaching utilizing new interactive e-book (group
e = experimental group, group ¢ = control group). Mean test score values, line segments = 1.96*St. Dev.,
N = 185).

The students of the experimental group assessed their subjective enjoyment of teaching using the interactive
e-book significantly better (Median 2, Mean 2.11 + 1.03 Std. dev.) than the control group (Median 3,
Mean 2.92 + 1.09 St. dev.) and the differences between both groups were statistically significant (t = -5.24,
p < 0.001) — Figure 2. Students consider interactive animations, diagrams, clarity, a more enjoyable learning
style, and the ecological aspect of the textbook and its connection to real life to be the main positives of the
e-textbook. Among the negatives was that too much technical terminology appears in the text or that they
prefer a paper textbook.
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Figure 2: Subjective assessment of students’ enjoyment of teaching, 5 grade Likert scale (school-like assess-
ment, 1= excellent, 5= inadequate), e= experimental group, ¢ = control group, N = 185.

Also, the willingness to undergo the same type of learning was higher in the case of the experimental group
using the interactive e-book (Median 2, Mean 2.25 £+ 1.1 Std. Dev.) compared to the control group taught
by conventional teaching (Median 3, Mean 3.19 £ 1.14 Std. Dev.) Student t-test of independent samples
revealed a statistically significant difference among both groups (t = -5.65, p < 0.001) — Figure 3.
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Figure 3: Subjective assessment of students’ willingness to learn by the same way of teaching, 5 grade Likert
scale, 1 = definitely yes, 5 = definitely no, e= experimental group, ¢ = control group, N = 185.

CONCLUSION

A controlled experiment was used to test the impact of an electronic textbook, Biomass in Sustainable
Landscapes, on cognitive and affective goal development in second-year secondary school students. The
results show a statistically significant increase in knowledge in both control and experimental groups.

Statistically significant differences in the formation of affective goals were observed between the tested groups.
The students found the lessons in which the electronic textbook and tablets were more enjoyable. On the
other hand, in the control group, where conventional teaching using a frontal approach, picture presentation,
and a printed textbook took place, the participating pupils did not enjoy the teaching so much (see Figure 2).
Similar results can be seen if the pupils would like to receive a similar type of teaching more often (see
Figure 3). Pupils in the experimental group wanted to receive similar teaching more often than pupils in the
control group. Again, the differences between the groups are statistically significant.

We can debate whether it is more important to emphasize results or fun in teaching. However, it is indis-
putable that factual knowledge is one of the fundamental pillars that also influence students’ interest and
attitudes towards different topics (e.g. Kubiatko et al., 2021) or Nyberg and Sanders (2014). So, it is essen-
tial to strike a balance between facts and fun. This fact can be one way of making topics that are primarily
uninteresting and abstract to students more attractive. Of course, the learning environment in which the
learning takes place and the tools available to students are also important (Rusek et al., 2017). In this case,
linking tablets with an interactive electronic textbook proved a good idea. The incorporation of various
activating teaching strategies, which certainly include the use of computer technology, can positively affect
the growing interest in even primarily unpopular botanical topics.
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Drawing Surfaces: AR App for Learning Geometry

Alessandro Martinelli, Yosep Dwi Kristanto, Andri Setiyawan, Zsolt Lavicza

Abstract

Emphasizing direct interaction with teaching materials, as Dewey suggested in the early 20th century, reveals
ongoing gaps in higher education. This research tests the effectiveness of an AR application, GeoTry, designed
to catalogue and visualize 3D geometries for secondary education. Using a PBL approach, the app includes
a feature that challenges students to draw geometries themselves. Working solo or in groups, students
build knowledge through hands-on design, comparing their work with example catalogues. Tested in higher
education, the app has shown positive effects on engagement, as well as the speed and quality of learning:
about 300 higher education students from different faculties participated in tests and surveys on the impact of
the app, of which over 90 % showed improved learning compared to traditional learning, positive expectations
towards the use of AR in the classroom, and in particular an appreciation for the interactive 3D drawing
function in a virtual environment.

Keywords

AR; geometry education; geometry visualization; design-based education; 3D geometry

INTRODUCTION

Digital technologies continue to transform traditional education, offering new opportunities to bridge theo-
retical knowledge with practical application. This study analyses and experiments the application of an AR
app dedicated to teaching spatial geometry, focusing on the case study of the ruled surfaces: a complex yet
fundamental topic in mathematics and architecture. By leveraging immersive technology, GeoTry aims to
make abstract concepts more tangible and accessible. The research objectives include:

1. Exploring AR’s capabilities in visualizing and interacting with 3D geometries.
2. Integrating creative tools and gamification into geometry education to foster engagement.
3. Proposing a new method for cataloguing ruled surfaces, emphasizing clarity and ease of exploration.

The app addresses gaps in traditional educational methods by combining interactive visualization with hands-
on creation. This dual approach enhances students’ understanding of theoretical principles while encouraging
active participation and curiosity.

STATE OF THE ART

Recent research highlights the potential of educational AR apps, which have demonstrated positive con-
tributes to learning outcomes, engagement, and understanding of complex geometric concepts (Rossano et
al., 2020). These applications often incorporate gamification and collaborative features to support STEM
learning in primary schools (Yegorina et al., 2021). AR technology enables situated learning, allowing students
to interact with 3D geometric objects in a physical environment. Other recent studies have demonstrated
positive student perceptions and successful problem-solving using AR-based tools in descriptive geometry
courses (Ignatiev et al., 2020). The development of user-friendly AR applications, such as Geo+ and Learn
Geometry with AR, has facilitated the integration of this technology into classroom settings (Dhukka et al.,
2023). While challenges remain in widespread adoption, AR shows significant potential for revolutionizing
geometry education by making abstract concepts more tangible and engaging for students.

In this context, the research on GeoTry seeks to distinguish itself through the complex cataloguing of ge-
ometries (which is not limited to a few case studies), a menu design specifically conceived to facilitate
understanding, and the use of complex and creative mechanics.
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METHODOLOGY

GeoTry was conceived to provide an innovative learning experience by integrating AR and interactive tools
into geometry education. To achieve this, the app was designed with the following core functionalities:

¢ AR-Driven Visualization: Users can explore 3D geometries within their physical environment, bridging
abstract theoretical models and tangible real-world examples.

¢ Interactive Camera Control: Device movement allows users to orbit and examine geometries from
various perspectives, fostering an active, kinaesthetic learning process.

o Layered Visualization: Users can toggle and overlay specific geometric properties (such as directrices
and generatrixes) enhancing their understanding of spatial relationships.

o Creative Mode: A drawing feature (Figure 1) empowers users to draw custom ruled surfaces, encourag-
ing hands-on exploration of the principles behind their mathematical generation. In the creative mode,
users can draw ruled surfaces by tracing curves on a transparent collider.

This process involves: sampling touch inputs at regular intervals, projecting a ray from the touch point to
a predefined collider, and interpolating intersection points into Bézier curves to generate the surface. The
resulting surface is parametric, enabling users to activate geometric properties such as tangent planes and
generatrixes.

N

Figure 1: Example of AR function of drawing on reality, to generate a digital geometry and study it.

Drawing Features and Project-Based Education

The drawing functionalities of GeoTry were designed with project-based education (PBE) in mind, an ap-
proach that emphasizes learning through active participation and problem-solving. Project-based learning
(PBL) has emerged as an effective pedagogical approach in modern education, enhancing student engagement,
critical thinking, and collaboration skills (Shi, 2024). Research indicates that PBL positively impacts learn-
ing outcomes across various educational levels, from high school to higher education (Tulungagung, 2023;
Guo et al., 2020). Studies have shown that PBL improves students’ cognitive abilities, problem-solving skills,
and real-world application of knowledge (Wahyudin, 2023). Moreover, PBL fosters active learning, cultural
awareness, and prepares students for future career opportunities. Compared to traditional teaching methods,
PBL and other collaborative learning approaches have demonstrated superior results in developing critical
thinking and communication skills (Hafeez, 2021). However, challenges remain in teacher preparation, as-
sessment strategies, and curriculum alignment (Nasution et al., 2022). GeoTry’s creative mode reflects this
philosophy by allowing users to:
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1. Experiment with geometry through hands-on design tasks.
2. Analyse and refine their creations using the app’s analytical tools.
3. Compare their custom surfaces with predefined examples in the catalogue.

This workflow aligns with PBE principles by placing students in the role of active creators rather than
passive learners. By working through the process of surface generation (identifying errors, revising inputs,
and analysing outcomes) students internalize core concepts of geometry.

Technical development

Several challenges arose during development: complexity and usability, gradual exposition of concepts, adap-
tation to various expertise, effective representation of complex geometries, expression of three-dimensional
properties, but above all addressing the limits of interaction in space. In fact, touch-based inputs cannot
inherently convey depth, complicating 3D modelling tasks. This limitation was addressed by using colliders
(Figure 2) to constrain user inputs to specific classes of ruled surfaces. A collider is a virtual element in game
engines designed to detect interactions and serve as intuitive tools for managing user input. For instance:

e Touch inputs are captured by the transparent collider, which acts as a reference plane for drawing
directrices.

¢ Generated surfaces are parameterized, allowing users to activate geometric properties like tangent planes
and generatrixes for further exploration.

¢ The app employs AR-based rendering to integrate these surfaces into the user’s real-world environment,
creating a seamless blend of physical and virtual learning spaces.

Figure 2: Mechanics by which the drawing is traced in three-dimensional space, intercepting a collider.

Gamification and Engagement

To sustain engagement, GeoTry incorporates gamification elements inspired by popular educational tools
such as ClassCraft, HP Reveal or Zapworks. These include:

e Progress Indicators and Prizes: The app incorporates completion bars and badges, encouraging users
to explore its entire catalogue and rewarding curiosity. This feature, inspired by successful gamified
learning platforms, fosters a sense of achievement and motivates further exploration, in line with modern
educational methodologies to foster engagement.

e Custom Surface Creation: As explained above, users design their own ruled surfaces, reinforcing the
mathematical principles behind their formation. This feature contributes the PBE experience by intro-
ducing students to problem-solving activities, possibly in groups. In this way, students are not merely
consumers of content but active participants in their own learning journey, building a deeper connection
to the subject matter.
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Data collection method and survey approach

To validate the effectiveness of the AR application GeoTry, a structured research methodology was designed,
incorporating both qualitative and quantitative research methods. The study aimed to assess the app’s usabil-
ity, its impact on learning outcomes, and its potential for integration into university-level geometry courses.
The research followed a mixed-methods approach, combining experimental testing, structured surveys, and
statistical analysis. Testing was conducted in three main phases:

1. Preliminary Testing: A small-scale evaluation with 10 participants, including professors and doctoral
students, to refine usability and technical aspects before broader implementation.

2. Controlled Classroom Experiments: The app was introduced in structured classroom settings, where
students engaged with the AR environment under guided conditions. A total of 302 students partici-
pated in surveys—>b1 in the first phase and 251 in the second.

3. Wider Field Testing: The final phase involved independent use by students, with surveys conducted
post-experiment to collect data on usability, engagement, and educational impact.

These phases allowed researchers to assess both immediate user experiences and long-term effectiveness in
learning retention.

The research team employed structured questionnaires on Google Forms (28 questions, accessible via QR
code) and observational metrics, divided into four primary areas:

e Background Analysis: Assessed participants’ prior knowledge of geometry and experience with AR
applications.

e Qualitative Feedback: Measured perceived learning improvements and engagement levels.

e Technical Performance Evaluation: Examined app usability, interface intuitiveness, and device compat-
ibility.

o User Suggestions and Feature Requests: Collected insights into potential improvements and additional
functionalities.

Data collection was conducted through digital surveys (88 % of responses), in-class observational studies
(conducted in 12 different university settings), and direct feedback interviews (conducted with a smaller
subset of 30 participants). Survey results were processed using statistical tools (Microsoft Excel) to identify
trends in user engagement and educational benefits. Key metrics analysed included:

¢ Engagement Rates: Percentage of students who preferred AR-based learning over traditional methods.

e Knowledge Retention Scores: Performance comparisons between students using GeoTry and those
learning through conventional lectures.

o User Satisfaction Levels: Ratings on usability, interface design, and overall effectiveness.

The study’s findings provided a comprehensive evaluation of how AR technology can enhance geometric
visualization and problem-solving skills in an academic setting.

The tests (on the second and final version) were made on university students from disciplines such as Archi-
tecture, Design, and Engineering with an age average of 20, and no preparation on ruled surfaces, but with
a small portion (15 %) prepared in app development. Professors pre-approved the use of the app in their
courses to ensure its educational relevance. The diversity of participants helped to validate the tool across
different levels of education, with students from introductory geometry courses to advanced computational
design programs. The app’s effectiveness was assessed across these different groups, and interesting trends
emerged regarding the varying ways students engaged with GeoTry based on their background knowledge.
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RESULTS

Among the 302 students surveyed, 78 % reported that the app made it easier to visualize geometric concepts
that were previously difficult to grasp. Interestingly, students with prior exposure to AR tools had a slightly
better learning curve (an average of 15 % faster in completing exercises) than those using such a system for
the first time. However, 22 % of respondents mentioned needing additional explanations from their professors
alongside the app’s guidance, indicating that while AR can be a powerful tool, it should complement rather
than replace traditional instruction.

Moreover, 82 % of students believed that using Geo Try improved their spatial visualization skills, an essential
aspect of geometry learning. However, 18 % of participants either saw no improvement or felt overwhelmed
by the technology, suggesting a need for adaptive learning settings to accommodate different levels of digital
fluency.

Further analysis showed that 69 % of participants felt that the interactive exercises helped them retain
information better than traditional lecture-based instruction. Meanwhile, 21 % preferred traditional methods,
indicating that while AR is highly effective, a blended learning approach may be most beneficial.

While, based on the data above, students responded positively to the immersive and gamified nature of
GeoTry, the study identified some challenges:

o Usability Issues: Some users found the menus complex, particularly as more features were added. About
34 % of students struggled with navigating the UI (User Interface) initially but adapted after repeated
use. Introducing a guided tutorial mode could significantly improve initial user experience.

e Engagement Levels: The app was more appreciated by students with prior knowledge of geometry,
while those with less experience required additional guidance. Notably, 65 % of users preferred learning
through interactive exercises rather than static diagrams, reinforcing the importance of experiential
learning.

o Device Performance: In 11 % of total cases, technical limitations were observed, such as lag in aug-
mented reality rendering depending on the device’s capability. Devices older than 2019 experienced an
average frame rate drop of 25 %, affecting the fluidity of the experience. Future updates should focus
on optimization for lower-end devices.

Additionally, 45 % of students expressed interest in expanding the app’s content, particularly with polyhedral,
geodesics, and minimal surfaces. This demand indicates a broader potential for AR in mathematical education
beyond its initial scope.

Feedback from participants (in the form of open suggestions on the online form) also highlighted the need
for an offline mode. Currently, the app requires an internet connection to load models, which was cited as a
limitation by 28 % of users who faced connectivity issues.

The data (Figure 3) suggest that AR significantly improves engagement and comprehension, while gami-
fication encourages deeper exploration of the content. When asked to indicate which aspect of the app
contributed the most to learning, features such as property visualization and creative shape drawing were
much more popular (higher yellow lines), while traditional text and slides had less impact (higher red lines).

The study confirmed GeoTry’s potential for widespread use in educational environments. However, improve-
ments in onboarding, device compatibility, and content expansion would enhance its adoption.

A particularly notable request came from 40 % of students who suggested a multi-user mode for collaborative
learning. This could be especially useful in engineering and design courses where teamwork is integral to
problem-solving. Implementing this feature would likely increase engagement and practical application of
geometric concepts.
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Do you feel like you have assimilated new concepts If you have assimilated new concepts, how much did the following elements contribute?
thanks to the AR experience? (251 answers)
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Figure 3: Graphs of the collected data.

Interestingly, 58 % of participants reported increased motivation in studying geometry when using GeoTry
compared to traditional methods. This supports existing research on gamification, indicating that interactive
elements can enhance learning outcomes. However, 12 % of students found the gamified elements distracting,
suggesting that customization options for different learning styles could be beneficial.

In synthesis, the most significant key findings are:
o AR Potential: 95 % of participants agreed AR could be a vital component of future education.
o App Value: 98 % found GeoTry’s AR features enhanced their learning experience.
o Educational Integration: 98 % believed the app could complement traditional coursework effectively.

Comparing the data collected with similar experiments such as those of Rossano et al. (2020) or Thamrongrat
& Law (2019), this one aligns itself with them in terms of appreciation found towards digital technologies
and the interactive teaching approach, while it stands out both for bringing new evidence of the educational
validity of drawing functions, and for collecting data on complex topics usually dedicated to higher education.
Future experiments on larger samples and across educational levels are therefore desirable for a complete
comparison, which can experiment with additional creative functions such as VR Tilt Brush or Google VR
Blocks.

DISCUSSION AND CONCLUSIONS

The present study demonstrates that immersive technologies, specifically AR, can substantially bridge the
persistent gaps in traditional geometry education. Through GeoTry users are enabled to visualize, interact
with, and generate complex surfaces within real-world environments, thus transforming abstract mathemat-
ical concepts into tangible learning experiences. The highly positive feedback from participants highlights
the broader educational potential of AR technologies, which could be extended beyond geometry to disci-
plines such as physics, biology, or engineering. Survey data confirming improvements in student engagement,
comprehension, and motivation suggest that the Geo Try framework may serve as a model for future interdisci-
plinary educational applications, particularly if complemented by the development of advanced collaborative
tools.

Rossano et al. (2020) emphasized that AR significantly enhances students’ understanding of complex geo-
metric constructs through dynamic visualization: an observation that finds a direct continuation in GeoTry’s
approach, where the visualization is not only dynamic but also actively constructed by the learners themselves
through creative drawing features. This shift from passive observation to active creation allows students to
internalize mathematical principles more profoundly, offering a richer and more participatory learning expe-
rience than previously documented.
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Similarly, the study by Ignatiev et al. (2020), which demonstrated that AR improves problem-solving capa-
bilities in descriptive geometry by enabling dynamic manipulation of models, finds resonance in the GeoTry
results; however, GeoTry further advances this concept by engaging students in the design and generation
of novel ruled surfaces, thereby fostering not only the ability to manipulate but also to invent and critically
evaluate geometrical forms through an intuitive and immersive process.

Moreover, the emphasis placed by Yegorina et al. (2021) on the value of collaborative and gamified AR
applications in enhancing engagement and supporting learning outcomes in STEM fields finds a strong parallel
in the GeoTry project. Although initially designed for individual use, GeoTry’s creative features, such as the
drawing mode and the gamified catalogue exploration, automatically encouraged collaborative behaviours
among students, who often worked in groups to solve design challenges. This spontaneous collaboration
suggests that the app inherently supports the kind of peer interaction and motivational dynamics described
by Yegorina et al., reinforcing the idea that AR platforms benefit from embedding mechanisms that stimulate
both individual exploration and collective problem-solving. For these reasons, this research aims to innovate
pedagogical practice by proposing a system that merges dynamic visualization with creative construction.
Future studies should aim to broaden the sample size, diversify educational contexts, and integrate multi-user
collaborative features to further enhance the educational impact of AR-based geometry learning platforms.
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Design the Orthographic Projection on Engineering Drawing
module based on Project-based with 3D Printing and Modelling
Mechanical Object

Andri Setiyawan, Zsolt Lavicza, Yosep Dwi Kristanto, Alessandro Martinelli

Abstract

This study aims to design a lesson plan for engineering drawing in orthographic projection. The lesson
plan combines mechanical object modelling and printed objects. The lesson plan was designed with project-
based learning principles to encourage active student participation through hands on engagement with real
objects. The lesson plan was subjected to expert validation by experienced vocational education teachers and
lecturers in engineering education to evaluate its relevance and effectiveness. Feedback was gathered on the
appropriateness of the content, pedagogical approaches, and alignment with the Merdeka Curriculum. The
results of the expert validation indicate that the module is pedagogically sound, engaging, and applicable in
vocational high school settings. This lesson plan provides a modernized approach to teaching engineering,
drawing in line with contemporary industrial needs.

Keywords

Engineering drawing; orthographic projection; project-based; 3d modelling; printing

INTRODUCTION

Engineering drawings are communication tools in engineering (Kosky et al., 2021; Lille & Ruus, 2019). For
example, new products have approved drawings before mass production. The design team provides the
final drawing for management to use in projection views. Orthographic projection in engineering drawings
represents designs in different views. It represents three-dimensional objects in two dimensions, providing
essential visual information for designing, manufacturing, and maintaining mechanical components.

Understanding orthographic projections is important for vocational students in machining and automotive
technology. Orthographic projection is learned by students in the first year. This material supports the
skills required for job-ready graduates. For example, being a mechanic, operator, or technician requires skills
in spatial reasoning. However, in classroom learning, students still need help understanding the concept of
orthographic projection. Students often struggle to grasp the spatial relationships between different projection
views (Sotsaka & Singh-Pillay, 2020). This problem is especially prevalent in vocational high schools, where
students must acquire technical knowledge and practical skills for future employment.

The latest technology is expected to support learning, especially in technical vocational education. The in-
tegration of 3D modelling and printing offers significant potential to address existing challenges in teaching
orthographic projection (Awuor et al., 2022). Students can see all sides of mechanical objects by modelling
in three dimensions. For example, students model the components of a 4-stroke engine. They then gener-
ate orthographic views such as front, top, and right-side projections based on the three-dimensional model.
Afterward, they can reconstruct the three-dimensional object from these two-dimensional projections, re-
inforcing their spatial understanding and illustrating how orthographic drawings represent physical forms.
This process enhances students’ ability to interpret and produce technical drawings with greater accuracy
and confidence. The technology provides a more intuitive understanding of the relationship between different
views in orthographic projections.

Moreover, students can convert their digital designs into physical models with 3D printing. This point enables
them to see and touch the object they have studied. This hands-on experience helps bridge the gap between
theoretical knowledge and practical application, making engineering drawing more relevant and engaging for
students.
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Merdeka Curriculum emphasizes student-centred learning, flexibility, and hands-on activities (Hunaepi &
Suharta, 2024; Rachman et al., 2024). Indonesia Ministry of Education developed the Merdeka Curriculum
in 2022 (Wisudawati & Barke, 2024). It encourages innovative teaching methods that move away from tra-
ditional rote learning. Schools and universities implement the curriculum through the ministry’s instruction.
In vocational education, the curriculum supports critical thinking, problem-solving, and creativity, essential
skills in the modern workforce.

Project-based learning (PBL) is a teaching approach that can be both realistic and motivational (Jeon et al.,
2014). Students are tasked with solving a real-world problem. For instance, students design a mechanical
object, create orthographic projections, and produce a 3D model. This process fosters critical thinking
as students are required to analyse mechanical components, interpret technical drawings, and solve spatial
problems throughout the design and prototyping stages. Moreover, in this context, project-based learning
encourages collaboration by allowing students to work in teams where they contribute different areas of
expertise. For example, one student may focus on 3D modelling, another on technical drawing, and another
on operating the 3D printer. This arrangement promotes peer learning and the exchange of knowledge. This
collaborative approach helps develop important soft skills, such as communication, teamwork, and problem-
solving (Andriyani & Anam, 2022).

This study proposes a lesson plan specifically designed to support teachers in delivering orthographic pro-
jection in engineering drawing. By integrating project based learning with modern technologies such as 3D
modelling and 3D printing, the plan aims to provide teachers with a practical and innovative instructional
tool to enhance student understanding and engagement.

METHODOLOGY

This study adopts a qualitative approach within a developmental research framework, aiming to design, vali-
date, and evaluate a lesson plan and instructional module for teaching orthographic projection in vocational
education (Grofmann & Kriiger, 2024; Pasani et al., 2021). The methodology was structured into four main
phases. The first phase involved conducting a needs analysis and identifying learning objectives based on
the Merdeka Curriculum and the specific instructional demands of engineering drawing. The lesson plan was
developed as a proposed teaching resource for vocational teachers to integrate technology into engineering
drawing instruction. Through a project-based learning framework, the design incorporates 3D modelling
and 3D printing activities to guide teachers in supporting students’ spatial reasoning, practical skills, and
conceptual understanding of orthographic projection.

In the second phase, a project-based instructional module was designed and developed, incorporating 3D
modelling and 3D printing to support students’ spatial reasoning and active learning. The instructional
design was grounded in constructivist learning theory and supported by a self-regulated learning approach.
The third phase focused on the expert validation of the developed materials, which is central to the qualitative
nature of this study. Four subject-matter experts (Table 1) were selected as validators: two vocational high
school (VHS) teachers specializing in mechanical engineering and two university lecturers in engineering and
technology education.

Table 1: Demographic of Experts

WORK AREA
EXPERT ID ROLE GENDER | AGE EXPERIENCE EXPERTISE INSTITUTION

Vocational Mechanical Engineering Vocational

Bl Teacher Male 42 18 Education High School
Vocational Engineering Drawing Vocational

E2 Teacher Female 39 15 High School
University Engineering Education . .

E3 Lecturer Male 47 20 and Technology University

E4 University Female a4 17 University

Lecturer
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Table 2: Item of expert lesson plan evaluation

INITIAL | STATEMENTS ASPECTS
S1 This module accurately teaches the principles of or-
thographic projection Content
S2 3D modelling tasks are relevant for understanding
the projection of mechanical objects
S3 3D printing activities are suitable for visualising me-
chanical components in real-world applications
S4 The project-based learning (PBL) approach en-
hances students’ understanding of orthographic pro- Pedagogical soundness
jection
S5 This module encourages critical thinking and
problem-solving skills through its activities
S6 The step-by-step instructions in the lesson plan are
clear and easy for vocational school students to fol-
low.
ST This module is in line with the Merdeka Curricu-
lum’s emphasis on student-centred learning Alignment with the Merdeka Curriculum
S8 This module supports the development of student

independence and creativity as required by the
Merdeka Curriculum

S9 The project-based approach is effectively integrated
into the Merdeka Curriculum framework
S10 The resources required to implement the module
(e.g., 3D printer, modelling software) are available Practical Applicability
to most vocational secondary schools.
S11 The level of difficulty in the 3D modelling tasks is
appropriate for vocational secondary school students.
S12 The time allocation for completing the activities in
this module is sufficient.
S13 The 3D modelling and printing activities in this mod-

ule will increase student engagement in technical Student Engagement and Motivation

drawing lessons.
S14 Project-based tasks will motivate students to take an
active role in learning.

Data were collected through a validation questionnaire that included both closed-ended and open-ended items.
Closed-ended questions used a five-point Likert scale to assess five key aspects of the lesson plan: content
accuracy, pedagogical soundness, alignment with the Merdeka Curriculum, practical applicability, and student
engagement. A robust lesson-plan evaluation commonly considers five interlinked aspects as shown in Table 2.
Content quality and representation hinge on teachers’ pedagogical content knowledge, ensuring concepts are
selected and presented for learnability (Shulman, 1986). Pedagogical soundness reflects evidence-informed
design that blends content, pedagogy, and appropriate methods (McComas, 2014). Alignment with the
Merdeka Curriculum requires constructive alignment of outcomes, activities, and assessment alongside policy
expectations specific to Indonesia’s reforms (Hailikari et al., 2022; Wardani et al., 2023; Widianti et al.,
2024). Practical applicability is strengthened by authentic, problem/project-based tasks that foster transfer
and real-world performance (Hmelo-Silver, 2004). Student engagement and motivation are supported when
plans cultivate autonomy, competence, and relatedness and address behavioural, emotional, and cognitive
engagement (Fredricks et al., 2004; Ryan & Deci, 2000).

Meanwhile, the open-ended questions invited qualitative feedback, allowing the experts to elaborate on
strengths, weaknesses, and suggestions for improvement. The final phase involved revising the instructional
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module based on the experts’ feedback and conducting a qualitative analysis of the data. Quantitative
responses from the Likert-scale items were summarized using basic descriptive statistics to support interpre-
tation (Sarmento & Costa, 2017; Starbuck, 2023). This process ensured that the lesson plan was pedagogically
robust, contextually relevant, and practically applicable in vocational education settings.

RESULTS AND DISCUSSION

Needs analysis and identification of learning objectives

This process involves identifying the specific learning needs of students within the context of engineering
drawing. The analysis begins with understanding the current curriculum gaps and assessing student pro-
ficiency in basic engineering drawing concepts. Based on the needs analysis, clear learning objectives are
established to guide the lesson development. These objectives will ensure that students gain technical skills
in creating orthographic projections and develop critical thinking and problem-solving abilities by engaging
in project-based learning. The learning objectives include: (1) Understand the concept of orthographic pro-
jection drawing, (2) Create a 3D design of a mechanical object model using Shapr3D software, (3) Provide
a 3D model that is ready to be printed using a 3D printing machine, and (4) Drawing orthographic projection
based on the 3D model that has been printed. These objectives will provide a clear roadmap for the lesson
content, ensuring students gain practical experience while aligning with the broader goals of the curriculum.

Design and Development of Lesson Plans

The lesson plan will be structured to integrate theoretical knowledge and practical applications (see Figure 1).
The lesson plans are designed with project-based learning, where students choose one of the parts of the
mechanic or automotive spare parts for 3D modelling, print the model, and draw the projection views. The
lessons were divided into four meetings: understanding the concept of orthographic projection, designing
a mechanical object model using shapr3D, printing the model, and providing orthographic projection.

Understand the concept of orthographic lJ

projection drawing | 1stS
|

Create a 3D design of a mechanical object |
model using Shapr3D software | e |
1

Learning Objectives ’—

Provide a 3D model that is ready to be printed |
using a 3D printing machine [ 3rd Sessi |
|

Drawing orthographic projection based on the |

3D model that has been printed [ 4th Session |
|

Figure 1: Project-based learning sequence to support orthographic projection in engineering drawing.
Expert Validation of the Lesson Plan

In this step, the expert validated the lesson plan, including gathering feedback on the quality, relevance, and
effectiveness of the lesson plan in meeting the learning objectives. Experts assess the content, pedagogical
soundness, alignment with the Merdeka Curriculum, practical applicability, and student engagement. The
gathered feedback allows for refinement of the lesson plan and ensures it is suitable for effective teaching.
Figure 2 shows the result of expert validation on content, pedagogical soundness, alignment with the Merdeka
Curriculum, practical applicability, and student engagement and motivation.

The findings reveal consistently high ratings across all aspects, suggesting strong performance in each cate-
gory. Content, pedagogical soundness, and alignment with the Merdeka Curriculum show particularly robust
ratings. This indicates well-structured materials and adherence to curriculum guidelines. Practical applica-
bility and student engagement also score favourably, reflecting the material’s relevance to real-world contexts
and its ability to motivate learners. The results underscore a well-rounded and practical approach to school
curriculum implementation.
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Student Engagement and Motivation
Practical Applicability

Alignment with the Merdeka Curriculum
Pedagogical Soundness

Content

0,00 050 1,00 1,50 2,00 250 3,00 3,550 4,00 4,50 5,00

Figure 2: Expert rating of the lesson plan.

Revisions Based on Feedback

This feedback is important to ensuring the lesson plan is comprehensive and ready for implementation. The
experts have provided several valuable suggestions that have been incorporated into the revised version of
the lesson plan. The revisions focus on improving the content, aligning it more closely with educational goals,
and ensuring that the lesson plan is practical and engaging for students.

The lesson plan was revised to include the steps for operating the 3D printer in response to expert feedback.
The expert 1 said, “We must ensure that students understand the process of preparing their models for 3D
printing”. This will enhance the practical applicability of the lesson in the 3rd session. The concept of first
quadrant and third quadrant projection will be introduced in the 3D model design activity. Moreover, Expert
2 stated, “The module should provide clear steps for operating the 3D printing machine so that students can
understand the process of preparing and producing their models.” Based on feedback from Expert 2, the
module was revised to include explicit steps for operating the 3D printing machine, ensuring that students
clearly understand the process of preparing and producing their models.

Furthermore, based on the feedback suggesting that students should choose their mechanical object models,
the revised lesson plan incorporates flexibility, allowing students to select a model of interest for the 3D
printing project. Lastly, the feedback highlighted that the structured guidelines facilitate teaching in a project-
based learning environment. This element is emphasized to ensure students remain proactive and engaged
throughout the learning process. These revisions strengthen the lesson plan’s ability to meet its learning
objectives and provide a more enriching experience for students and instructors.

Discussion

Lesson planning plays a crucial role in structuring teaching practices and ensuring that instructional goals
are met. Farhang et al. (2023) emphasize that a well-designed lesson plan provides clarity for both edu-
cators and students, supporting the delivery of targeted and meaningful learning experiences. The design
and development of the lesson plan in this study are aligned with contemporary educational goals that pri-
oritize hands-on engagement, learner autonomy, and practical relevance to real-world engineering contexts.
The integration of 3D modelling and printing technologies serves as a pedagogical tool to facilitate spatial
understanding and prepare students for technological developments in engineering practice.

Expert validation highlighted high ratings in the dimensions of pedagogical soundness and content accuracy,
suggesting that the module supports student participation and promotes critical thinking. These findings
are consistent with prior studies showing that project-based instructional approaches encourage active in-
volvement and higher-order cognitive skills (Fadhil et al., 2021; Yu, 2024). The emphasis on student-centred
activities is particularly important in vocational education, where learners benefit from tasks that simulate
professional practices.

Nonetheless, the dimension of practical applicability revealed implementation challenges. Experts noted
that constraints such as class time, access to 3D printing equipment, and limited instructional support may
hinder adoption in typical school environments. These concerns are consistent with previous literature that
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highlights logistical barriers in integrating emerging technologies into vocational and secondary education
(Iversen et al., 2015; Malik et al., 2013; Richard et al., 2023). To address this, the lesson plan should include
operational guidance on 3D printing equipment, simplified design workflows, and contextual adaptations for
schools with limited infrastructure.

Expanding the lesson content by incorporating both first-angle and third-angle projection systems could
enrich students’ understanding of orthographic drawing standards. Such inclusion allows learners to explore
multiple representational methods used in global engineering practices, enhancing their technical literacy and
awareness of industry conventions (Murthy et al., 2015; Yuhenita et al., 2021). This adjustment aligns well
with the goal of deepening student competencies in engineering graphics.

Moreover, expert feedback emphasized the importance of giving students choice within the project-based
framework, such as selecting their own mechanical models for 3D printing. This recommendation supports
findings by Yu (2024), who notes that student autonomy in task selection fosters motivation, creativity, and
problem-solving skills. Allowing learners to model and print real-world objects based on personal interest
can also cultivate ownership and investment in the learning process. Structured guidance remains essen-
tial to maintain instructional coherence, but the integration of flexible project components offers room for
differentiation and innovation.

The expert feedback supports the module’s alignment with current pedagogical and curriculum goals in
vocational education. Although the module demonstrates potential for promoting deeper learning and real-
world skill development, revisions are necessary to address classroom constraints. Incorporating additional
technical supports, expanding projection techniques, and integrating opportunities for student choice can
strengthen its relevance and usability in diverse educational contexts.

CONCLUSION

By combining project-based learning with 3D printing and mechanical object modelling, the Orthographic
Projection lesson plan can improve vocational education. The expert validation results show that the lesson
plan is pedagogically sound and connected with the Merdeka Curriculum, making it suitable for vocational
high schools. Students learn modern engineering skills using 3D modelling software and 3D printing technol-
ogy to bridge the gap between theory and practice. The lesson plan’s engagement and application have been
praised and deepen engineering drawing knowledge. This modernized engineering drawing style meets indus-
trial needs and prepares students for engineering jobs. This research therefore presents a proposed lesson
plan that teachers can adopt to strengthen the teaching of orthographic projection in engineering drawing.
By embedding project-based learning with 3D modeling and 3D printing, the plan equips educators with a
structured yet flexible approach that connects theory with practice, supports the Merdeka Curriculum, and
prepares students for future technological and industrial demands.
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Chemical Experiments in Preschool: Observation Children’s
Manual Skills and Their Interest in STEM

Jana Prdsilovd, Kamila PetrZelova

Abstract

This preliminary study explores the integration of chemical experiments into a kindergarten environment,
focusing on children’s manual skills and their ability to self-evaluate their work. During several experiments,
children practised basic chemical operations, including mixing, measuring liquids, and weighing solids. Their
skills were observed as they worked with tools such as measuring cylinders, beakers, spoons, and scales.
Self-reflection was encouraged by inviting the children to evaluate their own performance. Discussions and
questionnaires revealed a lively interest among the children in understanding how different substances are
created and the processes behind everyday phenomena. This approach not only enhanced their scientific
literacy but also fostered curiosity and excitement about science, laying a foundation for future learning in
STEM fields.

Keywords

Preschool; STEM; chemical experiments; manual skills

INTRODUCTION

A growing body of international research highlights the importance of fostering interest in science, technology,
engineering, and mathematics (STEM) from the earliest stages of education. Positive experiences with STEM
in childhood can influence later academic choices, professional aspirations, and the development of critical
thinking and problem-solving skills (Spektor-Levy et al., 2013). Preschool education, in particular, plays
a crucial role in establishing the foundations for later STEM engagement, as young children are naturally
curious, eager to explore, and responsive to discovery-based learning (Fleer & Veresov, 2019).

The Czech Republic, like many other countries, faces challenges related to declining interest in technical
disciplines. Although 304,500 individuals were enrolled in tertiary education in 2022, only 58,699 students
graduated—a 38% decrease compared to the 2012 peak (Czech Statistical Office, n.d.; OECD, 2023). Enrol-
ment in technical fields has declined significantly, now falling behind traditionally less technical disciplines
such as education and healthcare. Furthermore, only 26.67 % of Czech adults aged 25-64 hold a univer-
sity degree, compared to the EU average of 37.67 % (OECD, 2023; Prague Monitor, 2023). These figures
underscore the need to support early interest in STEM to ensure future innovation capacity and workforce
readiness.

One promising approach to addressing this issue is the integration of STEM-related activities—especially
simple chemistry experiments—into early childhood education. Such activities help develop children’s scien-
tific thinking, manual dexterity, and communication skills, while also encouraging curiosity and collaborative
learning (Abdo & Carulla, 2020; Sundberg & Ottander, 2020). By offering engaging science experiences early
on, educators can support a deeper and more lasting connection to STEM fields.

This study explores how preschool children interact with chemistry experiments and how these activities
contribute to their manual skill development and understanding of basic STEM concepts. By observing chil-
dren’s behaviour and engagement during experimental activities, we aim to contribute to current knowledge
on how early science education can help build long-term interest in technical fields.

EXPERIMENTS IN PRESCHOOL AGE

Chemistry experiments in preschool education are gaining attention as an effective tool for promoting curiosity,
critical thinking, and collaboration among young learners. Preschool children have a natural tendency to
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explore and ask questions, and when guided appropriately, simple scientific activities can channel this curiosity
into meaningful learning experiences (Fleer & Veresov, 2019; Garcia-Rodeja, 2021).

One of the core pedagogical approaches in early science education is intersubjectivity—the creation of shared
meaning between teacher and child. Fleer and Veresov (2019) emphasize that this shared understanding is
essential for helping children grasp abstract scientific concepts by connecting them to everyday experiences.
For instance, basic chemistry concepts like mixing substances or observing changes in matter become more
accessible when children can relate them to familiar sensory experiences.

Play-based learning has been shown to be especially effective in developing chemical thinking. Activities
designed to move from the macroscopic to the microscopic level—such as exploring the idea of “smallness”—
enable children to construct early models of scientific understanding (Abdo & Carulla, 2019, 2020; Sundberg
& Ottander, 2020). The teacher’s role is critical in scaffolding these activities, offering both support and
challenge within the child’s zone of proximal development.

Simple chemistry experiments—Ilike mixing baking soda and vinegar, observing a burning candle, or growing
salt crystals—encourage children to make predictions, observe outcomes, and reflect on cause and effect
(Abdo & Carulla, 2020; Sesto & Garcia-Rodeja, 2021). These experiences foster not only scientific thinking
but also social interaction, as children collaborate, share observations, and solve problems together.

Emotional and social dimensions are deeply intertwined with learning outcomes. Research shows that children
develop a positive attitude toward science when their curiosity is supported in a safe and engaging environment
(Fleer & Veresov, 2019). Teachers’ own perspectives on science and their ability to nurture scientific curiosity
greatly influence the effectiveness of these early experiences (Spektor-Levy, Baruch, & Mevarech, 2013).
Collaborative experimental activities further contribute to the development of communication skills and
build a sense of community within the classroom.

These findings underscore the value of chemistry experiments as a foundation for later STEM learning. By
integrating such activities into preschool settings, educators can provide children with not only knowledge,
but also the confidence and enthusiasm needed to pursue scientific inquiry in the long term.

Research Objective and Questions

The primary aim of this exploratory study was to observe and describe the manual skills and engagement of
preschool children during simple chemistry experiments. Specifically, the study focused on whether children
could carry out basic operations such as mixing, dissolving, measuring liquids, and weighing. In addition, we
explored their ability to follow the steps of an experiment, their reactions to the outcomes, and their capacity
for self-assessment. The study also sought to understand the kinds of chemical phenomena that naturally
capture their curiosity.

Based on this aim, we formulated the following research questions:

1. Are preschool children able to perform basic chemical operations such as mixing, dissolving, and mea-
suring?

2. Can preschool children follow the steps of simple experiments, and how do they demonstrate engagement
during these activities?

3. Which types of chemical phenomena attract the attention and curiosity of preschool children?

In line with the concept of engagement defined by Fredricks et al. (2004), we considered behavioral indicators
such as sustained attention, active participation, and verbal or non-verbal expressions of interest during the
experiments.

Findings from this study are intended to inform the development of future STEM-oriented programs in
early childhood education, with a focus on supporting both cognitive and manual skill development through
age-appropriate scientific exploration.

72



Sample Characteristics

The study was conducted in four kindergartens with a science-oriented curriculum. These institutions regu-
larly integrate guided activities such as gardening, animal care, forestry education, and basic science experi-
ments (e.g., water-based activities, weather observation). A total of 69 children participated in the study, of
whom 62 % were girls and 38 % boys. In terms of age, 68 % of the children were six years old, 22 % were
five, 7 % were seven, and two children were four years old.

Data Collection and Analysis

Data were collected through unstructured observation during science sessions. To ensure that each child had
sufficient space and time for individual engagement, the class was divided into two smaller groups. This
division was made purely for practical reasons—to create smaller, more manageable settings that allowed
for closer observation of manual skills and engagement patterns. One group conducted the child-led experi-
ments, while the other observed demonstration experiments. The groups then switched roles to ensure equal
exposure.

Each session included three to four child-led experiments alongside one or two demonstration experiments
facilitated by the educator. Observations focused on children’s ability to handle materials, follow procedures,
interact with peers, and respond to outcomes.

In addition to observations, we used a picture-based questionnaire to capture children’s perspectives. Children
were asked to draw their responses to a final open-ended question about what they found most interesting.
Teachers assisted with labelling when necessary. These visual responses were analysed qualitatively to identify
recurring themes in children’s interests and questions

PREPARATION OF THE PROGRAMME

To test children’s manual skills and engagement with chemical operations, we selected a series of simple,
visually appealing experiments. The main criteria for selection included safety, familiarity of substances, and
accessibility of the procedures. All experiments used materials commonly found at home, helping children
relate the tasks to their everyday experiences. Alongside the children’s hands-on activities, we included
demonstration experiments conducted by the teacher (Tab 1). These were chosen for their strong visual
impact and ability to spark interest and curiosity about chemical processes that would be too complex or
unsafe for direct manipulation by children. Demonstration experiments served multiple purposes:

e They introduced scientific phenomena that complemented the child-led activities.

o They captured attention through visual or dramatic reactions (e.g., colour changes, gas formation, flame
tests).

e They acted as motivational stimuli, encouraging children to ask questions and make predictions.

e They allowed for guided discussion and helped children form connections between observed effects and
everyday materials.

Table 1: A selection of experiments for children and demonstration experiments

Experiments for Children Demonstration Experiments
Lava lamp Elephant toothpaste

Paper chromatography of coloured markers Metal ion flame test
Non-Newtonian fluid Burning gel

Crystals of salt Blue bottle experiment

Sugar rainbow Golden rain

Ghost glove
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Instructions for the children’s experiments were carefully prepared to be clear, engaging, and visually intuitive.
Each experiment was broken down into simple, illustrated steps with hand-drawn images to help children

recognize tools and materials. This approach supported independent participation and reflected familiar
elements from home. Examples of these instructions are shown in Figure 1.

Paper chromatography of Non-Newtonian fluid
A coloured markers
How to do it?
6: 10x
é H—*| = I M
—— ) i
= s !-"ﬁ‘ ” %
FILTER PAPER COLOURED
JAM-JAR WATER i :J[:]A;'-(I;:_Noilﬁlgl;
PEGS 1 5 5 i

Figure 1: Example of processing instructions for an experiment: Paper chromatography of coloured markers
(left) and non-Newtonian fluid (right).

To gather feedback, a picture questionnaire with clearly defined items was prepared for the children. The
children were asked to draw their answer to the final question and, with the help of the teacher, add a label
if necessary. A concrete example of the questionnaire is shown in Figure 2.

fure you boy or girl? &

oL

How old are you? Cobowr the number of dots.

How was your work?

| \
OB 0BG BB

Would you like to know how some things around you are made or
how thay work? Draw what you would like to know.

i ¢ @ [

Figure 2: Questionnaire for children.

IMPLEMENTATION OF THE PROGRAMME

During implementation, we observed the manual dexterity of the children as they performed the selected
experiments. These activities provided an excellent opportunity for developing fine motor skills such as
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pipetting, pouring, and stirring. Tasks like measuring vinegar, weighing salt, or gently mixing solutions
required hand—eye coordination, attention to precision, and the ability to follow sequential steps (Figure 3).

Figure 3: Children measure the vinegar solution.

Dramatic demonstration experiments, such as “elephant toothpaste” or ”golden rain”, were conducted in
between the children’s own activities. These acted as stimuli for group discussion, allowing children to make
predictions, share interpretations, and ask questions, thus deepening their cognitive engagement with the
scientific content. Although the children did not perform these experiments themselves, their observational
reactions and comments were included in the field notes.

At the end of the program, we reviewed all activities with the children, invited them to reflect on what they
had experienced, and completed the questionnaire (Figure 4).

DISCUSSION

This study aimed to explore how preschool children engage with basic chemistry experiments, focusing on
their manual skills, procedural engagement, and interest in scientific phenomena. Below we discuss our
findings in relation to the research questions and relevant literature.

RQ1: Are preschool children able to perform basic chemical operations such as mixing, dis-
solving, and measuring?

Children in the study were generally able to carry out basic operations with a high level of independence.
They mixed solutions, stirred substances, and handled small tools such as pipettes and measuring spoons.
The most frequent difficulty was precision in measuring liquids, where several children exceeded the intended
volume. This aligns with findings by Abdo & Carulla (2020) and Sundberg & Ottander (2020), who also noted
that while preschool children can manipulate laboratory tools, they benefit from visual cues and scaffolding
when precision is needed.

Fine motor skill development at this age is still in progress, yet our findings confirm that children are
developmentally capable of engaging in simple chemistry tasks—especially when instructions are presented
visually and the environment is well-structured. These observations are supported by Sesto & Garcia-Rodeja

75



BE REN(KA e

Jsi holka nebo kluk? » ’

Kolik je Ti roki? Vybarvi potet tefek o000 %00

Jak se Ti dafila price na jednotlivich pokusech?

CYele) éct>6©®

w8 i

doo oo 006

Chtél by ses dozvédét, jak se vyribi nebo jak funguji nékteré véci
kojemJebe? Namaluj, co by Té zajimalo

By L i

t

Figure 4: Example of a completed questionnaire.

(2021), who demonstrated that young children’s conceptual engagement increases when they can physically
interact with the phenomenon being studied.

RQ2: Can preschool children follow experimental procedures, and how do they demonstrate
engagement during these activities?

Children were able to follow the experiment instructions step by step, with only occasional reminders from
teachers. Their engagement was high at the beginning of the program and gradually declined after the third
experiment. This drop in attention span suggests a natural limit to the number of sequential tasks suitable
in one session, which is in line with Fredricks et al. (2004) who distinguish between behavioural, emotional,
and cognitive engagement.

We observed:
o Behavioural engagement through attentive participation, turn-taking, and task completion.
o Emotional engagement via expressions of joy, excitement, or surprise during experiments.

o Cognitive engagement when children asked spontaneous questions or predicted outcomes ("Will it
explode?”; ”Is it going to change colour?”).

Children reacted more actively during their own experiments compared to the demonstration ones, though
demonstrations prompted reflective thinking and group discussion. For example, the “golden rain” and
“elephant toothpaste” experiments triggered amazement and speculative questions (“Can we make this at
home?”).
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RQ3: Which types of chemical phenomena attract the attention and curiosity of preschool
children?

Responses in the picture-based questionnaires revealed interest in both familiar and unfamiliar phenomena.
The most frequently mentioned items were everyday substances like sugar and soap, but many children also
drew or labelled ice cream, rainbows, robots, chewing gum, and fighter planes.

An overview of the children’s spontaneous interests, as captured through the picture-based questionnaires, is
presented in Table 2.

Table 2: How is it made...? and How does it work...7: Selected results of a pre-survey with children

How is it made...? | Count | How does it work...? | Count
Sugar 35 Battery 41
Soap 31 Robot 7
Bread 21 Fighter plane / Rocket 3
Ice-cream 7 Blender 3
Rainbow 6

Chewing gum 4

Sweets 4

FUTURE RECOMMENDATIONS

This study confirmed that preschool children, when provided with visual guidance and appropriate support,
can successfully engage in basic chemistry experiments. Most children demonstrated the ability to perform
operations such as pouring, mixing, and dissolving. However, tasks requiring greater precision—such as
pipetting small volumes or measuring exact amounts—proved more challenging for some participants.

These observations are consistent with Abdo and Carulla (2020), who noted that preschool children can
conduct simple science tasks when procedures are adapted to their motor development level. Similarly, Sund-
berg and Ottander (2020) emphasized the need for task design that matches children’s physical coordination,
suggesting that scaffolded, repetitive practice enhances both skill and confidence. Our findings support these
conclusions: fine motor skills in preschoolers are sufficient for experimental learning, but precise tasks require
continued modelling and visual supports.

In terms of scientific curiosity, the children’s responses revealed interest in how common items are made or
how they function. This reflects the natural inclination of young children to explore real-world phenomena
through observation and hands-on exploration (Fleer & Veresov, 2019). The link between early exposure
to scientific inquiry and long-term interest in STEM subjects has been well-documented (Spektor-Levy et
al., 2013; Garcia-Rodeja, 2021). Based on our results, we propose the following recommendations for future
research and practice:

1. Structured Observation Tools for Dexterity and Engagement

To systematically assess children’s performance, future programs should incorporate structured observation
sheets including;:

o Fine motor indicators (e.g., stability of grip, accuracy of pouring),
o Attention markers (duration of focus, off-task behaviour),

o Verbal interaction (asking questions, explaining steps),

« Emotional responses (excitement, frustration, joy).

A useful framework can be adapted from Fredricks et al. (2004), who outline behavioural, emotional, and
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cognitive dimensions of engagement. Additionally, Fleer and Veresov (2019) advocate using ethnographic-
style observations to capture intersubjective moments between teachers and children during science activities.

2. Expanding Experiment Topics Based on Children’s Interests

Our data show that children are especially curious about food-related processes, colourful transformations,
and technological objects. By aligning experiments with these themes, we increase personal relevance and
cognitive investment. Examples of potential experiments include:

Food science:
e "How is chewing gum made?” — Making edible gels from gelatine and flavourings
e "How is ice cream made?” — Simple freezing experiments using salt and ice
Colour and light:
e "How is a rainbow formed?” — Light refraction through water droplets and prisms
e "How does colour change?” — Acid—base indicators with red cabbage juice
Basic mechanics and circuits:
e "How does a blender work?” — Building paper propellers or balloon-powered spinners
e "How do robots work?” — Simple LED circuits with batteries and copper tape

Choosing topics that reflect children’s spontaneous interests helps establish intrinsic motivation and supports
long-term knowledge retention (Spektor-Levy et al., 2013; Sundberg & Ottander, 2020).

3. Methodological Enhancements for Engagement Monitoring
e To gain deeper insight into how children engage with science activities, we suggest:
o Video documentation (with parental consent), allowing detailed coding of behaviours post-session,

e Teacher logbooks for real-time notation of verbalizations, questions, emotional shifts, and social inter-
actions,

o Pictorial self-reflection tools, where children choose or draw images to express what they liked or learned,
o Mini interviews using puppets or toys to facilitate communication with shy or younger children.

These methods reflect current best practices in early childhood science research, as described by Sesto &
Garcia-Rodeja (2021) and Abdo & Carulla (2020), who emphasize the value of child-centred feedback and
multimodal documentation.

CONCLUSION

This preliminary study highlights the importance of integrating chemical experiments into early childhood
education to foster curiosity and develop manual skills. By engaging preschool children in basic chemical
operations, we observed not only their ability to perform tasks like measuring, mixing, and weighing, but
also their critical thinking and self-assessment skills. The results indicate that young children are naturally
curious about the world around them, with particular interest in understanding everyday phenomena, such
as how common objects are made or how they function. These findings underline the potential of hands-on,
inquiry-based learning experiences in cultivating scientific literacy and sparking long-term interest in STEM
fields.
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The children’s enthusiasm and ability to engage with the experiments suggest that incorporating such activi-
ties into early education programs could help address the growing skills gap in technical sectors. Moreover, by
tapping into their natural curiosity, we can lay the foundation for future learning in science and technology,
encouraging future generations to pursue careers in these fields. Moving forward, it is essential to continue
designing STEM-focused programs that are not only educational but also aligned with children’s interests,
thereby ensuring that they remain engaged and motivated in their learning journey.
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Observational Skills Test: Construction and piloting of a scale
aimed at the differentiation of organisms

Filip Haspl, Karel Vojir

Abstract

The development of scientific skills is an essential part of science literacy for all students. In biology, visual
scientific observation is essential. It is used to study specific features as well as species identification. However,
there is a lack of didactic tools targeting this skill. In the process of developing the Observational Skills Test,
the intention was to create a set of tasks targeting the differentiation of organisms. A set of 36 tasks was
developed. The tasks are designed to be easy to administer and evaluate and not time intensive. These tasks
cover various groups, including fauna, flora and microcosms. The tasks have been content validated and
piloted.
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Scientific skills; scientific observation; task development; lower secondary school; biology education

INTRODUCTION

Scientific observation is a cornerstone of scientific inquiry, forming a foundational step in data collection and
engagement with the natural world (Klemm et al., 2020; Stoskopf, 2005). It underpins the scientific method
as the basis for acquiring evidence-based information and fostering a systematic understanding of natural
phenomena (Yurumezoglu & Oztas Cin, 2019). Beyond its applications in professional, scientific contexts,
scientific observation plays a critical role in everyday life, enabling individuals to obtain, process, and evaluate
information about their surroundings (Eberbach & Crowley, 2009). While everyday observation tends to be
informal and focuses on superficial details, scientific observation is characterised by precision, structure, and
a focus on specific, relevant phenomena (Remmen & Frgyland, 2019). This distinction underscores the
complexity of scientific observation, which demands selectivity, the ability to concentrate on critical details,
and the formulation of questions that deepen understanding and enhance the value of observations (see
Eberbach & Crowley, 2009; Remmen & Frgyland, 2019).

In the field of biology, the scientific observation is particularly important. For example, species identification
relies on the ability to visually differentiate morphologically specific individuals, observe them closely and
view their specific traits accurately. This skill is indispensable for professional biologists and students alike,
as it facilitates a deeper understanding of the living world (Gaskins & Paradise, 2010). Species identification
challenges students to engage critically with biological characteristics, moving beyond superficial recognition
to achieve true species identification. Without these observational skills, students may notice biological
phenomena but fail to derive substantive understanding from them (Klemm et al., 2020).

Tasks on differentiation of various biological objects can provide a unique opportunity to nurture the pre-
cision, curiosity, and critical thinking that are integral to scientific observation. These skills, which are
fundamental to biology and other scientific disciplines, contribute to the holistic development of scientific
literacy (see AAAS, 1993). By cultivating these competencies, educators can promote a deeper engagement
with the natural world and foster the intellectual rigour necessary for scientific inquiry (Eberbach & Crowley,
2009; Chalmers, 2013; Yurumezoglu & Oztas Cin, 2019). Despite its pivotal role in biology education, the
systematic development of scientific observation skills is often neglected in teaching practice (Agustiani et
al., 2020). To effectively address this shortfall, it is essential to evaluate students’ current proficiency levels
in this skill. There is also a need to be able to evaluate the effect of biology teaching, including science
observation, e.g. in the context of outdoor learning (e.g. Cihdkova, 2021) or lab activities (e.g. Nejedly &
Vojit, 2024). However, there is currently a problem with the availability of tools designed to assess students’
ability to observe biological objects in a structured, systematic, and meaningful way.

For the reasons mentioned, the Observational Skills Test focused on observing morphological features in
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organisms from the realms of fauna, flora, and the microscopic world is being developed (see Haspl & Vojir,
2024). In biology, morphological features serve as distinguishing characteristics that define different species.
We follow a systematic approach based on individual morphological traits in practical applications, such as
when working with identification keys. In the simulation of this process, the first part of the test was developed
to recognise specific described organism traits such as colour, shape, or pattern based on observation. However,
other phases of observation are also essential in the identification of species of organisms and their study.
These include the differentiation of morphologically distinct species without targeting one assigned trait.
Therefore, for a broader understanding of students’ scientific observation skills in biology, it seems necessary
to extend the test with additional scales.

The research aims and questions

The Observational Skills Test so far includes only tasks aimed at identifying the described morphological traits
(see Haspl & Vojit, 2024). However, species identification also requires more advanced skills that involve not
only recognising and analysing specific morphological traits but also the ability to differentiate multiple
organisms based on an unspecified complex set of characters. This highlights the need for progression of test
to address these more complex cognitive tasks, bridging the gap between isolated morphological observations
and holistic species identification.

For this reason, we aimed to extend the Observational Skills Test by including a scale focused on differentiating
morphologically distinct organisms and validate and pilot test the newly created part. This effort was guided
by the following research questions:

1. How do students solve the organism differentiation part of the Observational Skills Test in a real lower
secondary school setting?

2. What is the reliability of the organism differentiation part of the Observational Skills Test?

METHODOLOGY

To achieve the stated aims, a set of tasks for Observational Skills Test focused on the differentiation of
various biological organisms via observation was developed and validated by experts in didactics and biology.
Subsequently, the tasks underwent pilot testing. The data obtained from the pilot test were qualitatively
analysed to address the research questions.

Tasks development and validation

The tasks were designed to evaluate students’ ability to differentiate various organisms via observation. How-
ever, it was not relevant for students to know what species it was, only to recognize its distinctiveness based
on external morphological traits. The primary focus of the test was on scientific observational skills, with
deliberate efforts made to minimise the influence of extraneous cognitive factors, such as prior knowledge of
particular species or specialised terminology. The steps of developing a task set are summarised in Figure 1.

In the first step, the structure of the tasks and the framework of their content were designed. The set
consists of 36 tasks, all following a consistent structure. Students are required to select the number of
organisms differing in external traits visible in a given set of photographs. Each task is accompanied by six
photographs of organisms. The number of species presented in the photos is 1 to 6. Morphologically close
but clearly distinguishable species were selected. Species from the same taxonomic order but different genera
were chosen. This ensured that the organisms appeared visually similar yet differentiable due to differences
in a complex of many different traits. To ensure the variability of the species observed, an even distribution
of tasks with macroscopic animals (6 invertebrates, 6 vertebrates), macroscopic plants (6 gymnosperms, 6
angiosperms) and microscopic organisms (6 unicellular, 6 multicellular) was set. After the structure of the
task set was designed, it underwent an evaluation and refinement process to ensure its validity, usability,
and effectiveness. The initial test structure was presented to six experts specialising in biology and science
education, including two international experts. Their comments, for example about clarity of task instruction,
layout of the tasks and selected organisms were implemented into the structure of the tasks and the test.
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* Designing the task set structure and specifications.

 Validation of the task set structure by panel of experts (n = 6)

e Construction of tasks.

 Preliminary testing of test tasks.

 Validation of test tasks by panel of experts (n = 10).

® Tasks modification.
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Figure 1: Process of Tasks Development.

The tasks were constructed consequently. To ensure fairness, accuracy, and the representativeness of the
tasks, the following principles guided the selection of organisms in the photographs:

o Exclusion of familiar species: Species native to the Czech Republic and species included in secondary
school biology textbooks were excluded, as these may have been familiar to students through personal
experiences or schooling.

¢ Inclusion of European species: To minimise reliance on prior knowledge while maintaining ecological
relevance, species occurring in Europe were chosen. These species resemble local organisms but are less
likely to be known by students.

e Variability of species presented: In each task, different species are presented in order to cover a wide
range of different traits for observation.

e Use of natural habitat photographs: Only photographs of living organisms in their natural habitats
were included to simulate realistic observational scenarios. Images of herbarium specimens or taxidermy
were avoided to ensure authenticity and align with real-world observation techniques, such as direct
observation, binoculars, or microscopy.

o High-Quality Visuals: Only photographs of sufficient quality, with accurate colour representation and
precise morphological details, were included to limit any technical bias stemming from poor image
quality.

The tasks underwent preliminary testing to evaluate its initial effectiveness and identify areas for improvement.
Ambiguous or poorly performing items were reworded or replaced with clearer and more effective alternatives.

Following, the created tasks were content validated by a panel of experts (N = 10). Experts with PhDs in sci-
ence education, zoology, botany and microbiology were represented, as well as biology teachers from practice.
Two foreign experts were also represented to enable wider applicability of the test. The experts reviewed key
aspects of the test tasks: 1) The selection of taxonomic orders and species of organisms. 2) The relevance
and clarity of the morphological traits. 3) Representativeness of photographs. 4) The appropriateness of
the test’s design for secondary school students in terms of complexity, cognitive demand, time consumption
and alignment with educational standards. Based on expert feedback, the tasks were modified i.e. some
tasks were reworked with different more suitable organisms or photos were changed for more appropriate
morphological traits observability.

Piloting a task set

The task set was pilot tested. The research involved a sample of 95 Czech lower secondary school students
aged up to 15 years drawn from five different classes taught by two separate teachers. The sample was
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selected to align with the target group for the tasks explicitly designed for lower secondary education. All
students attended a public school and followed the standard curriculum. Prior to participation, students were
informed about the purpose of the study and provided their consent. Anonymity was ensured throughout
the research, and all data were handled with strict confidentiality.

Students solved a task set individually in an electronic environment via Microsoft forms using desktop com-
puters. Before solving, the students were informed about how to solve the test. Time was not limited in
any way. The solving took place in a classroom familiar to the students without unusual distractions. After
completion, group interviews were conducted with the students. It was determined whether they understood
the assignment and whether they encountered any problems with the test while solving it.

Data gathered from interviews with students, alongside records of time spent on tasks and student test
responses, were analysed descriptively and summarised. The analysis also included an evaluation of students’
test performance. Analysing score distributions assessed performance variability.

To assess the reliability, Cronbach’s alpha was computed to evaluate the overall consistency of the tasks.
This value was compared to established benchmarks in the academic literature to determine whether the
test and its subscales demonstrated acceptable levels of reliability. The Kruskal-Wallis test was employed to
explore variations in student performance across different tasks. Then, for effect size, the epsilon square was
computed.

RESULTS OF PILOT TESTING AND DISCUSSION

The pilot testing of the tasks set demonstrated its usability in school settings. Feedback from post-test
interviews indicated that students found the tasks comprehensible and the photographic materials readable.
However, some students reported challenges, such as difficulties in accurately counting similar organisms
and experiencing a high cognitive load during task completion. These issues highlight potential areas for
refinement, particularly in the cognitive demand and design of specific tasks. Teachers administering the test
did not encounter any technical difficulties with its computer-based implementation, affirming its logistical
feasibility. On average, students completed the test within 13 minutes and 4 seconds. This duration is short
enough to be easily integrated into a typical lesson while aligning with recommended limits for maintaining
student focus and engagement during individual tasks (cf. Bradbury, 2016). These findings suggest that the
test is well-suited for classroom use without disrupting the standard curriculum. The average success rate of
the students was 50 % (SD = .171), with individual performance ranging from 14 % to 78 % (see Figure 2).
The wide variation in scores indicates that the test effectively measures a broad spectrum of observational
skill levels.
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30%
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Figure 2: Students’ success in solving the tasks.

The internal consistency of the test was found to be good, with a Cronbach’s alpha coefficient of @ = .757
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(comp. Taber, 2018). It suggests that the test is reliable for assessing general observational skills connected
with organism differentiation. However, the Kruskal-Wallis test revealed a statistically significant difference
with a small effect on students’ performance based on the type of observed organisms (H = 10.527, p = 0.005,
€2 = 0.003)—botanical, zoological, or microbiological. Based on the post hoc analysis, it was found that
students performed significantly better when observing zoological objects compared to botanical (p = 0.038)
and microbiological (p = 0.001). This difference is in the case of plants with a small effect size (¢2 = 0.001)
and in the case of microorganisms with a moderate effect size (¢2 = 0.051). This trend may be attributed to
several factors. Children and adolescents often exhibit a natural curiosity toward animals, likely due to their
visibility and perceived relatability to humans (Prokop & Tunnicliffe, 2010). Additionally, recognising animal
species may be easier for students due to the distinctive morphological features of many animals, which are
often more noticeable than the features of plants or microorganisms. In contrast, plant species may require
closer observation of more subtle morphological details (Bebbington, 2005). Conversely, microorganisms
require specialised equipment like microscopes for observation. This limitation inherently reduces students’
exposure to microbiological organisms in everyday life and classroom settings. Furthermore, students may also
develop stronger emotional connections to animals, as they often relate to them through anthropomorphism,
pet ownership, or conservation narratives, fostering interest and familiarity (Myers Jr et al., 2004). Lastly,
cognitive and perceptual factors could also play a role. Humans are evolutionarily predisposed to quickly
recognise and differentiate between animals, as this ability likely offered survival advantages to early humans
in identifying predators, prey, or other significant species in prehistoric times (New et al., 2007).

We also have to mention that the effectiveness of the observational skills test is inherently constrained by the
selection of organisms and their associated groups. The specific items included in the test influence the scope
of morphological features that can be observed and compared. While the test allows for the evaluation of
student’s progress within its defined framework, it cannot comprehensively cover all possible morphological
traits across the immense diversity of biological groups and organisms. Selecting a representative subset
of organisms for a test introduces trade-offs between breadth and feasibility. Furthermore, the inclusion of
certain groups and the exclusion of others shapes the focus of the test and the development of students’ skills.
Another key limitation lies in the apparent non-uniformity of observational skills across different organism
groups. This suggests that the cognitive and perceptual demands of observation vary significantly between
groups, making direct comparisons of students’ skills across taxa as well as between species of the same taxon
differing in other traits challenging. Therefore, it seems desirable to extend the research also in the direction
of investigating specific procedures for differentiating various groups of organisms and identifying strategies
for tracking particular types of morphological traits.

CONCLUSION

Observational Skills Test was extended with a task set that is suitable for administration in school settings.
This newly expanded set of organism differentiation tasks allows us to follow another of the essential steps
in observing organisms, investigating them and identifying them. The tasks were content validated, and
the results of pilot testing indicate good reliability. Thus, it can be used for following research that could
serve to provide a deeper understanding of the development of observational skills in biology education. The
validated task construction methodology can also be used for the construction of other tasks. Thus, the test
can be modularly modified to monitor students’ observational skills in selected groups of organisms.

Partial results also suggest intrinsic differences in observational skills in conjunction with different biological
objects and traits. This reveals other knowledge gaps that could be addressed.
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Formation of Metal Dendrites During Electrolysis:
An Inquiry-Based Project for Secondary Schools

Milan Smidl, Zuzana Maridskovd

Abstract

This study investigates the formation dendrites of metals during the electrolysis of aqueous solutions as an
inquiry-based activity in secondary education. The research analysed the dependency of dendrite formation
on various factors. The findings demonstrated that metals such as iron, cadmium, cobalt, and zinc could
form dendrites under specific conditions. These outcomes provide a valuable framework for incorporating
inquiry-based activities into chemistry education, not only at secondary but also primary levels. The study
offers a fresh perspective on experimental teaching in chemistry and serves as an inspiration for further
inquiry-based projects on electrolysis and metallurgy.

Keywords

Metal dendrites; electrolysis; inquiry-based learning; secondary education; experimental chemistry

INTRODUCTION

Electrolysis has long been a well-established and widely used process in primary and secondary school educa-
tion. It is typically employed as a demonstration experiment for students and, when appropriate equipment
is available, as a laboratory activity. The most common applications include the electrolysis of water, sodium
chloride solutions, or copper(II) sulphate solutions. Electrolysis belongs to the category of redox processes,
which have consistently been challenging and abstract topics for students, particularly at the secondary school
level. Numerous studies have examined the underlying reasons for these difficulties and proposed potential
solutions (Ali et al., 2022; Henychova et al., 2023; Saricayir, 2010; Tsaparlis, 2019; Turner et al., 2024). One
effective way to make this topic more accessible is to incorporate student-centred experimental activities,
ideally combined with active learning methods.

During the electrolysis of aqueous metal salt solutions, metallic crystals resembling tree-like structures, known
as dendrites, are deposited as the electric current passes through the solution. Dendrites of tin, lead, silver,
and copper are relatively easy to prepare and have been well-documented (Smidl et al., 2022). These struc-
tures vary in shape and size, form rapidly (within minutes), and are visually striking. Additionally, their
preparation requires minimal equipment and is not overly demanding.

This paper introduces the concept of a student project based on inquiry-based learning principles, in which
students acquire fundamental scientific skills right from the beginning. These skills include the study of
relevant sources, critical evaluation, processing and organisation of collected data. Based on this information,
students generate research questions and hypotheses, which they then confirm or refute through experimen-
tation. The final step involves formulating conclusions, which may lead to new problem situations, questions,
or hypotheses, much like in real scientific research.

The student project presents an opportunity for meaningful and effective implementation of inquiry-based
learning in secondary school chemistry classes. The research topic of the lesson focuses on investigating the
formation of dendrites for metals beyond the commonly explored examples of copper, silver, lead, and tin,
and on verifying various factors that influence the formation of dendrites. These factors include the type of
compound used, its concentration in the solution, applied voltage, and the material from which the electrode
is composed of.
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THERORETICAL BACKROUND

Electrolysis and the Formation of Dendrites

When a direct current source is connected, an electric current passes through the electrolyte solution during
electrolysis, initiating oxidation and reduction reactions at the electrodes. At the positively charged anode,
oxidation occurs, involving the loss of valence electrons from atoms as they are transferred to the electrode.
At the negatively charged cathode, reduction takes place, increasing the number of valence electrons in atoms
as they accept electrons from the circuit. Due to electrostatic attraction, negatively charged anions in the
solution migrate toward the positively charged anode, while positively charged cations move toward the
negatively charged cathode.

At the electron-rich (negatively charged) cathode, atoms with lower electronegativity and lower standard
reduction potentials are deposited; in this study, these are metals (including hydrogen). At the electron-poor
(positively charged) anode, the species formed depend on the composition of the solution, generally comprising
particles with higher electronegativity and higher standard reduction potentials. These often include gaseous
products (primarily oxygen and/or halogens) or solid metal oxides that form insoluble precipitates.

Electrolysis of molten or aqueous metal salts is a vital process for extracting pure metals from minerals
and ores. Examples include the production of aluminium from molten alumina and cryolite, as well as the
recovery of alkali or noble metals from halide minerals. Although the principles of electrolysis and metal
extraction have been known for a long time (Benes et al., 1974; Housecroft et al., 2014).

The growth of crystals is a highly complex process, and its details are not yet fully understood (Kratochvil,
2007). Similarly, the formation of metal dendrites during electrolysis is influenced by numerous, often poorly
understood factors, making it a burgeoning area of research (Liu et al., 2019; Popov et al., 2016). Experiments
have shown that exceeding a certain current threshold accelerates the growth of dendritic micro-crystals and
can lead to delamination (defoliation) of graphite electrode layers (Parvez et al., 2013). As previously noted,
the formation of dendrites in metals such as copper, silver, lead, and tin has been methodologically well-
documented and is used in educational experiments at both primary and secondary school levels. Similar
formations have been known since the time of alchemy, and some retain historical names—for instance, lead
dendrites are called the "Tree of Saturn,” silver dendrites the "Tree of Diana,” and amalgams of silver are
referred to as the "Philosophers’ Tree” (Carmody, 1967). Dendritic growth of other metals, such as tin in
the absence of a liquid solvent, can also be observed in electronic components, where metallic whiskers form
micro-crystals that cause short circuits in electronic circuits (Xu, 2005). Dendrites hold significant potential
for applications in electronic sensing and data storage, nanostructure fabrication, 3D integrated circuits, and
batteries (Kim, 2010). Another possible application includes desalination of seawater and energy storage. In
some cases, however, preventing dendrite formation is crucial, as in lithium-based batteries, where dendrites
cause loss of capacity and short circuits during recharging (Han, 2014).

METHODOLOGY

The lesson plan and overall project structure were consistently co-designed by the teacher and the student,
considering the student’s individual interests and thematic preferences. Throughout the course of the activity,
the projects underwent several iterative modifications, particularly in the formulation of research questions
and hypotheses, selection and validation of appropriate materials, chemicals, and methods, as well as in the
interpretation of results. In some instances, it was necessary to substantially revise the original topic or select
a completely new one.

The general structure of student research tasks followed this framework:
1. Motivation and formulation of the central question
2. Development of hypotheses and research questions relevant to the topic

3. Independent experimentation, validation, and critical assessment of results
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4. Final interpretation of findings, preparation of the written report, and presentation of results

The implementation took place in the school’s laboratory using commonly available equipment and chemicals.
A key principle of the activity was to maximize opportunities for student autonomy and encourage individual
initiative.

The effectiveness of the inquiry-based approach was assessed qualitatively throughout the project using three
primary methods:

1. Observation. The teacher, in the role of mentor, systematically monitored the progress of the work
and recorded observations regarding the student’s level of autonomy, ability to formulate questions, and
capacity to interpret experimental results. The ability to independently design an experiment, respond
to unsuccessful trials (re-evaluating the procedure, seeking alternative solutions), operate laboratory
equipment, and actively utilize appropriate tools for data recording and analysis.

2. Student Interview. Upon completion of the project, a structured interview was conducted, during
which the student reflected on the development of their own skills (e.g., hypothesis formulation, exper-
imental design), their understanding of chemical phenomena, and their motivation to continue with
inquiry-based work.

3. Feedback from the Professional Community. The project outcomes were presented at the final
examination defences and at several student scientific conferences (e.g., secondary school research com-
petitions). Subsequent discussions with experts and members of the educational community confirmed
not only the academic rigor of the results but also the suitability of the topic for inquiry-based learning
(IBL). Following the project presentation at student or professional conferences, feedback and comments
from the expert panel or participants were collected, including audience questions and the student’s
responses, along with the student’s own reflection on their participation.

To enhance the validity of the evaluation, these methods were applied in various combinations, and their
outcomes were cross compared.

Lesson plan

The specific proposed instructional project was implemented at a vocational secondary school in Litvinov,
within the framework of an independent research project conducted by a final-year student. The project was
carried out from March 2022 to March 2023 as a long-term, individually mentored activity, which forms a
mandatory component of the final examination at the school. Students choose their project topic based on
their personal interests and academic orientation. The content of the research task was built upon previously
established experiments summarized by Smidl et al. (2022, pp. 41-46).

At the beginning of the year-long project, the student familiarized herself with topics related to the electrolysis
of solutions, the properties and structures of metals, and metallic crystals, followed by an in-depth exploration
of the formation of metal dendrites from solutions. Printed, electronic, and online resources were made
available for study. Throughout the project, the teacher acted solely as a coordinator and mentor, assisting
only when difficulties arose. The initial experiments were conducted using dendrites of copper, lead, silver,
and tin, which are well-documented and straightforward to prepare. Next, research questions for the project
were formulated to investigate the factors influencing the growth, shape, and size of the crystals:

e« What are the effects of electrode material, solution concentration, applied voltage, type of chemical
substance, and solvent on the shape and size of the crystals?

o Is crystal growth specific to metal compounds and solvents used?

Based on these research questions and preliminary experiments, the following fundamental hypotheses were
proposed:
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4.

5.

. Crystals will be larger and more robust at higher applied voltages.
. Crystals will be larger and more robust at higher solution concentrations.

. Metal dendrites grow from solutions of their corresponding metal compounds, depending on the com-

pound used.
Dendrites form exclusively in aqueous solutions.

The electrode material is a limiting factor for crystal formation and growth.

Subsequently, systematic verification of dendrite formation and growth was undertaken, considering the
identified factors and different types of compounds dissolved in polar solvents—water, ethanol, methanol,
acetone, and diethyl ether (Figure 1).

Solvent Compounds Other solvents
(Water) B of le—{  (Ethanol, Diethyl ether,
metals Acetone, Methanol)

‘ 14V Voltage ‘ ‘/\‘ ‘ 24V Voltage ‘

soluble compounds Insoluble compounds soluble compounds Insoluble compounds
5% and 10% saturated solution after 5% and 10% saturated solution after
solution acidification and filtration solution acidification and filtration

Figure 1: Scheme of factors influencing dendrite formation.

After assembling the electrolytic apparatus (Figure 2), which consisted of a DC power supply (ranging from
0V to 30 V), a 10 cm diameter Petri dish, insulated wires, and graphite electrodes. Solutions of all available
compounds (Table 1) were prepared at specified concentrations (5 % and 10 % for soluble compounds;
for sparingly soluble or insoluble compounds, the suspensions were acidified and filtered to yield saturated
solutions).

Figure 2: Picture of electrolysis apparatus.
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Upon completion of the experimental work, the results were analysed and evaluated. Based on these findings,
the formulated hypotheses and conclusions were either verified or refuted, including additional questions that
emerged during the experiments.

Table 1: Types of metal compounds used. Compounds that formed dendrites are highlighted in bold.

Metal’s name Type of substances

Lithium (Li) LiOH, LiCl, LiNOg

Magnesium (Mg) | MgO, MgCO3, Mg(NO3),, MgSO,
Manganese (Mn) | MnSO,, MnOy, KMnO,
Titanium (Ti) TiO,

Aluminum (Al) Aly(SOy)s3, AlyO3, AI(NO3);

Zinc (Zn) ZnO, ZnSO,, (CH3COO),Zn, ZnCl,, Zn(NO3),, ZnCO4
Chromium (Cr) Cry03, Cry(SOy)s, Cr(NO3)s

Iron (Fe) FeSOy, Fe,03, Fey(SO,)3, Fe(NO3)3, FeCly

Cadmium (Cd) | CdSO,, Cd(NOg),, CdCly, (CH;C00),Cd

Nickel (Ni) NiSO,, Ni(NO3)s

Cobalt (Co) CoSO0y, CoCl,, Co(NO3),

Bismuth (Bi) Bi(NOg3)3

RESULTS AND DISCUSSION
Dendrite growth

Experimentally, it was confirmed that, among the studied metals and their compounds, dendrites were reliably
formed only by the following metals and their respective compounds:

. FeSO,
e CdSOy, Cd(NOy),, CdCly, (CH;C00),Cd
e ZnO0, ZnS0,, (CH;CO0)yZn, ZnCl,

« C0SO,, CoCl,

Other metals and compounds did not form dendrites or produced only a coating on the electrode, lacking
dendritic structures. Due to the equipment limitations of a secondary school laboratory, it was not possible
to precisely determine the composition of the metal dendrites, or the products formed on the electrodes.
However, it can be inferred that the dendrites on the negative cathode consist of pure metals.

An intriguing area of exploration could involve the products formed on the positive anode. For example,
during electrolysis of silver nitrate with graphite electrodes, dendritic formations also appear on the graphite
anode. These may involve silver compounds, such as silver oxide, or potentially interesting carbon modifica-
tions (Smidl et al., 2022). Additionally, various gases may be generated during the process, which could be
identified through gas chromatography.

In this study, dendrite formation was not observed for magnesium and lithium, although other research has
reported their occurrence under different conditions (Liu et al., 2021). The formation of bimetallic dendrites,
such as silver and gold (Ji et al., 2014), manganese (Xie et al., 2022), cadmium (Popov et al., 2016), and zinc
(Ostanina et al., 2015), has also been documented.
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Factors influencing dendrite formation

During the preparation of solutions, it became evident that some solutions needed to be acidified with an acid
corresponding to the compound’s anion (hydrochloric, acetic, nitric, or sulphuric acid) to prevent turbidity
and formation of a suspension, or the insoluble portion had to be filtered out. As dendrites did not form in
solutions of compounds dissolved in non-aqueous solvents but exclusively in aqueous solutions, the hypothesis
was confirmed.

Among the factors influencing crystal growth, it was observed that higher solution concentrations (10 %)
and higher applied voltages (24 V) resulted in shorter, less branched, more robust, and often darker crystals.
Conversely, at lower concentrations (5 %) and lower applied voltages (14 V), dendrites were longer, finer,
lighter, and more branched. Both hypotheses regarding these conditions were thus validated. Several types
of electrodes were tested (electrodes made of the same metal as in the solution, copper electrodes, and
graphite electrodes). However, no significant effect of electrode material on dendrite formation was observed.
Consequently, inexpensive graphite electrodes, which can be reused after cleaning, proved to be the most
suitable. The hypothesis that electrode material influences crystal growth was therefore not verified. The
type of compound used was confirmed to be critical for dendrite formation and growth. It appears that
dendrite formation is influenced not only by the specific metal but also by the anion of the compound in
which the metal is bound. It was not possible to establish a consistent relationship where certain types of
compounds always led to dendrite formation while others did not. The types of compounds and their ability to
produce dendrites exhibited no discernible patterns. Additional factors potentially influencing crystal growth
were identified during the experiments. The distance between electrodes, for instance, affected dendrite
morphology: the closer the electrodes, the denser, shorter, and more robust the dendrites. Another possible
factor distinguishing metals and compounds was the speed of crystal growth, which ranged from seconds
(e.g., for cadmium) to tens of minutes (e.g., for zinc and cobalt). However, the size of the electric current
passing through the system, as determined by the aforementioned factors, appears to be the key determinant
of crystal growth. The student independently identified most of these questions during her work.

The topic of electrolysis and its application in the extraction of metallic materials is highly relevant today
due to the growing demand for battery storage systems. Moreover, this topic is profoundly interdisciplinary,
intersecting with fields such as chemistry, physics, technology, engineering, crystallography, geology, ecology,
and numerous others. This comprehensive approach facilitates the integration of acquired knowledge and
skills. All these aspects align with the concept of inquiry-based learning, whose benefits are well-supported
by numerous studies (e.g., Acar et al., 2013; Supasorn, 2014; Kondratiev et al., 2024).

The importance of inquiry-based teaching

The model presented in this article allows for varying degrees of student autonomy. However, due to its
extended time requirements, it is particularly suitable for working with gifted students at an advanced level,
fostering their independence and initiative. For novice and less proficient students, such as those in standard
classroom instruction, it is advisable to provide step-by-step guidance and a higher level of support (Orosz,
2023). A similar experimental study confirmed the benefits of inquiry-based teaching. For instance, Wheeler
et al. (2012) investigated the impact of inquiry-based activities on students’ ability to ask questions and
formulate hypotheses. The effectiveness of inquiry-based instruction in improving student outcomes has been
well-documented for many years (Khan et al., 2011). Although this method cannot be applied universally or
continuously throughout instruction, its role in engaging students and enhancing their understanding of the
subject matter is indisputable.

However, a systematic review of studies on this topic has demonstrated that the research has predominantly
emphasized conceptual and affective domains, while fewer studies have focused on the epistemic dimension.
Finally, regarding methodology, the reviewed articles included numerous quantitative studies, often with
small sample sizes and varying quality. Therefore, there is a need for further research with larger participant
groups, longer study durations, more purposeful sampling, and a stronger focus on epistemic and social
dimensions (Jegstad, 2024).
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Student assessment of lesson plan

The aim of this study was not only to experimentally verify the formation of dendrites in various metals during
electrolysis but also to evaluate the benefits of inquiry-based learning in secondary school chemistry education.
The study demonstrated students’ initiative and active engagement in the project, deeper understanding of
electrochemical processes, and the acquisition of independent work skills and analytical thinking within the
framework of inquiry-based instruction. During the experiments, students actively sought answers to their
own questions, which led to greater engagement and motivation for further investigation. They observed
relationships between experimental conditions and the formation of dendritic structures, learned to draw
conclusions based on observations, and discussed potential causes of differing results. This process contributed
to their ability to critically evaluate scientific information and develop essential skills for scientific work.

One of the key benefits was the improvement of students’ ability to formulate hypotheses and design ex-
periments to test them in the context of a real chemical process, the progression of which they controlled
themselves. Students realized that the scientific process is dynamic and often generates new questions rather
than providing definitive answers. This strengthened their ability to work systematically, adapt to new
challenges, and perceive chemistry not merely as a collection of facts but as an interactive and continuously
evolving field.

The author has extensive experience with this type of student-led inquiry-based activity, having supervised
at least two or three such projects annually with final-year secondary school students for the past 15 years.
Therefore, the observed outcomes may be considered generalizable to broader educational contexts. Overall,
the benefits of this and similar activities are supported by the experiences of more than 40 students.

The observation and interview were conducted by the supervising teacher (mentor) and the project opponent
from the same school. However, additional evaluation of the activity took place during the final examination
defences and at three independent academic conferences by members of the respective committees (by at least
three evaluators on the committee). A comparison of all evaluations yielded identical or highly consistent
results, which substantiate the conclusions presented in this paper.

CONCLUSION

Within the framework of the student inquiry-based project, the growth of metal dendrites from solutions of
their compounds was confirmed for zinc, cadmium, iron, and cobalt. Factors influencing this growth were
verified. Lower applied voltages and lower solution concentrations resulted in finer, more branched, longer,
and lighter dendrites, while higher voltages and higher concentrations produced shorter, more robust, less
branched, and darker dendrites. The electrode material was found to have no significant effect on crystal
growth (we used the cooper, iron and graphite electrodes), with rod-shaped graphite electrodes proving
to be the most suitable due to their low cost and reusability after cleaning. Among the polar solvents
used for solution preparation, only water led to the formation of dendrites. The application of electrolysis in
combination with the deposition of metals from solutions proved to be an exceptionally appealing topic. This
was due not only to its visual impact and relevance to multiple scientific domains but also to its incorporation
of numerous aspects of authentic scientific work. At the same time, the process was simple to perform and
required minimal equipment, making it an ideal subject for inclusion in secondary school curricula.

Although a more detailed and extensive dataset would be required to unequivocally confirm and general-
ize the claim that repeated implementation of similar instructional approaches leads to improved student
understanding of complex chemical processes—processes that are often difficult to grasp through purely the-
oretical instruction—the study nonetheless supports this assertion. Overall, the findings corroborate those
of numerous prior studies, indicating that inquiry-based learning not only enhances students’ comprehension
of chemical phenomena but also fosters the development of key scientific competencies, such as analytical
thinking, problem-solving, and the ability to cope with uncertainty. This instructional model thus proves to
be an effective and inspiring tool for engaging students in active chemical investigation, thereby contributing
to deeper learning and future success in scientific and technical disciplines.
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The project was originally designed as a long-term inquiry-based activity spanning one academic year. How-
ever, its content and structure are sufficiently flexible, and its minimal material requirements allow for a short-
ened version suitable for standard chemistry instruction, depending on the selected level of complexity and
the available laboratory resources. Within the framework of upper secondary education, the project directly
aligns with curricular topics such as redox reactions, electrolysis, chemical processes in aqueous solutions, and
the properties of metals, as defined in school educational programs and national curriculum guidelines. A sim-
plified version of the project can also be adapted for lower secondary education, for instance, as a project day
or laboratory exercise focusing on the electrolytic preparation of metals and observable changes in solutions
under the influence of electric current. Successful implementation of the project in broader school practice
requires certain teacher competencies. Primarily, it necessitates foundational experience with inquiry-based
science education (IBSE), the ability to work with open-ended questions, and a willingness to accept that
experimental outcomes may not always be predictable. It is also advantageous if the teacher can integrate
knowledge from multiple scientific disciplines (chemistry, physics, and technology). From a methodological
perspective, it is beneficial to provide teachers with specific worksheets and methodologically developed lesson
plans, enabling them to implement the project effectively even without extensive prior preparation.
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What does water hide?

Jan Hrdlicka, Alena Srdmovd, Lenka Sedldkovd

Abstract

Supplementing traditional ’indoor’ education with outdoor education can help increase student’s motivation
and create space for all-round student education. The purpose of outdoor education is to connect the teaching
text as much as possible with the real environment and what students can actually observe around them. The
out-of-school learning "What does water hide?” was one of the choices for the inter-subject thematic days
for the second year of secondary school. In the field of chemistry, the teaching focused on the measurement
of selected properties of water in the natural environment. The little pond Brdatka were selected for the
measurements. This place is easily available from Beroun The content of some ions is relatively easy to
determine, such as some other properties — temperature, pH, conductivity or oxidative-reduction potential,
which can be easily determined with a Vernier probes. Students completed simple pre- and post-measurement
tests as a part of the topic day. As part of their participation in the topic day, they made a short presentation.
This presentation was intended to convey the knowledge and experience gained to the other students in the
year-class. These presentations were given in a moderated ’conference’.

Keywords

Outdoor education; STEM; chemistry education

INTRODUCTION

Outdoor education is a pedagogical approach aimed at the all-round development of students in a natural
environment outside the traditional school classroom. The aim of outdoor education is to connect the teaching
text as much as possible to the real environment and to what students can actually observe around them.
Another aim of outdoor education is to develop students’ key competences and skills. Key competences
include a wide range of skills that help students to develop collaboration, problem-solving skills, critical
thinking and scientific methodology to promote environmentally responsible behaviour.

Hofmann (2011, pp. 310-311) defines outdoor education as “a comprehensive form of learning involving
a variety of teaching methods, including observation, experiment, design method, cooperative methods, and
experiential pedagogy. In terms of its organisational form, outdoor education uses field exercises, nature
walks, excursions, thematic trips and expeditions, the importance of such teaching being primarily based on
students’ work in the field, outside the school”.

KEY ELEMENTS OF OUTDOOR EDUCATION

Due to outdoor education, students are more closely connected to their surroundings and the surrounding
nature. The emphasis is on experiential learning in the natural environment. This allows students to expe-
rience direct contact with nature and contributes to a deeper understanding of its laws. Such experiences
not only strengthen the emotional relationship with nature but also lead to the development of environmen-
tal awareness and personal responsibility for environmental protection. Being in nature and having direct
experience of natural processes, such as plant growth, animal life or the water cycle, helps students to bet-
ter understand the ecological context, promotes sensitivity to environmental issues and motivates them to
behave sustainably in their daily lives (Chawla, 2006; Wells & Lekies, 2006).

In learning through their own experiences and hands-on activities in nature, students engage all their senses,
and this teaches them to explore the world through personal experience. Practical tasks such as measuring
temperature, pH or other chemical and physical parameters promote deeper retention and understanding
of the material. Outdoor learning gives students the opportunity to combine theory with practice, which
greatly increases their motivation and interest in learning. Outdoor education improves learning outcomes —
improved knowledge test scores, better student attitudes towards school, enhancement of school behaviour,
raising of attendance and overall superior student outcomes have been observed. Thus, outdoor education
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contributes to increased teaching effectiveness (American Institutes for Research, 2005; Blair, 2009; Dyment,
2005; Lieberman & Hoody, 1998). German research has also shown significant improvements in literacy,
writing skills, and mathematics for children attending ”forest kindergarten” (Gorges, 2011). Outdoor edu-
cation also has a positive impact on the development of critical thinking skills understood as a process of
deliberate self-regulated evaluation and decision making, i.e., problem-solving skills involve students’ ability
to interpret, analyse, evaluate, reason, explain, and self-regulate (Ernest & Monroe, 2004). Another benefit
is the development of personal and social skills. One of the key competences that are also developed is the
ability to cooperate and communicate. Outdoor activities are often designed to encourage cooperation be-
tween students. Solving tasks and overcoming challenges together helps to develop teamwork skills, effective
communication, respect for others’ opinions and the ability to resolve conflicts and thus take responsibility
for work done together.

Outdoor education also benefits problem-solving and challenge-taking skills. It offers unpredictable situations
that motivate students to find creative solutions. For example, when exploring unfamiliar terrain, adapting
to changes in the weather or navigating in nature, students learn independence, develop self-confidence
and improve their decision-making skills. This promotes students’ emotional, behavioural and intellectual
development (Chawla, 2006; Kellert, 2005; Lester & Maudsley, 2006).

Regular exercise in nature improves physical fitness, promotes healthy muscle and bone development and
reduces the risk of civilisation diseases. Being outdoors also has a beneficial effect on students’ mental
well-being, reduces stress and helps improve concentration and mood, not only for students but also for
teachers (Bell & Dyment, 2006; BTCV, 2009; Dyment & Bell, 2008; Kuo & Faber Taylor, 2004; Muiioz,
2009; Wells & Evans, 2003). Research by Blair (2009) and Dyment (2005) has shown that students prefer
this type of learning to traditional classroom learning. Outdoor education thus represents a comprehensive
approach to developing not only academic knowledge, but also key skills and values that help students develop
a harmonious relationship with themselves, other people and the environment.

RESEARCH AIM AND HYPOTHESES

PISA (Programme for International Student Assessment) science education performance is tested within each
testing cycle. The last PISA testing focused on science literacy was in 2015 and the next one will be in 2025
(Ceska $kolni inspekee, n.d.). PISA science education testing focuses on students’ ability to apply knowledge
and skills in science, such as biology, physics, chemistry and geography, to real-world problems. (Eivers, Shiel
& Pybus, 2008) The test includes questions that require critical thinking, data analysis and reasoning about
scientific phenomena. Science test results provide a picture not only of students’ level of knowledge, but
also of their ability to apply scientific practices and understanding of natural phenomena. The PISA testing
in 2022 showed that students from the Czech Republic ranked slightly above the OECD average in science
education, which was a better result than in 2018 (Boudové et al., 2023, pp. 29-33). The study suggest that
the challenge for the Czech education system is to innovate in science education and improve conditions for
the development of critical thinking in students.

PISA results also point to various factors that influence the level of science education, including: educational
policy, socio-economic factors, teaching methods (interactive and hands-on science teaching has a positive
impact on student achievement), and teachers and the school environment themselves (Boudovd et al., 2023,
pp. 29-33).

The PISA results also show that promoting critical thinking and the ability to apply scientific principles to
real-world problems is essential for improving student performance in science (OECD, 2024). The challenge
for the Czech Republic is to innovate teaching methods, promote scientific thinking and develop science
teaching qualifications. Therefore, it is very important to focus on the undergraduate preparation of future
teachers and to introduce them to a rich variety of activating teaching methods during their studies. The
authors of the article believe that one of the possible ways to improve students’ relationship with science
and to support the development of key areas of science literacy is to include outdoor education among the
commonly used teaching methods in school practice.
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The key areas of scientific literacy defined by the PISA tests are scientific explanation of phenomena, planning
and evaluating scientific investigations, and interpretation of measured data (OECD, 2023).

The aim of the research is to demonstrate the role of outdoor education in the development of key competences
in science education as defined by the PISA tests.

Research hypotheses:

1. Hypothesis: Students who participate in outdoor learning show a higher degree of integration of knowl-
edge from different subjects. There is a seamless and non-violent integration of the individual teaching
subjects in the implementation of outdoor learning. Students connect knowledge from different learning
areas and put it into new contexts when completing tasks. Questions are asked in the pre-test and
post-test, that are not “typical” of one subject but put knowledge from several subjects into context.

2. Hypothesis: Outdoor education promotes problem-solving competence. Students devise procedures for
solving problems or tasks and put them into practice. In the project, these include sample recruit-
ment, the procedure for determining the properties of a sample, and/or recording the evaluation and
interpretation of the measurements.

3. Hypothesis: Outdoor education improves cooperation and communication between students.In a work-
ing group of students brainstorming takes place, students discuss ways of solving a problem, the facts
found and also prepare an output presentation. The evaluation of the presentation was carried out by
the teachers according to predefined criteria.

THE RESEARCH PROCESS

The participants of the research were 2nd year students 15 — 16-year-old of the Joachim Barrand Gymnasium
in Beroun. Within the framework of the “project days”, which are organized every year, the students could
choose among the offered "projects”. 90 students were divided according to their interest into historical,
science and language activities. The distribution of students was not equal. 22 % of them chose the science
area, which is 20 students. 33 % opted for the historical area, and the remaining 45 % of students chose
language activities. The group of students who chose science oriented activities consisted of 19 students
from a four-year grammar school and one student from an eight-year grammar school. The theme of the
science day was “What does water hide?”. The students were divided into 6 working groups according to
their preference. There were 6 stations prepared for the students, where the groups took rotation.

First, the students had to invent and build a device to take water samples from different depths using pre-
prepared utilities. These utilities were hose, rod, rope, paint attachment, rubber bands, beakers. The students
then worked with the collected samples at the different stations. At the first station, they determined the
temperature of the water depending on the depth of the sample. At the second station, they measured the pH
and saw if it changed with the depth of the sample. The third station was devoted to the oxidation-reduction
potential (ORP). At the fourth station they determined the cations and anions in the water samples by
indicating stripe. Dissolved oxygen probe was at the fifth station and conductivity probe was at the sixth
station.

The students were introduced to Vernier probes and their handling at school. After completing the pre-test,
they packed their outdoor measurement kits (school lab-kit), which were transported to the selected site. The
site chosen by the teachers was a small reservoir called Brdatka near Beroun. The students moved to the site
on foot. The teachers chose the site according to predefined criteria: time availability, access to water, safety
during teaching, hygienic safety of the resource. The teachers checked in advance what outcomes could be
expected.

The knowledge tests were designed to include questions that have cross-curricular overlap and are not taught
in either science subject. Thus, students had to draw on knowledge from multiple subjects and reflect on
their answers. The pre-test and post-test were validated by consulting five teachers of chemistry, biology and
physics who teach at the high school. The analysis of the prepared pre-test and post-test showed that at least
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some of the questions given in the post-test should be modified to make it different from the pre-test. The
questions were modified by reversing the meaning of the question from the pre-test otherwise by negating
the question. Subsequently, the teachers agreed that the test as designed was appropriate for the students.
The pre-test and post-test were administered to check the comprehensibility and difficulty to the students of
the 2nd year of the bachelor’s degree in chemistry teaching at FPE WBU in Pilsen.

The questions asked in the pre-test and post-test including the correct answers are given in Table 1. Questions
marked with an asterisk are those that were given in the post-test by negation.

Table 1: Test questions and their correct answers

Question Correct answer

Q1: The hardness of water Depends on the amount of dissolved cations.
Q2: The unit for the water conductivity | mS

sk

is
Q3: Calcium ions dissolved in spring | Limestone
water come from *
Q4: The greening of water in reser- | Too high nutrient levels, mainly nitrates and phosphates.
voirs during the summer, technically eu-
trophication, is caused by

Q5: Estimate the optimal pH for most | 6-8
organisms living in water

RESULTS

Already the fact that only 20 % of the students chose a science project already suggest a dislike of science
subjects. After interviewing the students who chose science activities, it was found that 20 % of them
(4 students) chose the subject because of their classmate and 25 % (5 students) chose the activity because of
their teacher.

Hypothesis 1: Students who participate in outdoor learning show a higher degree of integration
of knowledge from different subjects.

The results of the pre-test and post-test are shown in the following figures (Figure 1 and Figure 2). For the
post-test responses for the negated questions, the inverted value of the response was shown in the graph. No
analysis of the questions was conducted with the students after the pre-test. Three weeks elapsed between
the pre-test and post-test. 80 % of the students participated in the pre-test (i.e. 16 students), 60 % of the
students participated in the post-test (i.e. 12 students).

Correct answers to the Question 1 (d) in the post-test are 91.7 %, a clear increase from the pre-test (62.5 %)
(Figure 1). Thus, the correct answer to this question is better conveyed by completing the outdoor class and
consolidated in memory due to personal experience with measurement. The proportion of correct answers to
the Question 2 (b) in the post-test is 41.7 %, a clear increase compared to the pre-test (18.8 %) (Figure 2).
Although this question focusing on a simple fact is clearly difficult, memorisation of the unit of conductivity,
although it should be known from physics, is not even at the level of half of the students.

The correct answers to Question 3 (b) in the post-test are 83.3 %, a decrease from the pre-test (93.8 %)
(Figure 2). 7 students answered the question correctly each time. The percentage decrease in the success
rate may be due to the fact that the same students answered the question correctly. And it points to the
fact that the students did not associate the information about the source of calcium ions in the water near
Beroun with the location and the geological substrate. The percentage of correct answers to the Question 4
(b) in the post-test is 75 %, a slight increase from the pre-test (68.8 %) (Figure 2). Another important factor
is that there has been a decrease in incorrect answers. The Question 5 showed the most obvious improvement
(91.7 % vs. 75 %) (Figure 2), with a significant decrease in incorrect answers, thus clarifying the major
influence of pH on aquatic life.
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Figure 1: Percentages of answers to questions 1 and 2.
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Figure 2: Percentages of answers to questions 3, 4 and 5.

The percentages of correct answers obtained in the pre-test and post-test were statistically verified. After
evaluating the Shapiro-Wilk test, it was found that the obtained results did not have a normal distribution.
Therefore, McNemar’s pair test was used to compare the pre-test and post-test results, which ultimately
did not show the above improvement at a statistically significant level and therefore did not support the
hypothesis that completing the above-described outdoor activity has an effect on knowledge improvement.

Hypothesis 2: Outdoor education promotes problem-solving competence.

In the field, students had to figure out how to determine the depth of the reservoir and how to sample from
each depth. Students could ask the teacher for different tools, which were transported to the site by car. At
first, the groups worked independently, but gradually all the groups joined together and invented a sampling
device together.

The students prepared an improvised sampling device from a hose and a pole to sample water from different
depths. They then split back into working groups and started working at each station with the measuring
devices. The students made tables for the measurements, evaluated them and compared them with the other
groups.

While working on the individual stations, the students had to solve the problem situations that arose. All
groups except one, which measured the water temperature first, had to re-sampling the water just before the
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measurement, otherwise the results were biased. The group that measured the water temperature as their
third task measured the same temperatures in all of them. After consulting each other in the group and slight
assistance from the teacher, the students discovered that the water had been warmed by the surrounding air.

Another problem that the students had to solve was technical. Some groups had incorrectly checked the
battery status of their school laptops and ran out of battery during the measurement. To complete the work
successfully, they installed an app on their phone and used the wireless sensors to connect directly to their
personal phone.

There were several problematic situations that arose during data collection and processing, and the students
had to deal with all of them. If a normal school lesson had taken place, the students would most likely
not have been exposed to the experiments or would not have been exposed to having to deal with so many
problem situations at the same time.

Hypothesis 3: Outdoor education improves cooperation and communication between students.

The students brainstormed in working groups, discussed ways of solving the problem, the facts found and also
prepared an output presentation. The work groups were monitored by the teachers. Each teacher observed
two groups and noted the interactions between the students. In each work group, all students were involved.
Within each group, there was a division of roles into two timekeepers and one recorder.

The students developed a presentation which they presented at the final student conference to their classmates
and first year students. The students had three weeks to develop their joint presentation. The actual
presentation was divided into individual measurements and its procedures, and the results were then presented
by one student from each working group.

The evaluation of the presentation was carried out by the teachers according to predefined criteria. The first
evaluation criterion was how the students prepared the PowerPoint presentation — design, clarity, typography,
etc. The second criterion was facts accuracy — how they interpreted the measured data, how they explained
the trends in the individual graphs and how they generalized the measured data. The third criterion was the
evaluation of the presentation — compliance of time frame, rhetoric, language, use of technical terms, as well
as the response to questions from the audience.

Different groups showed different quality of outcomes. Some students made factual errors or inconsistencies
in their presentations. Some groups found it difficult to deduce a general conclusion from the measured values.
Presentation delivery was of varying levels, but each group developed and presented their contribution. In
addition to first- and second year students, teachers of various subjects were present at the student conference
and this teachers evaluated the presentation of the groups’ outputs very positively.

Students took additional video throughout the day. The students themselves came up with the idea. The
activity is very positively evaluated by the authors of the paper from a social point of view. It documents
very well the collaborative work, the cooperation between students and groups, the ability to question others,
and the experience gained in the final processing of the video.

CONCLUSIONS

The authors of the paper are aware that the research sample is small and due this fact is a bias in the
results. In the subjective assessment, there was a visible improvement in the students’ knowledge, which
had deepened, and there was also, according to the subjective assessment, a better connection between the
subjects taught. But the objective statistical evaluation did not show the above improvement at a statistically
significant level and therefore did not support the hypothesis that completing the outdoor activity described
above influences knowledge improvement.

However, we consider other hypotheses about the benefits of outdoor education to be confirmed. Thus,
this approach contributed significantly to improving students’ skills in several key areas — improvisation,
problem solving implementation, and effective communication and collaboration in problem solving. The
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practical focus of outdoor education has provided students with valuable experiences that allow them to
better understand theory in a real-world context. Regardless of their level of initial skills, all participants
were able to process their newly acquired knowledge with varying levels of depth and creativity. Based
on this processing, they then created presentations that provided them with the opportunity to not only
share their experiences and knowledge with others, but also to develop skills in public speaking and visual
communication. Overall, this form of learning proved to be particularly beneficial in terms of developing a
range of soft skills that are important to students’ future professional and personal lives.
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Birdwatching in the Non-Breeding Season: A Long-Term Project
for Years 7-9 in Secondary School

Miia Aine Tissari, Janice Kay Forry, Dagmar Rihovd

Abstract

This study deals with a guided, cross-curricular birdwatching project carried out during the non-breeding
season. Over seven years, 181 pupils in Years 7-9 from two schools in the Central Bohemian region par-
ticipated in the 5-month project focused on observing and identifying 33 local bird species. A paired-
samples t-test of all pupils confirmed that the pre- to post-test improvement was statistically significant
(t(180) = —44.71,p = 0.001), with a large effect size (Cohen’s d = 1.36). On average, pupils’ accuracy in
bird species identification improved from 16 % to 47 %. Follow-up data revealed that 51 % of pupils continued
birdwatching two years after the project. These findings show that long-term, natural science-based projects
can enhance environmental knowledge, increase interest in local biodiversity and support the development of
environmental stewardship.

Keywords

Ornithology; environmental education; guided project-based learning

INTRODUCTION

Studying animals, especially birds and mammals, is an attractive topic in natural science courses in secondary
schools. Pupils show particular interest in learning about animal behaviour and ecology. The average
weekly time allocation for science lessons usually enables the inclusion of only a summary of animal biology,
and information on animal behaviour and complex interspecies relationships within the ecosystem is often
completely missing. Children need to be enabled to observe and learn about their surroundings through
enquiry and exploration, thereby developing a responsible relationship with nature and the environment,
understanding that nature needs to be protected in the here and now and for future generations (Bogner,
1998, p. 27). When choosing topics for projects, pupils often focus their attention on topics that are serious
and relevant, but distant, e.g., plastic waste in the oceans, the ever-expanding palm oil plantations, or the
fate of the Amazon rainforests (Ballouard et al., 2011, p. 1). The importance of these topics cannot be
disputed, but pupils often fail to realize that protecting nature must start in their own backyard (Ballouard
et al., 2011, p. 1).

To get pupils more interested in taking care of the local environment and improve their research skills, we
decided that a guided 5-month birdwatching project could enable pupils to

e engage in practical, hands-on activities,

e develop observational skills,

e learn to work systematically,

e enhance the ability to process obtained information and data.

Bird-focused activities can help counteract the growing disconnect between children and nature (Louv, 2005,
p. 17; Soga & Gaston, 2016, p. 94), by providing direct, local experiences of biodiversity in everyday
environments. Incorporating birdwatching into the school curriculum aligns with UNESCO’s educational
goals for sustainable development, which emphasize systems thinking, ecological literacy and engagement with
local ecosystems (UNESCO, 2017, p. 7; Sterling, 2010, p. 511). Fostering affective connections to nature
is also increasingly recognized as essential for promoting long-term pro-environmental behaviour (Chawla,
1998, p. 372; Schultz, 2002, p. 68). There are several similar projects to ours, but most differ in scope or
duration, and deal with younger pupils. For instance, Gache and Zbughin (2016) focused on ornithology and
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bird identification as an after-school activity for those pupils who wanted to be involved. Hirschenhauser et
al. (2012) had a 20-week project focusing only on the Northern bald ibis (Geronticus eremita). Their project
worked with expert ornithologists who taught pupils aged 8-10. White et al. (2018) completed a 6-week
project for 7-10-year-olds to enhance awareness, knowledge and attitudes towards local wildlife. They found
a positive correlation between the project length and improved ability to identify bird species. Another
project, the Bird School Project, based in Santa Cruz, California, aims to inspire middle school pupils and
teachers to connect with and care for their local environment through hands-on birdwatching and natural
history education (The Bird School Project, n.d.). Over 7,000 pupils have participated in the project but no
formal data on its effectiveness in improving bird identification have been published to date.

Our 5-month cross-curricular project aimed to support pupils in achieving the following goals:
1. Develop the ability to identify and count birds on/around bird feeders.
2. Observe bird behaviour at/around bird feeders.

3. Build/improve knowledge of and relationship to one’s surroundings and the environment.

METHODOLOGY

We chose to tackle bird identification because birds are everywhere, in cities, towns, woods, fields and on the
water. They attract attention with their appearance, song and behaviour (Gache & Zbughin, 2016, p. 46).
They are often visible and fairly easy to identify. In the winter (the non-breeding season), birds are even
more visible because most trees are bare, and most birds have already moulted into their adult version and
have formed flocks (Wahl, 1944, p. 24; Singer, 2013, p. 6).

Ten groups of 79" graders from two Central Bohemian schools (PySely school — 92 pupils from 2014-2018;
Strancice school — 89 pupils from 2019-2021) participated. The project started with Year 7 pupils because
the biology of birds is part of their curriculum. Due to the teacher’s interest as an avid amateur ornithologist,
pupils from Years 8 and 9 were also included. In most of the classes from both schools, there was at least one
pupil who had participated in Scouts or hunting groups and had previous knowledge on bird species. The
ten groups are described in more detail in Table 1.

Table 1: Composition of the ten groups of pupils from two schools that participated in the birdwatching
project

Group | School Year | School Class | Number of Pupils
S1 2014/2015 Pysely 7 23
S2 2016/2017 Pysely 7 21
S3 2016/2017 Pysely 8 17
S4 2017/2018 Pysely 8 8
S5 2017/2018 Pysely 9 23
S6 2019/2020 Strancice 9 16
S7 2019/2020 Strancice 9 15
S8 2019/2020 Strancice 8 16
S9 2020/2021 Strancice 8 23
S10 2020/2021 Strancice 7 19

The Pysely school is in the northern part of the Lower Sdzava region in a rural town surrounded by hills, fields,
meadows, and mixed forests. Gardens around the houses are generally large, with old trees and numerous
shrubs. Newly built neighbourhoods, however, lack extensive vegetation and resemble a “green desert”. The
Strancice school is in a town close to the D1 motorway, not far from Prague. Over the past 15 years, the
village has undergone significant changes in character where typical rural gardens are gradually disappearing,
giving way to extensive residential development. The landscape is gently undulating, dominated by fields
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with a few mixed forests. From the teacher’s communication with pupils, the Pysely pupils tended to have
more interaction with nature than the Strancice pupils (personal communication with Miia Aine Tissari).

The five-month project covered most of the non-breeding season (October to March), and because bird species
migrate back to the region at different times (see, e.g., Svensson et al., 2016, p. 8; Khil, 2022, p. 14), more
species could be observed. The extended project gave pupils more space and time to decide on key factors, e.g.,
type of bird feeders, feed, placement, means of reporting on bird numbers, and journaling. Having a longer
project also meant improved understanding of the subject, ensured better absorption of information, and
incorporation of the topic into cross-curricular subjects such as art, geography, languages, and mathematics.

Because the educational goal was to improve attitudes toward the local environment, the bird species chosen
for our project were the most common, local and easily identifiable species that pupils could see in their
backyards. Accessibility was key. The number of bird species included was also dependent on the pupils’ age,
abilities, and the amount of time available. Table 2 shows the final list comprising 33 species.

Table 2: Bird species observed, grouped by order and family

PASSERIFORMES
Paridae & Aegithalidae Fringillidae Turdidae & Passeridae | Others
Great tit (Parus magjor) European  green- | Common blackbird (Tur- | Eurasian jay (Gar-
finch (Chloris | dus merula) rulus glandarius)
chloris)
Eurasian blue tit (Cyanistes | Eurasian bullfinch | Mistle thrush / Song | Eurasian nuthatch
caeruleus) (Pyrrhula pyrrhula) | thrush (Turdus viscivorus | (Sitta europaea)
/ Turdus philomelos)
Marsh tit / Willow tit (Parus | European goldfinch | Fieldfare (Turdus pilaris) | European robin
palustris / Parus montanus) (Carduelis  cardu- (Erithacus  rubec-
elis) ula)
Coal tit (Periparus ater) Eurasian siskin | House sparrow (Passer do- | Dunnock (Prunella
(Spinus spinus) mesticus) modularis)
Crested tit (Lophophanes crista- | Hawfinch (Coc- | Eurasian tree sparrow | Yellowhammer
tus) cothraustes coc- | (Passer montanus) (Emberiza cit-
cothraustes) rinella)
Long-tailed tit (Aegithalos cau- | Eurasian chaffinch | Eurasian wren | Eurasian  magpie
datus) (Fringilla coelebs) (Troglodytes troglodytes) (Pica pica)
Brambling
(Fringilla mon-
tifringilla)
OTHER ORDERS
Piciformes Columbiformes Accipitriformes Galliformes
Great spotted woodpecker (Den- | Eurasian  collared | Eurasian sparrowhawk | Common pheasant
drocopos major) dove (Streptopelia | (Accipiter nisus) (Phasianus  colchi-
decaocto) cus)
Middle spotted  woodpecker | Common wood | Common kestrel (Falco
(Dendrocopos medius) pigeon  (Columba | tinnunculus)
palumbus)
European green woodpecker (Pi-
cus viridis)

Stage 1: Introduction to the project — An open discussion addressed how we can help birds when winter is
coming. Pupils are tested on their knowledge using photos of the 33 common local bird species chosen. Pupils
evaluated their results. A correct answer for one point included both the genus and species, a half-correct
answer for half a point included only the genus or, in some cases, the species if the name is commonly used. A
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completely incorrect answer received no points. Pupils then suggested ways to improve their knowledge. The
teacher guided pupils toward a birdwatching project. Pupils researched various types of bird feeder stations
and details on placement to decide what is best for their locations and then set up their bird feeder stations
at their homes.

Stage 2: Birdwatching — Pupils observed birds that came to their feeders from the end of October to the
middle of March. First, pupils were given key guidelines to become observers, meaning to behave in a way so
that no harm should come to the birds (Khil, 2022, p. 39). Pupils researched information on suitable clothing
(warm, inconspicuous — not bright colours), tools, and equipment for birdwatching and identification. Pupils
recorded their observations and experiences in “bird journals” (in their chosen form, e.g., hand-written, on
the computer). Throughout this period, they could consult their teacher with any problems or uncertainties.
They also learned to use binoculars, bird atlases, and identification keys (e.g., Svensson et al., 2016; Schmid,
2020).

Stage 3: Oral presentations — In the middle of each March, each pupil prepared a 5-minute presentation on
what they considered the most interesting bird species that visited their bird feeder. Because the project was
cross-curricular, pupils often added drawings, paintings, and photos from their art or geography classes to
their presentations.

Stage 4: Post-test — At the end of March, pupils were tested again on the same 33 bird species using the
same photos and evaluation format as at the beginning of the project. Pupils then calculated the difference
between their points in the first and final tests and assessed their own progress.

Stage 5: Conclusion — Feedback on the project was obtained through a teacher-mediated discussion in
which pupils reflected on their experiences, test results, changes in attitude toward the environment and
possible ways to improve the project. Each pupil was asked to describe their most memorable experience
from birdwatching. Pupils calculated class results from birdwatching (which species showed up the most and
which was never seen). They also used maps to plot bird species occurrences to see if certain species appeared
more in one location than another (see Figure 1). Pupils used their bird journals, drawings, photos and maps
to create an exhibit open to parents for one afternoon and accessible to schoolmates and teachers for a week.
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Figure 1: In groups, pupils marked maps to show the location of their bird feeding stations and listed the
most frequently seen species at their locations. Photo: Miia Aine Tissari.
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Although the birdwatching project was not originally designed for in-depth statistical analysis, the pupils’
results provided sufficient data for basic analysis. Data from the pre- and post- tests were processed by the
teacher using Microsoft Excel (v16.86) for standard deviation of the population (STDEV.P — used because
group sizes varied) and Cohen’s d to determine how much of an effect the project had (see Figure 2). The
proportion of fully correct answers from Pre-test and Post-test was calculated by dividing the number of fully
correct responses by the total number of responses. Other statistical analyses were conducted using Python
(v3.10) with the scipy.stats library. A paired-samples t-test was used to compare pre-test and post-test scores
within the same participants (ttest_rel), and an independent-samples t-test was conducted using Welch’s
correction for unequal variances and sample sizes (PySely: n = 92; Strancice: n = 89) to compare post-test
scores between the two schools. The results in Figure 3 were obtained from an e-mail survey of previous
participants.

RESULTS

Between 2014 and 2021, ten groups of 7th-9th graders from two Central Bohemian schools (Strancice and
Pysely) completed the guided project focused on birdwatching and identification. In total, 181 pupils aged
13-15 from classes, ranging in size from 8-23 pupils, participated. A paired-samples t-test of all pupils that
participated in the 5-month birdwatching project confirmed that the pre- to post-test improvement was sta-
tistically significant (t(180) = -44.71, p .001), while an independent-samples t-test with unequal variances
found no significant difference in post-test scores between schools (t(87.5) = 1.20, p = .231). Figure 1 shows
mean pre- to post-test bird identification score improvements across the ten classes at both schools. Cohen’s
d values also indicate positive effect sizes (moderate to large) for every class. However, the magnitude of im-
provement varied across classes, with the highest effect sizes in S7-S10 (Strancice) and S1 (Pysely), suggesting
more pronounced learning gains in those groups. Conversely, classes such as S2 showed improvement, but
comparatively smaller, reflecting differences in group dynamics and prior knowledge. Error bars in Figure 2
represent 1 standard deviation, calculated using STDEV.P, to reflect variability at the class level. In some
classes (e.g., S1, S3, and S4), post-test scores were more tightly grouped, which may suggest pupils had be-
come more consistent in their understanding. In others (e.g., S2 and S9), the range of scores widened, which
may point to differences in how pupils responded to the project. Interestingly, low pre-test variability may
simply reflect limited prior knowledge rather than genuine consistency. Despite these differences, the overall
gain — from 16% to 47% accuracy of complete responses — highlights the project’s potential as a broadly
effective model for nature-focused learning.

Before and after the project, the most known species remained mainly the same but changed in order from
most to least known. In the pre-test, the best known was the great tit (Parus major), followed by the blue
tit (Cyanistes caeruleus), the European blue jay (Garrulus glandarius), and the blackbird (Turdus merula).
In the post-test, the best known was the blue tit and the great tit, followed by the blackbird and then the
crested tit (Lophophanes cristatus). Some species were difficult to identify before and after the project as
well, either because these species (e.g., Prunella modularis, Fringilla montifringilla, Turdus pilaris) were less
colorful or because they did not show up at the bird feeders. Therefore, pupils were less familiar with them.

The most surprising incorrect answers occurred when pupils confused the great spotted woodpecker (Dendro-
copos magor) with a black woodpecker (Dryocopus martius), known as a “datel” in Czech. Later, we realized
that some educational posters used in classrooms mistakenly had a picture of a great spotted woodpecker
under the letter D for “datel”.

Several factors could have directly influenced post-test gains in this study. These include individual differences
in pupils’ prior knowledge of birds and general science ability. Some pupils demonstrated high identification
skills from the outset, leaving little room for measurable improvement. Environmental conditions, such as
local bird diversity, habitat quality, and bird feeder visibility, likely varied between school sites and individual
pupils’ homes. In particular, the placement of bird feeders was constrained by the pupils’ living situations
(e.g., flats vs. houses), which may have affected their exposure to bird species during the project. These
factors highlight opportunities for further research using more controlled or context-sensitive designs.
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BIRD SPECIES IDENTIFICATION BEFORE AND AFTER THE BIRDWATCHING PROJECT
PRE- vs POST-TEST MEAN SCORES WITH STANDARD DEVIATIONS AND COHEN'S D
BY CLASS (Py3ely School $1-55 and Strancice School $6-510)
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Figure 2: Mean pre-test and post-test scores for bird species identification across ten classes in two Central
Bohemian schools (Pysely and Strancice) participating in the guided project. Blue bars indicate mean scores
from the pre-test administered prior to the project; green bars show means from the post-test given after the
birdwatching project was completed. Error bars represent + 1 standard deviation, calculated using STDEV.P,
based on full class-level data. The red line denotes Cohen’s d, illustrating the standardized effect size of the
project for each class, where values of 0.2, 0.5, and 0.8 typically represent small, medium, and large effects,
respectively (Cohen, 1988).

Families also got involved with the project. Pupils often reported back that their family members had started
birdwatching as well. The amount of involvement can be seen in Figure 3: active involvement (in blue) meant
that family members helped feed and observe the birds. Passive involvement (in orange) meant that they
bought bird feed but did not feed or observe. No involvement (in grey) meant that pupils bought bird feed
and cared for the feeders themselves.

An e-mail survey found that 51 % of pupils (two years after they finished the project) were still feeding or
observing birds, thus supporting our project goal of improving environmental stewardship.

As mentioned in the Introduction, most projects do not match our project in scope or duration. Other
examples of projects address a different age group, e.g., the Nord University’s European Bird ID Program,
which ran from 2010-2018, involved 798 adult students from nine European countries who underwent an
online bird identification test before the study, followed by field tests and subsequent online exams. Their
results indicated significant improvements in both visual and auditory bird identification skills (Husby et
al., 2024, p. 20) and may support adding online identification programs to our project in the future. Our
results, however, are most comparable with those from the project of White et al. (2018, p. 6). Their 220
pupils aged 7-10 from 8 schools showed a 42.6% increase in their ability to identify 12 bird species after
participating in a 6-week project. Our pupils showed a 47% increase in accuracy after our five-month project.
Both projects found a positive correlation between the length of the project and the improved ability to
identify bird species.

CONCLUSION

By watching birds, pupils learned to identify the species that come to their feeders, observe and register
different bird behaviours, and discover how to care for birds properly. In most pupils, a more profound
interest in studying these animals and a higher desire to protect birds and their environment was piqued.
Based on the final discussions with pupils in Stage 5 of the project, the project had helped pupils to become
more aware of their local surroundings, with pupils seeing that certain birds prefer certain areas of the
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FAMILY INVOLVEMENT IN THE BIRDWATCHING PROJECT
ACCORDING TO GROUP (PYSELY S1-S5 AND STRANCICE $6-510)
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Figure 3: Family involvement in the birdwatching project for groups S1-S5 (PysSely school) and S6-S10
(Strancice school). Blue indicates active family involvement, orange indicates passive involvement; grey
indicates no family involvement (for details, see text).

municipality (from maps they had prepared), types of trees, and bushes. The pupils’ feeling of environmental
stewardship has also changed; they started caring more about whether the birds have enough food or clean
water sources available. Our results show that science-based projects can positively impact education, help
build environmental awareness, and form and strengthen pupils’ feelings of stewardship toward nature.
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