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Foreword

Science Education. Resilience in challenging times

For several decades the today so-called artificial intelligence, Al, was used in scientific and
technology research helping scientists in their painstaking work of unveiling and explaining

the Aimysterieso of our wor |l d, rsooietytand thawbetterng t o
life. Science technology and engineering greatly benefited from tools like neural networks

or fuzzy logic for instance. Recently Al appears in front of our eyes with an extraordinary
somewhat unexpected impact. However, now not only, or specially, for research and
development purposes, but in a wide range of aspects of our everyday life. Often not to help
investigators researchers and scholars to establish new knowledge, but simply to summate

or reproduce, in a variety of ways, already published knowledge (certified or assessed and

accepted, or not, unfortunately, being just published without filter or validation as it happens

with the overwhelming amount of fake news or facts that are created everyday at alarming

rates to serve dubious or twisted interests or purposes). The amount of information,
reproduced or created, that is readily available effortlessly to everybody is amazing. That

looks good and probably is, most of the time. However, is that information or knowledge
curated or val i dated? if it is validatedeé b
Areader o/ user ready to criticallyeimmadgane t he
either accept and consider it or else doubt it discuss it or even refuse it trying different

sources and a sound validation?

There is no problem, on the contraryé, on hav
Aal l 6 answer s, readily available whenever ne
providers there is fAonlyo (or mostl yeésitobgr eed
trained t o c op eonadfthehmajorichalledgasdhe schoaltand sducators are

having today. Thatds a huge task on these day:

and peopl, with @ising seff-behtesred autocracies undermining the role of dialog and
disrespecting the concert of nations. Resilience is needed to all of us. The school already
proved to be able to have it and raise to tod

The learning of science demands and induces critical spirit and reasoning, as well as hands-
on methodic commitment of the students themselves, at the center of the learning process.
Once more Science Education should be at the core of the school curriculum and practice
not only by the knowledge but specially for the critical competencies it helps developing.

This book reunites a variety of diverse works in this line of thought presented at the 23rd
International Conference on Hands-on Science, HSCI2026.

Braga, Portugal, June 19, 2026.

Manuel Filipe Pereira da Cunha Martins Costa
Editor in chief
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The Invisible Chemistry:
The World of Smells

JM Fernandez Novell?,

C Zaragoza Domenech?
IProfessional College of Catalan Chemists,
Barcelona, Spain
2Department of Education, Generalitat de
Catalunya, Barcelona, Spain
jmfernandeznovell@ateneu.ub.edu

Abstract . The main objective of this activity is
to bring the chemistry of odors and volatile
molecules closer to the general public, from
young students to adults, by demonstrating that
natural aromas are chemical compounds with
specific structures, properties, and functions.
The activity seeks to make accessible a
fascinating invisible world that plays a
fundamental role in biological and ecological
interactions. Through this approach, participants
discover that nature itself is chemistry in action.
The activity consists of explaining and preparing
a simple and safe cologne as a laboratory
exercise suitable for primary school students.
This hands-on experience introduces
participants to the world of chemistry and odors,
helping them understand how chemical
compounds contribute to life and the natural
environment. In addition to promoting scientific
curiosity and experimentation, a key goal of the
activity is to challenge the false opposition
bet ween fAnatur al 06 and

Keywords. Aerial chemical, molecules, nature,
olfactory activities.

1. Introduction

Introducing the chemical science behind
smells and olfactory perception through hands-
on experiments is the central objective of this
activity. By exploring the relationship between
chemistry and the sense of smell, participants
gain a better understanding of how volatile
molecules interact with living organisms and
influence our perception of the world.

The sense of smell, or olfaction, is the
sensory system that enables humans and other
animals to detect and identify odors. Olfaction
occurs when airborne chemical molecules enter
the nasal cavity and bind to specialized
receptors located on olfactory sensory neurons.
These receptors convert chemical information

into electrical signals that are transmitted
directly to the brain, where odors are identified
and associated with emotions, memories, and
behaviors.

According to the Merriam-Webster
Dictionary, an odor is fia
stimul at es t he

sensation resulting from adequate stimulation of
the ol factory organo

In scientific terms, odors arise from volatile
chemical compounds that can be perceived by
the olfactory system. The characteristic smell of
a substance depends on the molecular structure
of its volatile components and their interaction
with olfactory receptors [2].

1.1. The Sense of Smell

The sense of smell
essential biological functions:

performs several

1.1.1. Flavor Perception

A large part of what we commonly describe
as Atasteo actually
Olfactory information combines with signals
from the taste buds to create the perception of
flavor. Without the contribution of olfaction,
foods such as oranges, coffee, or chocolate
would taste much less distinctive.

1.1.2. Safety and Survival

ichemical _ _
Smell serves as an important warning system

by helping us detect potential hazards, including
smoke from fires, gas leaks, spoiled food, and
harmful environmental substances.

1.1.3. Connection to the Brain

Olfaction, the sense of smell or the act of
smelling, is uniqgue among the senses because
it has direct neural connections to brain regions
involved in emotion and memory, such as the
limbic system.

This close relationship explains why certain
smells can evoke vivid memories and strong
emotional responses.

Understanding how odors are generated,
detected, and interpreted provides an excellent
opportunity to introduce students to chemistry,

gual it
ol factory ¢

[ 1]

depen
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biology, and the scientific study of the natural
world. Figure 1 shows the sense of smell.

The Sense of Smell

Limbic system of the brain
\

Olfactory bulb

Nasal cavity

2.2 0 050"

Olfactory
neurons

Figure 1. The sense of smell, modified from ©
2026 Jodi Baglien Aromatherapy LLC

1.2. How the Sense of Smell Works t

The process of smelling begins when odor
molecules travel through the air and enter the
nose. These molecules may also reach the
nasal cavity through the back of the throat while
eating and drinking, contributing significantly to
flavor perception.

1.2.1. Entry

Volatile molecules released from substances
in the environment enter the nasal passages
during breathing.

1.2.2. Detection

The molecules reach the olfactory epithelium,
a specialized tissue located in the upper part of
the nasal cavity. There, they bind to specific
olfactory receptors found on sensory neurons.
Each receptor responds to particular molecular
features, allowing the detection of thousands of
different odors.

1.2.3. Brain Processing

Once activated, the olfactory neurons
generate electrical signals that travel to the
olfactory bulb, where the information is

organized and processed before
transmitted to other regions of the brain.

being

1.2.4. Reaction and Interpretation

The brain interprets these signals as
recognizable smells and sends the information
to areas associated with memory and emotion,
particularly the limbic system. This direct
connection explains why certain scents can
instantly evoke vivid memories, emotions, or
sensations.

The process can be summarized as follows:

Odor mol ecul es Y
Ol factory bul b Y
Sensations, memories, and emotions

Br ai

The study of smell also includes topics such
as olfactory memory, individual differences in
odor perception, loss of smell (anosmia), the
relationship between olfaction and health, and
the influence of culture on how people perceive
and interpret aromatic landscapes.

Scientific Basis of Odor Perception

For a substance to be smelled, some of its
molecules must enter the air. However, aromatic
molecules do not always evaporate with the
same ease. Their ability to reach the nose
depends on several factors, including their
volatility, solubility, and affinity for the medium in
which they are found.

An aromatic compound may be dissolved in
water, oil, or alcohol, but only the fraction that
escapes into the air can be detected by the
olfactory system. For this reason, substances
with highly volatile molecules generally produce
stronger and more easily perceived aromas.

1.3. Every Odor Is Produced by
Molecules

Participants will explore the fascinating world
of volatile molecules: chemical substances that
travel through the air and enable plants,
animals, fungi, bacteria, and entire ecosystems
to communicate, defend themselves, orient
themselves, and interact.

This activity seeks to make visible an
invisible reality, the vast aerial chemical network
that sustains many of the interactions occurring
in nature.

Ol factor
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The scent of a forest, the fragrance of a
flower, or the odor released by an alarmed
animal are often experienced simply as smells.
In reality, each of these odors is a chemical
message produced by molecules with specific
structures, physical properties, and biological
functions.

These natural chemical signals are involved
in: pollination and plant reproduction, defense
against herbivores and pathogens, tracking and
navigation, communication between organisms,
decomposition  processes, learning and
memory, and even human health and well-
being.

Through a combination of olfactory
experiences, simple experiments, and scientific
explanations, this activity transforms the
molecular world into a tangible, engaging, and
memorable learning experience.

Smell has a unique relationship with memory
and emotions, making it a powerful educational
tool. Participants leave with a deeper
understanding of a fundamental scientific
concept: the air around us is filled with chemical
messages, and chemistry provides the key to
understanding them.

1.4. A New Educational Experience

One of the major challenges in science
education is increasing students' interest in
chemistry and the natural sciences from an early
age.

Most children have, at some point during their
school years or while participating in workshops
and holiday camps, created perfumes or
colognes using flowers, plants, or citrus fruits
such as lemons. This type of activity is both
enriching and educational, providing valuable
insights into chemistry, botany, and the life
sciences. For this reason, the Official College of
Chemists of Catalonia (COQC) [4] has
developed this activity primarily for younger
children, while ensuring that it can be adapted
and expanded for students at higher educational
levels.

innovative
combines
and

This activity represents an
pedagogical approach that
experimentation, sensory perception,

scientific inquiry to introduce young learners to
the invisible world of odors.

The central objective is to explain and
prepare a simple cologne through a safe and
accessible laboratory activity designed for
primary school students. By creating their own
fragrance, participants are introduced to
fundamental concepts of chemistry, including
molecules, volatility, solutions, and natural
aromatic compounds.

This educational experience was
implemented in Catalan primary schools [5, 6]
with students between 6 and 10 years of age. At
this educational level, the activity encourages
children to discover that odors are produced by
molecules and that the air around them contains
countless invisible chemical signals.

This activity combines chemistry, sensory
perception, and environmental awareness,
making  scientific ~ concepts  accessible,
engaging, and directly connected to everyday
life. Through observation, experimentation, and
discussion, students learn that chemistry is not
limited to the laboratory but is present in every
aspect of the natural world.

The same methodology has also been
adapted for adult audiences, demonstrating that
the chemistry of odors can serve as an effective
and attractive gateway to science education for
people of all ages. The outcomes of these
experiences will be discussed in future work.

2. Nature is chemistry in action

The first stage of the activity introduces
young students and adults to an immersive
exploration of the invisible molecular world.
Through simple explanations and experiments,
particles, air currents, and molecules in constant
motion are presented as fundamental
components of our environment.

The objective is to understand that air is not
empty space but rather a medium filled with
chemical signals. Participants learn what volatile
substances are, why certain molecules readily
evaporate into the atmosphere, and how these
molecules can reach the olfactory receptors of
humans and other organisms.
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The key message is that air serves as a
medium for chemical communication, allowing
organisms to exchange information without
direct contact.

2.1. Plants communicate

Plants are often perceived as silent and
passive organisms, yet they continuously
produce and release a wide variety of chemical
signals into the environment. The aromas
emitted by flowers, leaves, fruits, and even
wounded tissues are composed of volatile
molecules that play important ecological roles.
These chemical messages can:

9 Attract pollinators such as bees and
butterflies.

1 Repel herbivores and harmful insects.

1 Alert neighboring plants to
environmental threats.

As part of the activity, participants prepare a
simple cologne using aromatic plants such as
lavender or thyme. Through this experience,
they discover that plant odors are not merely
pleasant fragrances but sophisticated chemical
strategies related to defense, attraction,
communication, and survival.

The workshop also introduces participants to
the hidden chemical activity occurring beneath
their feet. Soil is a living laboratory where roots,
fungi, mycelial networks, and microorganisms
constantly exchange chemical signals, creating
complex interactions that sustain ecosystems.

A flower attracting a pollinator, a plant
releasing alarm signals, or an insect following an
aromatic trail are all examples of the same
invisible communication system. By
understanding these interactions, participants
begin to appreciate that nature operates through
an intricate network of chemical messages and
that chemistry is an essential tool for
understanding life on Earth.

2.2. Chemic animals

Animals also inhabit a world rich in chemical
information. Many species rely on odors and
volatile compounds to communicate, navigate,
reproduce, and survive. Through pheromones,
scent trails, territorial markings, and body odors,

animals exchange information that is often
invisible to human perception.

Chemical signals allow animals to: Find and
recognize potential mates. ldentify members of
their own group or species. Mark territories and
establish social hierarchies. Warn others of
danger. Locate food sources and navigate their
environment.

Examples range from the pheromones
released by moths to attract partners over long
distances to the extraordinary olfactory abilities
of dogs, which can detect odors at
concentrations far below human sensory limits.

This activity also connects these concepts to
human biology. Although humans rely heavily on
vision and hearing, body odors remain important
indicators of identity, health, emotional state,
and social interaction. Understanding the
chemistry of body odors helps participants
recognize that chemical communication is a
fundamental aspect of life shared by many
organisms.

Together, plants, animals, microorganisms,
and humans participate in a vast network of
chemical exchanges that shape ecological
relationships and biological processes.

2.3. Applications of the Chemistry of
Odors

The study of odors and volatile molecules has
numerous practical applications that directly
benefit society and the environment.
Understanding how chemical signals are
produced, transported, and detected allows
scientists to develop innovative solutions in
fields ranging from agriculture to medicine.
Examples include:

1 Improving food quality through the
analysis of aroma compounds.

i Biological pest control using natural
chemical signals.

1 Early detection of diseases through
volatile biomarkers present in breath,
skin emissions, or other biological
samples.

9 Design of healthier indoor and outdoor
environments.
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1 Development of chemical sensors and
electronic noses.

1 Monitoring and restoration of natural
ecosystems.

These applications demonstrate  how
chemistry contributes to improving human well-
being and environmental sustainability. The
central message is that understanding the
molecules that travel through the air can help us
better understand, protect, and care for the
world we inhabit.

Finally, participants discover how volatile
molecules can be captured, separated,
identified, and used. This stage of the workshop
provides a highly interactive and experimental
learning experience through simple, safe, and
engaging laboratory demonstrations adapted to
the general public.

By observing how scientists study odors and
aromatic compounds, participants gain insight
into the methods and tools used in modern
chemistry. In this context, the College of
Chemists plays a particularly important role by
providing scientific guidance, professional
expertise, and institutional support for
educational outreach activities.

3. How to make cologne with aromatic
plants

This educational activity combines chemistry,
sensory  perception, and environmental
awareness, making  scientific  concepts
accessible, engaging, and relevant to everyday
life. The experiments were carried out in the
classroom with primary school students aged 6i
10 years.

During the activity, students are introduced
to the concepts of volatility, evaporation,
solubility, polarity, and affinity for different
media. The following ideas are explained:

Water is a polar medium. It can dissolve
substances such as salt and sugar. Its behavior
can also be demonstrated through simple
experiments, such as observing how a stream of
tap water is deflected by a balloon charged with
static electricity. Figure 2 shows that
electrostatic attraction.

QOil is a non-polar medium and therefore
dissolves different types of substances than
water.

Alcohol has intermediate properties. It can
dissolve many aromatic compounds found in
plants and evaporates easily, making it an
excellent solvent for preparing colognes and
perfumes.

Figure 2. Photo provided by Zoe Fernandez

Oil is a non-polar medium and alcohol has an
intermediate behavior that allows it to dissolve
many aromatic compounds and evaporate
easily.

3.1. Thyme

Thymus vulgaris, commonly known as thyme,
is a perennial Mediterranean shrub belonging to
the mint family (Lamiaceae). It has small leaves
that are dark green on the upper surface and
whitish on the underside due to the presence of
fine hairs. Its stems become woody as the plant
matures.
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Figure 3. Obtained from [7]

The flowers are pink to purple and grow in
small clusters (Fig. 3). Under suitable
conditions, thyme can flower for much of the
year and typically reaches a height of 301 40 cm.

Uses: Medicinal: it has antiseptic, healing
and expectorant properties, among others. It is
one of the traditional condiments of
Mediterranean cuisine (for meats, stews, soups,
for marinating olives, etc.). In the field of
perfumery it can be used to make cologne and
soaps.

3.2. Lavender

Lavandula angustifolia, commonly known as
lavender, is a perennial Mediterranean shrub
belonging to the mint family (Lamiaceae), figure
4 and [8]. It has narrow, lance-shaped leaves
and flowering stems bearing numerous bluish-
violet flowers grouped together in spike-like
inflorescences. The stems are characteristically
square in cross-section, a typical feature of
plants in this family. Lavender usually blooms in
early summer and can reach a height of 0.30i
1.0 m.

Figure 4. Obtained from [8]

Uses: Medicinal: Lavender has traditionally
been valued for a variety of medicinal properties.
It is commonly described as having:

1 Tranquilizing and relaxing effects that
may help promote sleep.

1 Antispasmodic properties that can
help relieve muscle tension.

1 Mild antiseptic and disinfectant
effects.

9 Digestive benefits that may help
alleviate minor digestive discomfort.

Lavender cologne has traditionally been used
in massages and body rubs to help relieve
fatigue and improve the sensation of poor
circulation.

3.3. Thyme and lavender aromatic
compounds

Thyme contains essential oils rich in aromatic
compounds such as thymol. These compounds
are more soluble in alcohol than in water. During
maceration, the alcohol extracts the aromatic
molecules from the plant tissues.

When the cologne is sprayed, the alcohol
evaporates rapidly because of its high volatility,
carrying the fragrance molecules into the air
where they can be detected by our sense of
smell.
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Lavender is particularly suitable for

classroom perfume-making activities because
its flowers contain volatile aromatic compounds
that are easily extracted by alcohol.

Figure 5. Plants and leaves of elm, geranium,
rose and pansy

This activity helps students connect plant
biology with chemistry concepts such as
extraction, solubility, volatility, and evaporation,
while also exploring the traditional and modern
uses of aromatic plants. Figure 5 shows other
plants used by students and adults to make
perfumes and colognes, such as geranium,
elderberry, rose and pansy.

4. Experiment making colognes

During the preparation of different colognes,
students can observe how:

f

Alcohol dissolves many fragrant
substances present in the flowers.
Aromatic molecules diffuse from the
plant material into the solvent.

The fragrance becomes noticeable
when the alcohol evaporates and
carries the scent molecules into the air.
Different plants produce different
aromas because they contain different
chemical compounds.

4.1. Thyme and lavender colognes

To make cologne, we will macerate the plant
in alcohol (thyme or lavender), figure 6 shows
young students, aged nine to ten years old from
a school in Barcelona, macerating the plants.

Through this process, the active principles of

the plant that are soluble in alcohol

are

extracted, without using a heat source, as would
be the case with distillation.

4.1.1. Materials

1

= =4 -8 4

Fresh thyme or lavender leaves and
flowering stems

Ethyl alcohol (701 96%, depending on
availability and safety regulations)
Small glass jar with lid

Filter paper or coffee filter

Funnel

Small spray bottle or perfume bottle

Figure 6. Preparing a cologne in classroom

4.1.2. Procedure

1.

Collect several fresh sprigs of thyme or
lavender and gently crush the leaves to
release their aromatic compounds.
Place the plant material in a glass jar.
Add enough ethyj alcohol (96%) to
completely cover the thyme.

Close the jar and leave it in a cool, dark
place for several days, shaking it gently
once a day.

After 51 7 days, filter the mixture to
remove the plant material.

Transfer the filtered liquid into a small
spray bottle (Fig. 7).
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During maceration, the plants are left to rest
in alcohol that we have diluted with water (for
each liter of water we put half a liter of alcohol).
Normally, about 50 grams of plants are put per
liter of diluted alcohol.

The
and ready to be used

Figure 7. student so

For about 15 days, the bottle must be kept in
a dark and dry place and the mixture must be
stirred well to achieve maximum extraction of
the active principles of the plants.

4.2. Create Your Own Floral Perfume

This simple activity allows students to
discover where the scent of flowers is found and
how different substances such as water, oil,
alcohol, and air interact with aromatic
molecules.

4.2.1. Material

1 1 cup of fresh flower petals with their
centers (rose, jasmine, violet, lily, or...)
Y cup of water

A microwave-safe container

A bottle or jar for storing the fragrance
Lemon cologne or 70% rubbing alcohol

ERE_NE N

4.2.2. Instructions

a. Prepare the Flowers

Remove the petals from the flowers and
place them in a mortar. Gently crush them with
a pestle to release their aromatic compounds
and essential oils.

A\{i\m 94
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Figure 8, Different flower petals to obtain
perfumes and colognes

b. Make the Infusion

Pour the water over the petals and heat the
mixture in the microwave for about 20 seconds,
or until the water begins to take on the color of
the flowers.

c. Filter the Mixture

Strain the liquid through a fine sieve or filter
paper to remove the petals and obtain the
scented infusion.

d. Fix the Fragrance

Add a few drops of lemon cologne or a small
amount of 70% alcohol. The alcohol helps
preserve the perfume and improves the release
of aromatic molecules.

e. Store the Perfume

Pour the liquid into a clean, airtight bottle.
Leave it in a cool place for at least 24 hours
before use. During this time, the different
aromatic compounds blend and the fragrance
becomes more balanced. Figure 8 shows some
examples of flowers that were used by students
to obtain smells.




Hands -on Science. Science Education. Resilience in challenging times

4.2.3. Tips for a Stronger and Longer -
Lasting Perfume

1 Choose fresh, high-quality flowers. Fresh
petals contain more aromatic
compounds.

1 Add a natural fixative. A few drops of
glycerin or vanilla essence can help slow
down evaporation and retain the
fragrance longer.

1 Combine different flowers. Mixing floral
scents can create more complex and
pleasant perfumes.

1 Allow the perfume to mature. Storing it in
a cool, dark place for at least 24 hours
helps the aromas develop.

I Use a dark glass bottle. Amber or blue
glass protects the perfume from light,
which can degrade some aromatic
compounds.

5. Conclusions

This activity demonstrates that a smell does
not depend solely on the aromatic molecule
itself, but also on the medium in which it is found.
For a fragrance to be perceived, aromatic
molecules must be able to escape from the liquid
or material that contains them, enter the air, and
reach the nose.

Different media influence this process in
different ways. Alcohol releases many aromatic
molecules quickly and intensely because it
evaporates easily. Oil can retain many fat-
soluble compounds, often producing a fragrance
that is less intense initially but more persistent
over time. Water behaves differently depending
on the solubility of each aromatic compound.
Therefor e, t he medium
the aroma,; it regulates its intensity, the speed at
which it is released, and its duration.

Students from Primary Education (6110
years) can compare the same scent mixed with
water, alcohol, and oil. They smell the fraction of
that molecule that succeeds in escaping from its
environment and reaching the air. The
perception of a scent depends not only on the
molecule itself but also on where it is found and
how it is released.

As in [9, 10] to promoting scientific curiosity,
observation, and experimentation, this activity

helps students understand the relationship
between chemistry and everyday life. The
Official College of Chemists of Catalonia
(COQC) has developed this activity primarily for
younger children, while ensuring that it can be
adapted and expanded for students at higher
educational levels.

Nature is not the opposite of chemistry;
rather, chemistry helps explain how nature
works.

Through these activities, students learn that:

9 Plants contain aromatic substances that
can be extracted.

9 Different substances dissolve better in
different solvents.

9 Alcohol acts as a solvent and facilitates
the extraction of fragrances.

9 Evaporation allows scent molecules to
disperse through the air.

1 The perception of a smell depends on
both the aromatic molecule and the
medium in which it is found.

1 Many perfumes and colognes are
produced using principles similar to
those explored in these experiments.

9 Scientific concepts such as solubility,
polarity, volatility, and diffusion can be
observed through familiar materials and
everyday experiences.

A central objective is to challenge the

wi despread mi sconception
Achemical o ar e opposed
direct experimentation, participants discover

that natural substances are themselves
composed of chemical compounds and that

ctleemistry i8 one of she maqstl ppwerfulct@ols fory 0O

understanding living organisms and the natural
world.
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Abstract . Cleaning is a fundamental activity in
human societies. Beyond aesthetic
considerations, the removal of dirt and
contaminants is essential for preventing the
growth and spread of pathogenic
microorganisms, thereby contributing
significantly to public health and well-being.
Cleaning also plays a crucial role in
technological and industrial development, as
virtually all manufacturing and production
processes require some form of cleaning to
ensure product quality, safety, and efficiency.
The diversity of materials, surfaces, and
contaminants encountered in everyday life has
led to the development of a wide range of
cleaning products, each designed for specific
applications. Different types of dirt, including
grease, mineral deposits, organic residues, and
microbial contamination, require different
cleaning strategies and chemical formulations.
The activity consists of explaining and preparing
one kind of soap as a laboratory exercise
suitable for school students and adults. This
hands-on experience introduces participants to
the world of chemistry and clean, helping them
understand how  chemical = compounds
contribute to life and the natural environment. As
a result, cleaning represents a broad and
important field of application of chemistry.

Keywords. Cleaning, environmental, health,
soap, technology.

1. Introduction

Cleaning constitutes a fundamental aspect of
human societies. Beyond mere aesthetic
considerations, the removal of dirt and
contaminants is essential for preventing the
proliferation and transmission of pathogens,
thereby safeguarding public health. Effective
cleaning practices play a decisive role in

reducing the incidence of infectious diseases
and in maintaining hygienic conditions in both
private and public settings. Furthermore,
cleaning is indispensable to technological and
industrial increase; quality-control processes
require the systematic elimination of impurities
from surfaces and materials.

Throughout history, cleaning practices have
undergone profound transformations. Whereas
early methods relied primarily on natural
substances such as water, ash, and plant-
derived compounds, contemporary cleaning
largely depends on synthetic agents specifically
formulated to maximize efficiency and safety.

Figurel. Aut hor s
washhouse in Cefall

phot o of

Modern cleaning products typically contain
chemically engineered substances developed
through extensive research and innovation. In
recent decades, increasing environmental
awareness has prompted the industry to
prioritize the development of formulations that
are not only highly effective but also less
detrimental to ecosystems and human health.

The diversity of surfaces requiring cleaning
ranging from domestic environments to complex
industrial systems together with the wide array
of contaminants, including organic matter,
grease, mineral deposits, and microorganisms,
underscores the breadth and complexity of this
field. Consequently, cleaning represents a
significant domain of application for chemistry.
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The efficacy of cleaning agents is determined by
their physical and chemical properties, such as
solubility, polarity, and reactivity, as well as their
capacity to interact with and remove specific
types of substances. A thorough understanding
of these properties enables the design of
targeted and optimized cleaning solutions.

Soap is something we use every day, but
have you ever wondered how it is made? Many
children and adults enjoy playing with soap
bubbles and observing the beautiful colors that
appear when light shines on them. Fig. 2 The
figure shows a photo obtained from the website
of the Hands on Science network. Soap also
plays an important role in keeping our hands and
bodies clean.

Figure 2 Playing with soap bubbles

Before commercial soaps were widely
available, many families made their own soap at
home using leftover cooking oil and other fats.
This process allowed them to recycle materials
while creating a useful product. Making soap is
an excellent way to explore chemistry,
sustainability, and traditional household
practices.

In addition to its scientific and technological
relevance, the chemistry of cleaning provides an
excellent context for science education.

At the Official College of Chemists of
Catalonia (COQC) [1], we have designed this
activity to help secondary school students
investigate the science behind soap making
through hands-on learning. By making soap in
the classroom and at home, students can
discover how everyday materials are
transformed through a chemical reaction and
learn about the importance of reducing waste
and reusing resources.

Making homemade soap was initially
implemented in Catalan secondary schools with
students aged 14i 18 years working in small
groups [2, 3]. Students participated in activities
to obtained soap and some related to the

chemistry of cleaning, including the analysis of
cleaning products, the investigation of their
chemical components, and the communication
of scientific information through collaborative
projects. Finally, the same approach was
implemented with adult learners, highlighting its
adaptability to different educational contexts and
age groups.

The results obtained suggest that learning
chemistry through everyday cleaning processes
increases student engagement and facilitates
the understanding of fundamental chemical
concepts. Finally, the chemistry of cleaning can
be used as an effective tool for science
education and communication.

2. Cleaning Chemical compounds

Cleaning  chemical = compounds are
formulated to break down dirt, disinfect surfaces,
and dissolve stains.

2.1. Surfactants

Water is a highly polar solvent and is
therefore particularly effective at dissolving polar
compounds. However, it is ineffective at
dissolving hydrophobic (non-polar) substances
such as oils and greases. In these cases, the
presence of surfactants is essential.

Surfactants are  organic  amphiphilic
molecules, meaning that they contain both
hydrophilic (water-attracting) and hydrophobic
(water-repelling) regions within the same
structure (Fig. 3). When dissolved in water,
surfactants preferentially adsorb at interfaces,
such as the liquidi air interface, where they
reduce the surface tension of water.

Surfactant

SN

water-loving head

Figure 3. Surfactant

Surfactant hydrophobic regions interact with
non-polar substances, such as oils and greases,
while their hydrophilic regions remain in contact
with the aqueous phase. As a resul,
hydrophobic contaminants become

12
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incorporated into the core of micelles and can be
dispersed in water, allowing their efficient
removal during rinsing.

Surfactants are  generally classified
according to the nature of their hydrophilic
group, whereas their hydrophobic portion
typically consists of long hydrocarbon chains or
aromatic groups.

Anionic surfactants are characterized by the
presence of a negatively charged hydrophilic
group and they are the most widely used class
of surfactants in household and industrial
cleaning products. Cationic surfactants possess
a positively charged hydrophilic group. They are
employed in disinfectants and antiseptics.

2.2. pH based reaction s
2.2.1. Acidity

Acids play a significant role in cleaning
processes and are widely employed for the
removal of a variety of unwanted substances,
(review acid and alkali chemistry in any
chemistry textbook [4, 5]). One of their most
important applications is the dissolution of metal
oxides, commonly known as rust. These oxides
often form adherent and poorly soluble layers on
metal surfaces, making their mechanical
removal difficult. When treated with acids, metal
oxides react with hydronium ions to form soluble
metal ions, which can subsequently be removed
by rinsing.

A general reaction for the dissolution of a
metal oxide of a monovalent metal may be
represented as:

M,O(s) + 2 HsO*( aq) X0()3 2 M*(aq)

Some specific examples include:

FeO(s) + 2H:0*( aq) ()3 Fd¥(aq)

20()3 2 Ag+(aq)

The concentration of the acid and the
duration of exposure must be carefully
controlled, as acids may also react directly with
certain metals, leading to corrosion and material
degradation. For this reason, weak organic
acids are often preferred in commercial cleaning
formulations because they provide an
appropriate balance between cleaning efficiency
and material preservation.

Ag20(s) + 2 Hs:O0*( a q)

Acids are also extensively used for the

removal of limescale deposits from pipes,
household appliances, and hard surfaces.
Limescale consists primarily of calcium

carbonate formed through the precipitation of
dissolved minerals present in hard water. Upon
treatment with an acid, carbonate ions are
converted into carbon dioxide gas, while calcium
ions remain dissolved in solution:

CaCOas(s) + 2 H:0*( a q) Y
Ca*(aq) + CO(g) + 3 H20(l)

The release of carbon dioxide (CO2) is often
observed as effervescence during the cleaning
process.

Common acids used in cleaning products
include hydrochloric acid, acetic acid, and
organic acids such as citric or propanoic acid.

2.2.2. Alkalinity

A large proportion of cleaning products are
formulated to exhibit an alkaline pH. However,
this does not necessarily imply that their
cleaning action is directly attributable to their
basicity. For example, soaps are alkaline
substances, yet their cleaning effectiveness
primarily arises from their amphiphilic molecular
structure rather than from their pH.

The direct cleaning action of alkaline
substances (bases) is particularly important in
the removal of fats and oils. These substances
are largely composed of triglycerides and fatty
acids, which can react with strong bases under
sufficiently alkaline conditions. At high pH
values, fatty acids are converted into their
corresponding carboxylate salts, which are
considerably more soluble in water.

A particularly important process is the
alkaline hydrolysis of triglycerides, known as
saponification [5]. During this reaction, ester
bonds are cleaved by hydroxide ions, producing
glycerol and the salts of fatty acids, commonly
known as soaps:

Triglyceride + 3 OH" Y
Glycerol + 3 Fatty Acid salts

The resulting fatty acid salts are amphiphilic
molecules capable of forming micelles and
emulsifying hydrophobic substances so, greasy

13
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residues become dispersed in water and can be
removed during rinsing.

Saponification represents one of the most
important chemical processes underlying the
effectiveness of alkaline cleaning agents.

2.3. Oxidizing Agents: Bleaches

Oxidizing agents are highly effective at
degrading complex organic molecules found in
dirt, stains, and biological residues. Through
oxidation, these substances are transformed
into smaller, more polar, and more water-soluble
compounds, facilitating their removal during
rinsing.

Bleaching agents also possess significant
antimicrobial properties. Their strong oxidizing
capacity enables them to damage essential
cellular components, including proteins, lipids,
and nucleic acids, thereby inhibiting microbial
growth and survival. Consequently, bleaches
are widely used for the disinfection of surfaces,
particularly in healthcare facilities, food-
processing environments, and water treatment
systems.

Commercial bleaching products are available
in both liquid and solid formulations and are
frequently incorporated into multi-component
cleaning products. According to their active
oxidizing species, bleaches are generally
classified into two major categories: chlorine-
based and oxygen-based systems.

Chlorine-based bleaches derive their
oxidizing power from chlorine-containing
species capable of undergoing changes in
oxidation state. The most common chlorine-
based bleach is sodium hypochlorite (NaClO),
the active ingredient in household bleach
solutions. To maintain chemical stability, sodium
hypochlorite must be stored under strongly
alkaline conditions, typically at a pH close to 11.
Under acidic conditions, hypochlorite ions
become protonated to form hypochlorous acid:

CIO (aq) + H3O*(aq) Y HCIO(aq) + H20(l)

DANGER Hypochlorous acid may
subsequently react with chloride ions in acidic
media to generate chlorine gas, a highly toxic
and corrosive substance: For this reason,
bleach must never be mixed with acidic cleaning
products.

Oxygen-based bleaches are extensively
used in laundry detergents, dishwasher
formulations, and environmentally friendly
cleaning products. The simplest example is
hydrogen peroxide (HFOF), which exhibits
enhanced oxidizing activity under alkaline
conditions. In basic media, hydrogen peroxide
behaves as a weak acid and forms the
perhydroxide ion, which is largely responsible
for its bleaching activity.

Overall, oxidizing agents represent one of the
most important classes of cleaning chemicals.
Their ability to remove stains, destroy
microorganisms, and degrade  organic
contaminants makes them indispensable in

domestic, industrial, and healthcare
applications. Understanding the chemistry
underlying bleaching processes provides

valuable insight into both their effectiveness and
their safe use.

2.4. Enzymes

Enzymes are biological macromolecules,
primarily proteins, that function as catalysts by
accelerating chemical reactions without being
consumed in the process. In cleaning
applications, enzymes are employed to degrade
complex organic substances present in dirt and
stains. Many of these substances consist of
large macromolecules that exhibit limited
solubility in water. Through enzymatic
hydrolysis, these compounds are converted into
smaller, more hydrophilic molecules, thereby
increasing their solubility and facilitating their
removal during washing and rinsing.

Although enzymes are generally highly
specific catalysts, detergent formulations often
contain mixtures  of  enzymes  with
complementary substrate specificities. This
approach enables the efficient removal of a
broad spectrum of stains originating from fats,
proteins, carbohydrates, and other biological
materials. Accordingly, enzymes used in
cleaning products are commonly classified
according to the type of substrate they degrade.

Lipases catalyze the hydrolysis of
triglycerides, the principal constituents of fats
and oils, yielding glycerol and free fatty acids:

Triglyceride + 3 H.OY Glycerol + 3 Fatty Acids

14
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Proteases catalyze the hydrolysis of peptide
bonds, breaking proteins into smaller peptides
and individual amino acids.

Cellulases and amylases catalyze the
hydrolysis of polysaccharides, although they act
on different substrates. Cellulases degrade
cellulose, the structural polysaccharide present
in plant cell walls, whereas amylases hydrolyze
starch, a major storage carbohydrate found in
many foods.

The use of enzymatic technology not only
improves cleaning performance but also
contributes to sustainability objectives by
reducing the need for high washing
temperatures and aggressive  chemical
treatments.

3. Homemade Soap: Step -by-Step
Preparation

Soap is chemically defined as a water-soluble
salt of a long-chain fatty acid. Soap making is
based on one of the oldest known chemical
reactions: saponification, in which fats react with
a strong base to produce soap and glycerol.

Triglyceride + 3 OH" Y
Glycerol + 3 Fatty Acid salts
Fat +

Glycerol remains partially dissolved in the
aqueous phase and may be recovered in
industrial processes for use in cosmetics and
pharmaceuticals.

Historically, soap production dates back to
ancient civilizations such as the Greeks and
Romans, and it has evolved from artisanal
methods using natural ashes and fats to modern
industrial processes. Today, soap remains one
of the most effective agents for removing grease
and dirt due to its amphiphilic molecular
structure.

In this activity, we make soap using a method
similar to the one our grandmothers and great-
grandmothers used at home. This traditional
practice allows us to connect science with
everyday life and to explore how people reused
household materials long before modern

NaOH Y Glycerol

recycling programs existed. Figure 4 shows the
diagram of the entire process in drawings [6].

Figure 4 Homemade Soap [6]

3.1. Materials

1 600 g of oil (used or fresh cooking oail, or
mixtiges avigh coconut, almond, or other
vegetable oils)

1 80 g of sodium hydroxide (NaOH, caustic
soda)

T 200 mL of water

1 Optional additives: essential oils, natural
colorants, coffee, herbs, coconut, etc.

(Aut hor sbo not e:
values for the amounts of reagents; you can also
obtain soap with other quantities as long as the
relationship between oil, caustic soda and water
is maintained 15/2/5)

3.2. Procedure

1. Pour 200 mL of water into a heat-resistant
glass jar.

2. Ensure the workspace is well ventilated. If
possible, use an extraction hood, as the
reaction may release heat and vapours.

These
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3. Gradually add 80 g of sodium hydroxide

to the water (never add water to NaOH ).
Stir continuously with a wooden spoon
until fully dissolved (Fig. 5). This step is
highly exothermic, and the solution will
heat up significantly.

Figure 5. NaOH on H ;0

Allow the solution to cool to approximately
40 °C.

In a separate container, gently heat 600 g
of oil.

Once both mixtures are at suitable
temperatures (around 35740 °C), slowly
pour the sodium hydroxide solution into
the oil.

Mix thoroughly using a spoon for a few
seconds, then blend with a hand mixer
until the mixture reaches a thick, pudding-
like consistency (Fig. 6).

S

Figure 6. Mix with the mixer

Add optional ingredients such as
fragrances, colorants or additives.

Pour the mixture into molds. Handle with
care and use protective materials, as the
mixture remains caustic at this stage (Fig. 7).

ww.:'_‘;"'i
=t e

»

Figure 7. Soap mold s

10. Allow the soap to rest in a dry place for
approximately 24 hours until it solidifies.

After 24 hours, the soap can be removed
from the mold and cut into pieces if necessary.
It should then be left to cure in a dry, ventilated
environment for 314 weeks. During this time,
residual sodium hydroxide (NaOH) is fully
consumed, and the pH stabilizes, making the
soap safe for use (Fig. 8).

Figure 8. Pieces of soap made by high school
students in different workshops

3.3. Safety Considerations

Sodium hydroxide is a highly corrosive
substance. It can cause severe chemical burns
and releases heat when dissolved in water. For
this reason, strict safety precautions must be
followed:

1 Always wear
goggles

T Use long sleeves and avoid skin
exposure

1 Add sodium hydroxide slowly to water
(never the reverse)

1 Work in a well-ventilated area

1 Avoid inhaling vapours or aerosols

gloves and protective

Proper handling ensures that homemade
soap production is a safe and educational
chemical experiment.

3.4. Environmental and Educational Value

Homemade soap production offers several
advantages:

1 Reduction of waste through reuse of
cooking oils

9 Decreased
packaging

Y Hands-on understanding of a
fundamental chemical reaction

1 Promotion of sustainable and conscious
consumption practices

reliance on industrial
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When working with students, we adapt the
scientific explanations to each educational level,
helping them understand the chemical
processes involved in soap making and the
properties that make soap an effective cleaning
agent. Through hands-on experimentation,
students can observe how raw materials are
transformed into a useful product.

The same methodology has also been
adapted for adult audiences, demonstrating that
the soap chemistry can serve as an effective and
attractive gateway to science education for
people of all ages.

6. Conclusion

Cleaning is a complex and multifaceted field
due to its broad scope and the diversity of
materials and contaminants involved. At its core,
however, it consists of the removal of unwanted
substances through processes that promote
their detachment from surfaces, most commonly
by enhancing their solubility or dispersibility in a
liquid medium.

The mechanisms underlying cleaning
processes allow for the classification of cleaning
agents according to their mode of action.

Some agents rely primarily on physical and
physicochemical interactions, such as
solubilization, emulsification, and dispersion, as
is the case with surfactants and certain organic
solvents.

Other agents act through chemical
transformations, in which the structure, polarity,
or composition of the contaminant is altered,
often leading to its degradation into smaller and
more water-soluble species.

Current research efforts increasingly focus on
the development of more sustainable,
biodegradable, and low-toxicity alternatives, as
well as on improving energy efficiency and
reducing chemical waste throughout the
cleaning cycle.

Although  numerous substances are
employed in cleaning processes, their
effectiveness is ultimately determined by their
physical and chemical properties.

During the preparation of different soaps,
students can understand concepts such as

solubility, polarity, surface tension, acidi base
behavior, oxidationi reduction reactions, and
intermolecular interactions.

These concepts play a central role in the
design and performance of cleaning agents.
Understanding these principles provides
valuable insight into how cleaning products
function and highlights the essential contribution
of chemistry to everyday life.

By using cleaning as a central theme,
students can better understand the practical
applications of chemistry and appreciate its
importance in daily life.

In workshops held at civic and community
centers, many adult participants remember
themselves making soap with their families.
These memories provide an excellent
opportunity to compare traditional knowledge
with modern scientific understanding.

Together, we can discuss how chemistry has
advanced over time, improving  our
understanding of chemical reactions, materials,
safety, and environmental sustainability while
still relying on the same fundamental principles
used generations ago.

As in [7, 8] to promoting scientific curiosity,
observation, and experimentation, this activity
helps students understand the relationship
between chemistry and everyday life.

Activities such as soap making also help
challenge common misconceptions and
highlight the positive role that chemistry plays in
solving everyday problems and improving our
quality of life.

By connecting chemistry to familiar activities
such as soap making, we aim to help
participants appreciate its value and to
challenge the negative image that chemistry is
sometimes perceived to have. Rather than being
something distant or artificial, chemistry is a
science that is present in many aspects of our
daily lives.
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The Power of STEM Learning
in Play

Sue Dale Tunnicliff
University College London, London, UK
lady.tunnicliffe@mac.com

Abstract . The development of basic STEM is
instinctively achieved if a child has access to
objects, often toys made for them, sometimes
reflecting cultural items. The use of objects in
play is an important but neglected area of study
but the Power of Play in developing emotional
and social skills is recognized. We now urge
practitioners of STEM
devel opment that occur
play form their earliest years.

Keywords. Play, toys, objects, skills, free
choice, integrate.

1. Introduction

Play has a powerful role in the social and
emotional development of young children (Ang
et al., 2025). The first 1,000 days from
conception are now recognised as a critical
period in development, including cognitive
learning (Abbott and Langston, 2005). A
foundation for the future is laid, including, we
believe, the basic skils of STEM and
foundational understanding and experiences.
However, some educators have resisted the
idea of teaching science and recognising
engineering in preschool, although basic
mathematics has traditionally been advocated
during that period (Areljung, 2019).

The increasing use of the term STEM
(Science, Technology, Engineering and
Mathematics) has become more common in
pedagogy in the first quarter of the 21st century,
as the need for a skilled workforce to address
challenges such as climate change, emerging
technologies, and economic pressures has
grown.

The children observed were from birth to
three years of age. Gelman and Brenneman
(2004) acknowl edged
understanding as they interacted with objects.
Hands-on experiences enabled children to build
on existing knowledge and share skills across
learning. Everyday science in action with pre-
preeschool er s, descri bed
was identified by Sikder and Fleer (2015).

c hi

Arel jung et al (2023)
learning as emerging from everyday movements
such as climbing . Preschool
and thinking are comparable to the mental
deliberations of scientists (Gopnik, 2012) and
involve discovering fundamental mathematics
and engineering concepts through their own
experiences and progressive understanding,
including free-choice interactions with three-
dimensional objects, often toys.

Krappds (1999) theor
applies to eloicd pay, e they
construct understanding from what interests
them. However, there is an observable

tequefodnisg

c hi

vVie

| dr
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free

toRi 1SKridrasso

spoRtan@ous® glal lofd hér ok @rficeC AL i C €

observed in school settings (Milford and Tippett,
2015) and in inquiry-based science learning
sequences (Constantiou et al., 2018).

In these earliest years, the ability to recognise
small numbers of objects is instinctive, as is the
recognition of collections of up to four items
(Butterworth, 2000). Everyday observations of
physics in action have been referred to as folk
physics (Falk, 2025, p. 6).

2. A Power of Play Experimentin England

The author was asked by the priest of the
local Church of England to help at the regular
Mother and Toddler Group. This was a church-
run playgroup for parents, particularly
homebound mothers, children, and local carers
attending during term time. Observations were
made over six years at weekly term-time
sessions. An enhanced DBS check (a
certification of no criminal record in the UK) was
required, and the Church of England
safeguarding principles were followed. Parents
completed consent forms and indicated whether
recognisable photographs of their child could be
taken.

No direct scaffolding interactions with the
children were made; only anonymous
observations were conducted, although parents
or carers did periodically interact, most often to
ir]stéﬁct the child on what to do and tq repeat
alo

"nEnbers or Yeflels Srdielalht®td the® dlay

interaction.

None of the children were alone; all were with
their responsible adult. After play items were set
up? &cording A thel ageSof th& Bhfidfen, Qall
participants were under three after the first two
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years, as older children moved on to formal
preschool.

Observations of the children involved free-
choice play. Field notes were kept, and
observations were written up afterwards. Using
grounded theory, STEM actions, such as
pushing, and stages of engagement similar to
those of IBSE were identified. However, play is
not a uniform activity. It is progressive and
incremental in both understanding and the ability
to actively inquire. Hence, the play-STEM
sequence identified is not completed at once by
the youngest learners but develops
incrementally over time through hands-on, free-
choice interaction.

3. Conclusion

Our observations in South England show that
free-choice play have a crucial role in the
development of STEM understanding, as well as
in the development of fundamental language
awareness and recognition of culture in
everyday life.

We identified a
choice toy play. The STEM actions followed a
sequence of identifiable stages formulated in the
Play Cycle (Tunnicliffe, 2022). Moreover, the
first stage in achieving STEM actions and
understanding through playing with toys is called

pat-t er n6l02 n

10.1080/13502930585209601.

[3] Areljung, S. (2019) Why do teachers adopt
or resist a pedagogicalidea for teaching

science in  preschool?, International
Journal of Early Years Education,
27:3,238-253, DOI:

10.1080/09669760.2018.1481733
[4] Gelman, R., & Brenneman, K. (2004).

Science learning pathways for young
children. Early Childhood Research
Quarterly, 19(1), 150-158.

https://doi.org/10.1016/j.ecresq.2004.01.0
09.

[5] Sikder, S., & Fleer, M. (2015). Small
science: Infant and toddlers experiencing
science in everyday family life. Research in
Science Education, 45(3), 445-464.
doi:10.1007/s11165-014-9431-0

[6] Gopnik, A. (2012), Scientific Thinking in
Young Children: Theoretical Advances,

Empirical Research, and Policy
Implications Science 2012 Vol 337, Issue
pph i | d6231637s fDOk

10.1126/science.1223416

Krapp, A. (1999). Interest, motivation and
learning: An educational-psychological
perspective.  European  Journal  of

STEM-E, where @AEO0 stands Ps(tholo_gélxo Rdpcation, d4(13, 237 40.
(Tunnicliffe, 2022). Once this is achieved, free- https://doi.org/10.1007/BF03173109
choice play ' n whi ch f8]h el'ippe(ft,rb! ahaq\/ﬁffcs)rd,'l". .rkztoﬁ)rFlentintgs

engaged allows the learner to develop STEM
competence, and the interaction sequence
resembles that of inquiry-based science
education (IBSE).

There are implications for training and
development in early STEM practice. This
highlights the power of play in STEM learning.
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Abstract . The article investigates value
orientations as a predictor of interest in STEM
careers among students of technical
universities. The relevance of the increasing
need for highly qualified specialists for the digital
transformation and restoration of Ukraine. The
aim is to substantiate the role of values in the
formation of professional motivation and
resilience of future engineers. The empirical
study covered 245 students, using standardized
methods and statistical analysis. The results
showedthata bal anced
iSecurityo,
explains up to 38% of the variation in motivation
and self-actualization. Practical significance is
created in the implementation of value
diagnostics for career guidance and adaptive
educational programs.

Keywords. value orientations, STEM careers,
predictors of interest in a profession, self-
actualisation, career guidance.

1. Introduction

In the current context of global
transformation, innovative
devel opment
the issue of training highly qualified specialists in
STEM fields is taking on strategic national
importance. Interest in STEM careers and the
resilience of future engineers, programmers and
technologists in their professional development
are largely determined not only by the level of
knowledge and cognitive abilities, but also by
deep-seated personal value orientations, which
form the motivational basis for the choice,
duration and quality of professional fulfilment.
Despite numerous studies on the professional
self-determination of young people, the question
of the predictive role of value orientations
specifically regarding interest in technical
specialisations at domestic technical universities
remains insufficiently theoretically grounded and
empirically verified.

digital
economic

The theoretical and methodological analysis
of the problem draws on classical and
contemporary  psychological  approaches.
Humanistic psychology (A. Maslow, V. Frankl)
regards the value sphere as the core of self-
actualisation and the search for meaning in life.
The structural models of M. Rokich and S.
Schwartz allow values to be differentiated
according to motivational types and their
hierarchical organisation. Domestic researchers
(I. Bekh, S. Maksymenko, A. Kurbatova, L.
Romanyuk, Y. Shaygorodskyi, A. Kaplienko)
focus on the sociocultural determination of value
orientations and their role in professional self-
determination, particularly in crisis situations. At
the same time, the vast majority of empirical
studies focus on general patterns or students of
humanities disciplines, whereas the specifics of
value profile formation at technical universities
and their link to interest in STEM careers require
a separate, comprehensive study.

prof i | 2 Symnary aféhe mairecorten®d |
il ndependenceo0,

[ iAchi evement 0)
The issue of value orientations as a predictor

of interest in STEM careers among students at
technical universities requires a comprehensive
theoretical and methodological foundation,
taking into account both classical and
contemporary  psychological  approaches.
Humanistic psychology regards the value
sphere as the core of personal development and
professional formation. A. Maslow [10], in his
theory of motivation, emphasises that self-
actualisati on, as the
realised through the pursuit of truth, beauty,
perfection and justice. In the context of STEM
careers, this is directly linked to the need for

a n d-walrecovery, n eefigieer® Oafd technologists to engage in

constant  creative  exploration,  develop
innovative solutions and refine technologies.
Students of technical disciplines who are highly
oriented towards self-actualisation are more
likely to show a sustained interest in complex
projects in aviation, mechanical engineering,
information technology and energy.

In logotherapy, V. Frankl interprets values as
an objective phenomenon that gives life
meaning through three main pathways: creative
activity, experience, and attitude towards
inevitable suffering. For future engineers, this
means the ability to find deep meaning in
creating technologies that improve the quality of
life in society, particularly in the context of
Ukr ai ne-vaa reqgomstsuction. M. Rokich
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[11] classifies values as terminal (ultimate life
goals) and instrumental (means of achieving
goals). In technical education, terminal values
such as 6interesting
6independenced often
behind the choice of a STEM specialism, whilst
instrument al val ues
6honestybd and
academic success and subsequent professional
activity.

S. Schwartz [12] developed a universal
model of values comprising ten motivational
types, organised into a circular structure with
two main di mensions:

b ecantexheof thh eward Psycholagigal

The factors shaping the value orientations of
students at technical universities are
multifaceted. Social factors include the influence
o/ fmmill, fpeers, sbdietaleegpeatatiods and thel
factarsc e
encompass intrinsic motivation, emotional state,

s uselhesteans and rpros @xperisnceb iCllturaly 6
O per s e Vaetorsa are elidked

td eUkraimiam i traditions,

globalisation and digitalisation. Educational
factors play a leading role in technical
universities: lectures, laboratory work,

coursework and dissertation projects, as well as
participation in research societies and start-ups,
actively shape the values of achievement,

T 6 ehftifatloR &nd ifdeplerRience. nd@iiddi factors

conservat i s fathancemedt i Gsslfe | fhersonality traits, cognitive styles, interests)

transcendenced. For
universities, the values most predictive of an

al s tgatefnfine thé indifidual varigoflith Bfipfofiles.

Taken together, these factors form the basis for

Interest 1n a STEM c adefaid value? driéntatiéhd tbthecBrReM¥li&vle
(independent thinking and choice of actions),  predictors of interest in STEM careers and
6stimulationd (a desir earedr GefsisteAce.vel ty, chall enges
and change), 6achievement 6 (success i n

accordance with social standards) and
(stability, harmony and protection). These
values form a solid motivational foundation for
sustained work in conditions of high uncertainty,
characteristic of modern technological projects.

At the same time, thed
6uni versalismb ensur e
effectively in teams within interdisciplinary

engineering groups.

Domestic psychological science significantly
enriches our understanding of this issue. I. Bekh

[1] views spiritual values as idealised
benchmarks that shape
individual and influence professional self-

determination. S. Maksymenko [3], in a genetic-
psychological concept, emphasises that the
value sphere is a dynamic structure that is
formed and transformed under the influence of
internal and external factors throughout
ontogenesis. A. Kurbatova [2] focuses on value-
semantic regulation as a mechanism of
professional self-determination, particularly in

crisis situations. L. Romanyuk [7] and Y. Power 4.12 1.71 . 4 1|7
H i i Achievements | 5.56 1.87 6.0 6 2 7
Shaygorodskyi [8] emp_has_lse the social nature Fedoniam 253 178 5 2 T
of the value sphere, which is formed through the Stimulation 5.34 1.85 5.0 5 1 |7
individual 6s i nt er act ilgeggndence \p98t K199 ol o0y clat j20ld al
. . . . .. Universalism 5.78 1.92 6.0 6 1 7
institutions,  professional communities and Friendiness | 6.34 2.02 6.0 6 2 |7
society at large. A. Kaplienko [9] directly  _Tradition 4.67 176 5.0 5 1 |7
. . Conformism 4.89 1.73 5.0 5 1 7
analyses the interconnection between the Safety 612 505 5.0 6 > 7

professional and value orientations of higher
education students in contemporary conditions.

0 s e AAn empirigab study was conducted on a

representative sample of 245 students aged 181

23, with stratified selection by gender and
specialisation (psychology 8 Group 1, socio-
economic specialisations 8 Group 2, technical

v spécialsation® fo dGfoupi 8)n Gthndardiseds 6

pdydhadiagnashci methadsyweretused, foloavedk
by statistical data analysis in SPSS (descriptive
statistics, correlation, factor and regression
anal ysi s, -teSttAblldvnt 6s t

an

Students in technical disciplines (Group 3)
are characterised by a clearly defined, balanced
tvhalee péofiley iwhich tdigtiaguishesetheméfrom f  t
other groups and makes their orientations a
reliable predictor of sustained interestin a STEM
career.

he

Table 1. Descriptive statistics on the value
orientations of students in technical disciplines
(Group 3) based on the Schwartz Questionnaire

Standard
deviation
(SD)

Medium Median Mode @ Min | Max

(M)

Value

An analysis of the data in Table 1 shows that
students in technical disciplines score highest
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on the OFriendliness?®d
(M=6. 12), indicating a combination of concern
for others and a desire for stability 8 important
qualities for working in engineering teams. At the

same ti me, fairly
(M=5.98) iewde meéAdd
internal motivation for independent and

productive work. Relatively low scores for
6Power 0o (M=4.12) and
indicate a preference for equality and flexibility
over hierarchy, which aligns with modern flexible
approaches in technical projects.

According to Mehr abi
motivation  scale, engineering  students
demonstrated an average score of M=14.32
(SD=12.10, median 14.5, mode 15). This
indicates moderately pronounced motivation
with a certain preference for the drive to
succeed. Accordi ng t o Shost
Actualisation Test (SAT), high scores were
recorded for self-acceptance (M=13.48),
support (M=42.14), behavioural flexibility
(M=15.61) and sociability (M=12.36). According
t o
Questionnaire, the positive emotion of joy
(M=8.50) dominates, with relatively low scores
for anger (M=6.98), fear (M=5.84) and sadness
(M=5.09). The correlation between joy and
sadness is -0.45, indicating a good emotional
balance.

I n particul ar, t he
6Stimulationd scales
with the overall achievement motivation score
according t o
means that students of technical disciplines, for
whom personal success and a desire for new
experiences are important, simultaneously have
a higher level of intrinsic motivation to overcome
difficulties and achieve academic results. This
correlation has significant predictive value, as it
is precisely these values that can serve as
markers of potential interest in innovative
technical activities, where not only executive
discipline is required, but also the ability to
generate new ideas and take responsibility for
the outcome.

6Aut onomy?éb correl at
indicators of self-esteem and creativity on
ShostromAst u&dlifsati on
This suggests that students who value
autonomy in decision-making and independent
thinking simultaneously possess a higher level
of self-acceptance and the ability to solve

problen® in @n¢onventonal ways. héhe contextt y 6
of technical education, this link is particularly
significant, as most engineering tasks require
precisely this kind of independent problem

h i g hanalysisoance the séacch for rigimdl techoicaly 6
( M= 5 solitins.

provide

Conversely, the O0Securit)y

negativelyd with |evels ef fear pnd anxigty. yn
other words, students who prioritise stability,
predictability and security demonstrate lower
levels of anxiety. This has a positive effect on
long-term professional resilience, as technical
discipfines often involveewor&img énrcdnditions of
uncertainty (new technologies, tight deadlines,
responsibility for system safety).

The val ues of 60Agreeab
oUniversalismb correlated
Pbmberpeggpsponal 6 and oO60Syner

CAT. This means that students with a strong
orientation towards caring for others and
universal human values are better at
establishing relationships and are capable of

Rabi novi-bddé s Emotiomau r effective teamwork. In modern STEM projects,

where work is almost always carried out in
interdisciplinary teams, this connection is of
great practical significance.

Regression analysis showed that value
orientations account for up to 38% of the
variation in self-actualisation and motivation

SeRERSe  Rhemt & - 38nd This i

s hpeipapaychplegieal  resgagch, ¢ lidicatid a8t i o n s

significant contribution of the value sphere to the

Mehr abi an ®rEation®f theoraotivatignglyand persppality

profile of engineering students. In particular, the
regression model demonstrated that a
combination of high scores
O0Achi evement 0 and 0Sti mul e
statistically significant predictor of increased

levels of proactivity and creativity. Students with

such value priorities are less likely to postpone

complex tasks (lower procrastination) and
demonstrate greater psychological resilience

when faced with difficulties in the learning

process.

At the same time, factor analysis identified
&wo st@b[@ sfactprs (hat | eyplain g jsigngficant
proportion of the total variance in the data. The
firgt factor ¢ r @R gt i vity and
Ch an e 6ombined high loadings on the
0Achi evement 6, do6 Sd Auntud rad my
scales. The second factor,
Stabilityé6, was f or med ar

Of
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OFriendlinesso,
presence of these two factors specifically
confirms the hypothesis regarding the balance
of the value profile of engineering students: they
possess both individually active and socially
oriented values simultaneously. This structure is
optimal for a STEM career, as modern technical
work requires a combination of personal
initiative with the ability to work in a team and
adhere to safety standards.

A comparative  analysis using  all
methodologies revealed statistically significant
differences between the groups (p<0.05
according to the results of ANOVA and the t-
test). Students of technical disciplines are
characterised by the most balanced value profile
among all the groups studied. High scores on
t he 6Agreeabl enessé
(M=6.12) scales are combined with fairly high
scores for
0Achievement d
particularly well-suited to modern STEM
professions, where specialists must
simultaneously demonstrate creativity and
initiative in developing new technical solutions
whilst adhering to strict safety requirements,

working as part of a team and taking
responsibility for the outcome.
Unlike engineering students, psychology

students score highest on humanistic values:
OFriendlinessb®d
60Autonomydé (M=6.12).
characterised by significantly greater variability
in scores (SD up to 2.09). This means that within
the group of psychology students, there are both
very strong and quite weak students in terms of
these parameters. Such heterogeneity may
require additional psychological support and
remedial work, particularly during the stage of
professional development.

Social and economic students are
characterised by the lowest overall scores both
on the wvalue scales (
M=6.23) and on achievement motivation
(M=12.65). This indicates a more pronounced
external motivation and an orientation towards
the material and status aspects of activity. Such
a profile is less conducive to the development of
a deep and sustained interest in complex
technical work, which often requires prolonged
concentration, resilience in the face of setbacks,
and an intrinsic interest in the process.

( M=a& .e4)s

6Secur it gldsteraanatysisocbhfirmad ¢hatseadn iatsha o .

stage of the baseline study, technical students
exhibit less pronounced heterogeneity in their
psychological profiles compared to psychology
students. This means that the group of technical
students is more homogeneous in terms of their
value and motivational characteristics. Such
homogeneity is a positive prognostic factor; it
indicates a higher likelihood of maintaining
interest in the chosen technical specialism
throughout the entire period of study and at the
start of their professional career without the
need for intensive corrective work.

Thus, the comparative analysis clearly
demonstrates that it is the balanced value profile
of engineering students that is the most adaptive
and predictive of sustained interest in STEM

6Aut onomyd The( meshanis;mg jthrough pwiich value
(M=5.56) .

orienfapionssinflugngeniiterest K STEY rareerss
and professional persistence are complex and
encompass motivational, cognitive, emotional
and behavioural levels. At the motivational level,

high scores f ord &dscthii newlearel
activate intrinsic motivation (according to
Mehrabian), encouraging the setting of

ambitious goals, overcoming learning difficulties
and participation in research work. The cognitive
mechanism operates through the influence of
values on the perception of professional tasks;

(M=6. 45)s,t ubdSeerctusr i wiytbh (Mi=ggh 28autaono
H ornwestaindyr indeperfdentty sepk salufionsits

complex engineering problems and demonstrate
creativity.

The emotional mechanism is linked to the
balance of positive and negative emotions: a
predominance of joy and low levels of
fear/sadness among engineering students
reduces the risk of anxiety, burnout and loss of
interest in the profession. The behavioural
mechanism manifests itself in the choice of
educational pathways, participation in project

i nvorkp aonterencas,| start-up§ Fand eolumtdryi ne s s

technical initiatives. In the wartime and post-war

cont ext of Ukr ai ne,
maintain  psychological resilience,  whilst
O6stimul ationd hel ps

restorative technological projects. Together,
these mechanisms ensure both an initial interest
in STEM disciplines and long-term professional
resilience.
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3. Conclusions

The analysis confirmed that value
orientations are a significant predictor of interest
in STEM careers among students at technical
universities. A balanced profile among technical
students, combining high  scores for
agreeableness, security and autonomy with
moderate scores for achievement and
stimulation, contributes to the development of
sustainable professional motivation, emotional
balance and readiness for innovative activity.
This complements the theoretical propositions of
S. Schwartz and M. Rokich regarding the role of
values in professional development and is
consistent with empirical data on the specific
nature of technical disciplines.

The practical significance of the results lies in
the advisability of implementing value-based
diagnostics to optimise career guidance,
develop adaptive educational programmes and
prevent maladjustment among future engineers
and technologists. Further research should
focus on longitudinal monitoring of the dynamics
of value orientations throughout the entire period
of study, their impact on career success in
STEM fields, and the adaptation of the tools to
the conditions of the modern Ukrainian
educational environment.
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Abstract . Modern science education faces
growing challenges related to the quality of
communication  between educators and
students. This paper examines three
complementary and practically applicable
communication strategies: storyteling as a
pedagogical tool, the internal influencer model
as a means of engaging youth, and digital
etiquette as a foundation for respectful
academic interaction. The study draws on
observational data from Ukrainian educational
settings and relevant scholarly literature.
Findings suggest that the integration of these
strategies fosters trust, sustains student
motivation, and supports a resilient educational
environment, particularly in contexts of social
uncertainty.

Keywords. digital etiquette, internal influencer,
science education, storytelling, trust-based
communication.

1. Introduction

Science education extends beyond the
transmission of content knowledge. It is deeply
shaped by the communicative practices that
govern the relationship between educators and
learners. In Ukraine, as in many other countries
experiencing social instability, educational
communication is under additional stress:
teachers may inadvertently transfer personal
anxieties onto students, suppressing the
intrinsic curiosity and motivation that are
essential to scientific learning. Education must
nurture, not inhibit, the desire to explore and
understand the world.

At the same time, the rapid expansion of
digital communication in educational settings
has introduced new challenges. The absence of
shared norms for electronic correspondence
between students, teachers, and administrators
frequently produces misunderstandings and
undermines the quality of academic interaction.

This paper proposes three interrelated
strategies to address these challenges:
storytelling, the internal influencer model, and
the cultivation of digital etiquette.

2. Storytelling as a Pedagogical Tool

Storytelling has emerged as a widely adopted
complement to classical instructional methods,
particularly in higher education. Rather than
presenting theoretical content in abstract terms,
educators use contextualised narratives to
illustrate concepts, enabling students to form
mental images and integrate new knowledge
more effectively [1, 2]. This approach aligns with
established findings in cognitive psychology: a
substantial proportion of learners are primarily
visual processors who benefit from narrative-
based visualisation rather than purely logical-
sequential exposition.

A related practice
self-presentation at the beginning of a first
semester functions as an applied form of
storytelling. By sharing relevant elements of
their professional and personal trajectory,
educators reduce the psychological distance
between themselves and their students,
establish a foundation of trust, and create the
conditions for open academic dialogue [3]. This
technique, when applied with appropriate
boundaries, has been shown to increase student
engagement and lower communicative anxiety.

3. Internal Influencer as a Strategy for
Youth Engagement

The concept of the internal influencer refers
to a student, pupil, or young staff member who,
by virtue of their credibility within a peer
community, shapes the informational practices
and attitudes of that community from within.
Unlike top-down institutional messaging, peer-
mediated communication carries an inherent
authenticity that resonates more readily with
young audiences [4]. In educational institutions,
the systematic use of internal influencers
enables organisations to deliver educational and
social messages in a language and register
familiar to their target audience.

This strategy also supports the integration of
digital and social tools into the learning process
through peer modelling, stimulates active

participation in science and educational
projects, and contributes to  building
interpersonal trust between students and
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teaching staff [3]. Crucially, the internal
influencer does not replace the educator but
serves as a bridge between institutional values
and youth culture a mediating function that is
particularly valuable in environments where
traditional authority structures face reduced
legitimacy.

4. Digital Etiquette in Academic
Communication

Digital etiquette the set of norms governing
respectful and effective behaviour in electronic
communication constitutes an underexplored
dimension of educational communication
quality. In Ukrainian academic contexts,
electronic correspondence between students,
educators, and administrators frequently
violates basic norms of professional interaction
[5]. Common infractions include the use of all-
capital text (universally interpreted as shouting),
excessive exclamation or question marks
(conveying aggression or impatience), the use
of red font colour (associated with hostility or
rebuke), and sending messages outside working
hours.

In asynchronous text-based communication,
where vocal tone, facial expression, and gesture
are absent, such formal-stylistic markers
become the primary carriers of emotional
meaning. Their misuse therefore generates
unintended interpersonal friction. The
incorporation of netiquette training into initial
teacher education programmes, as well as into
university induction curricula for incoming
students, is proposed as a low-cost systemic
intervention with significant potential to improve
the quality of academic communication.

5. Conclusions

The three communication  strategies
examined in this paper storytelling, the internal
influencer model, and digital etiquette are
mutually reinforcing and readily implementable
across both school and higher education
contexts without requiring substantial financial
or infrastructural resources. Their integrated
application promotes trust, sustains motivation
for scientific inquiry, and reduces
communicative tension within educational
communities. In contexts of protracted social
uncertainty, the capacity to build and maintain
respectful, human-centred communication

becomes not merely a pedagogical virtue but a
prerequisite for educational resilience.
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Abstract . This paper presents a pedagogical
and research proposal for a STEAM learning
ecosystem grounded in Universal Design for
Learning, designed for implementation in a

Priority Intervention Educational Territories
school context in Portugal. The proposal
involves middle school students in the

collaborative development of an assistive
technological prototype for colour blindness.
The intervention integrates scientific inquiry into
colour perception, block-based programming,
3D modelling, tangible artificial intelligence, and
collaborative prototyping. Rather than treating
technology as an end in itself, the proposal
frames digital tools as mediating resources for
inclusive problem-solving, computational
thinking, accessibility awareness, and student
agency. Methodologically, the study is planned
as an evaluative case study with descriptive pre-
and post-intervention indicators, supported by
classroom observation, student questionnaires,
focus groups, teacher logs, and artefact
analysis. The article outlines the conceptual
rationale, pedagogical design, prototype
structure, data collection strategy, and expected
educational contributions of the intervention. It
argues that UDL-grounded STEAM ecosystems
may offer a promising approach for connecting
science learning, digital literacy, and inclusion in
socially vulnerable school contexts, provided
that implementation constraints, teacher

mediation, accessibility, and ethical use of Al are
explicitly addressed.

Keywords.  Color
STEAM, UDL, TEIP, Al.

Blindness, Inclusion,

1. Introduction

Contemporary education faces the challenge
of responding to rapid technological
transformations, an increasing diversity of
student profiles, and persistent social
inequalities. In vulnerable contexts, such as
schools within Priority Intervention Educational
Territories (TEIP), traditional teaching practices
frequently reveal limitations in promoting
participation, motivation, and school success.
The school is then summoned to adopt
pedagogical approaches that are not limited to
the transmission of content but rather favor the
active involvement of students in knowledge
construction, problem solving, and the
development of citizenship skills [1].

This proposal is based on the conviction that
integrating the STEAM approach with Universal
Design for Learning (UDL) can offer a robust
pedagogical response. STEAM promotes
interdisciplinary, contextualized, and meaningful
learning through the integration of science,
technology, engineering, arts, and mathematics
[2]. UDL offers a pedagogical design framework
that anticipates student variability, guaranteeing
multiple means of engagement, representation,
and action/expression [3]. The combination of
these perspectives allows for the design of more
flexible, accessible, and inclusion-oriented
learning experiences.

The selected problem is colour blindness, or
dyschromatopsia, a visual condition that is often
unnoticed in school contexts but may affect
tasks that rely exclusively on chromatic coding
[4]. Difficulties in distinguishing colours may
compromise the interpretation of graphs, maps,
diagrams, signage, and digital interfaces when
colour is used as the sole channel of information.
They may also affect everyday activities, such
as the autonomous selection and coordination of
clothing. Despite its prevalence, color blindness
is rarely treated as a relevant pedagogical
problem in school practices. This absence of a
systematic response constitutes an opportunity
to develop an inclusive technological solution
with educational and social value [5].
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This paper is guided by the following
research-oriented question: how can a UDL-
grounded STEAM learning ecosystem be
designed to engage middle school students in
the conception and prototyping of an assistive
technological solution for colour blindness in a
TEIP context?The article describes the project's
rationale, the conceptual framework, the
structure of the intervention, and the planned
methodology, assuming its character as a
proposal under development.

The paper is organized in six sections.
Section 2 presents the Theoretical Framework,
addressing the STEAM approach, Universal
Design for Learning (UDL), color blindness
accessibility, and the integration of artificial
intelligence. Section 3 outlines the Pedagogical
Proposal, including the project's purpose and
general intervention structure. Section 4
describes the Planned Methodology, detailing
the research design, participants, and data
collection instruments. Section 5 presents the
expected educational contributions, preliminary
discussion, and anticipated limitations of the
study. Finally, Section 6 provides the Conclusion
and outlines Future Work.

2. Theoretical Framework
2.1. STEAM as a Learning Ecosystem

The STEAM approach has been affirming
itself as a pedagogical paradigm capable of
overcoming traditional disciplinary
fragmentation, promoting learning experiences
based on the resolution of authentic problems
[2]. By integrating science, technology,
engineering, arts, and mathematics, this
perspective favors active, collaborative, and
situated knowledge construction, allowing
students to mobilize diverse knowledge to
respond to concrete challenges. Instead of
presenting isolated content, STEAM activities
are frequently organized around projects,
prototypes, and investigations, creating
opportunities for the development of critical
thinking, creativity, and collaboration skills [6].

In this paper, STEAM is understood as a
learning ecosystem, that is, as a dynamic set of
relationships among students, teachers,
content, tools, and context [1]. This perspective
positions the school as an environment for
experimentation and co-creation, in which
students are invited to act as investigators,
designers, programmers,  testers, and

communicators, rather than as passive
recipients of information [1]. The value of this
approach becomes even more evident in TEIP
contexts, where motivation and engagement
can be enhanced by practical, challenging, and
socially meaningful experiences [7].

Literature has shown that well-designed
STEAM projects can contribute to the
development of cognitive and socio-emotional
skills, including perseverance, communication,
empathy, and a sense of social responsibility [6].
When associated with real community problems,
these projects favor the perception of the utility
of learning and reinforce the students'
commitment to the school [3]. In the present
case, the choice of color blindness as a starting
problem fits precisely within this logic of social
relevance and meaningful learning [5].

2.2. Universal Design for Learning and
Inclusion

Universal Design for Learning constitutes the
inclusive framework of the proposal. This
reference baseline starts from the principle that
student diversity must be considered from the
moment of pedagogical planning, and not
merely as a posterior response to identified
difficulties [3]. Thus, UDL promotes the creation
of learning environments that offer multiple
means of engagement, representation, and
action/expression, allowing for the reduction of
barriers and the expansion of participation
opportunities [8].

In operational terms, UDL will be embedded

in the intervention through multimodal
resources, differentiated task complexity,
flexible group roles, visual and auditory
feedback, scaffolded programming tasks,

alternative forms of documentation, and varied
modes of presentation. Students will be able to
contribute through scientific explanation, coding,
modelling, oral communication, drawing,
prototype testing, or reflective writing. This
design choice is intended to reduce participation
barriers and to prevent technical proficiency
from becoming the sole criterion for success.

In the context of this project, UDL will play a
central role in the organization of activities, the
selection of resources, and the form of
assessment. Student diversity will be welcomed
through the provision of different formats for
accessing information, the creation of tasks with
varied levels of complexity, and the appreciation
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of multiple ways of expressing knowledge [8].
This logic is particularly important in TEIP
contexts, where class heterogeneity is high and
where many students benefit from more flexible
and contextualized pedagogical proposals [9].

The articulation between UDL and STEAM is
especially promising because both frameworks
value active participation, experimentation, and
differentiation [9]. While STEAM organizes
learning around concrete challenges, UDL
ensures that those challenges are accessible to
all students [3]. This convergence allows for the
design of fairer educational experiences,
preventing technological innovation from
producing new exclusions [10].

2.3. Colour Blindness and Accessibility
in the School Context

Color blindness is a visual condition
associated with alterations in chromatic
perception, resulting from dysfunctions in the
cones of the retina. Although it varies in severity
and typology, the most frequent form affects
discrimination between tones of red and green
[4]. In the school context, this limitation can pass
unnoticed for years, especially when explicit
mechanisms for detection or adaptation do not
exist. However, the consequences are real: the
use of color codes as the sole channel of
information can compromise task
comprehension and student autonomy [4].

The educational relevance of the topic is easy
to grasp when considering that many school and
digital materials use color as the main
organizing element. Maps, graphs, legends,
tables, diagrams, and digital platforms can
represent  barriers  for  students  with
dyschromatopsia, especially when they are not
accompanied by other visual or textual supports
[11]. Furthermore, daily school and personal life
tasks, such as organizing materials or choosing
clothing independently, can generate difficulties
and social constraints [5].

The proposal to develop an assistive
technological solution for colour blindness
responds to this gap through a pedagogical and
functional approach. The aim is not merely to
build a device, but to involve students in
understanding the condition, identifying user
needs, analysing accessibility barriers, and
designing a response that combines usability,
simplicity, multimodal feedback, and inclusive
design principles.

2.4. Artificial Intelligence, Programming
and Computing

The integration of Artificial Intelligence and
physical computing in the project has a dual
function: pedagogical and technological. On one
hand, it allows for the introduction of students to
emerging concepts of contemporary digital
literacy; on the other, it offers concrete tools for
building the proposed solution [12]. The use of
devices such as the Micro:bit and an intelligent
color recognition camera, HuskyLens, (Figure 1,
Figure 2) enable the exploration of block-based
programming principles, automation, signal
reading, and interactive response [13].

Figure 1. HuskyLens Al module connected to
BBC micro:bit V2 .

Figure 2 . HuskyLens module illustrating the
face-detection functio n

In this context, Artificial Intelligence will not be
presented as an abstract or distant technology,
but as a system that depends on data, training,
validation, and ethical limits [12]. Al literacy will
be addressed at an introductory level, helping
students understand that Al-based recognition
systems depend on data, training examples,
classification processes, and validation, and that
their outputs require human interpretation and
critical supervision [2]. This dimension is
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particularly relevant for promoting an informed
and responsible relationship with technology.

Block-based programming will allow students
to structure logical sequences, test hypotheses,
correct errors, and understand the basic
operation of a computer system. 3D modelling,
in turn, will support the transformation of design
ideas into a tangible artefact through Tinkercad,
reinforcing the link between imagination,
engineering, and materialization [14]. Thus,
technology is used as a means of learning and
inclusion, and not as an end in itself.

3. Pedagogical Proposal
3.1. Problem and Goal of the Project

The proposal is based on the need to create
educational responses that are simultaneously
scientifically rigorous, pedagogically
meaningful, and socially useful [5]. The chosen
problem (color blindness) has an accessible and
concrete dimension, which facilitates its
exploration with middle school students. By
working on this theme, students can understand
a real visual limitation, reflect on the importance
of inclusion, and conceive a technological
solution oriented toward the autonomy of
potential users [4].

The educational purpose of the project is
twofold. On one hand, it is intended to promote
learning in science and technology through
research on vision, color, sensors, and digital
systems [12]. On the other hand, it aims to
develop empathy, social responsibility, and
collaboration skills by involving students in a
challenge with human and practical meaning [5].
This combination is coherent with the STEAM
philosophy and with the assumptions of UDL
[15].

3.2. General Structure of the Intervention

The intervention will be organized into five
main moments. The first moment corresponds to
awareness-raising and exploration of the
problem, with research activities on color
blindness (Figure 3), human vision, and the
obstacles faced by people with dyschromatopsia
[4]. The second moment is dedicated to
scientific foundation, addressing topics of optics,
colors, light, and the functioning of the visual
system [11]. The third moment introduces the

technological component, with an initiation into
block-based programming, the operation of
sensors, and the basic principles of Atrtificial
Intelligence [13]. The fourth moment focuses on
the conception and construction of the
prototype, including 3D modeling, functional
testing, and the integration of electronic
components [14]. The fifth moment corresponds
to reflection and evaluation, with the collection of
students' perceptions about the experience, the
learning process, and the utility of the developed
solution [1].

Figure 3. Color -blindness simulation glasses for
deuteranopia

This  progressive  organization  allows
students to advance from understanding the
problem to creating the response, passing from
scientific curiosity to technical action. At the
same time, it facilitates teacher mediation and
task differentiation, in accordance with the
principles of UDL [3].

3.3. Planned Technological Prototype

The planned prototype will be a portable
device to support color identification, designed
to assist people with color blindness in daily
tasks, such as the coordination and autonomous
choice of clothing. The system will integrate a
HuskyLens smart camera for color recognition
via edge computing, a BBC Micro:bit V2
microcontroller (Figure 4) for processing and
response, and an ergonomic physical structure
designed by the students in Tinkercad modeling
software [13].

Figure 4. I12C connection between HuskyLens,
Shield and BBC micro:bit V2
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The detected information will be returned to
the user through multiple channels, displaying
the name of the color on the LED matrix and
providing a synchronous sound response,
guaranteeing the multissensorial feedback
recommended by UDL. The construction of the
device will also be an opportunity to work on
sustainability, mechanical tolerances of 3D
printing, and creativity [5].

4. Planned Methodology

4.1. Research Design and
Operationalization of Variables

The research will be developed in the form of
an evaluative case study, with a quasi-
experimental component of non-randomized
groups. [1]. This methodological option results
from the real school context and the applied
nature of the intervention. The study aims to
empirically map the impact of the ecosystem on
the following structured variables:

i) Computational Thinking and Al Literacy:
Logical decomposition, block-based
automation, and critical understanding of
model training.

i) Social Awareness: Rates of inclusive
attitudes face to chromatic barriers and
empathy among peers.

iii) Motivation:  Practical engagement and
persistence in the iterative debugging
process.

4.2. Participants

The sample will consist of two 6th-grade
classes (2nd cycle of basic education) from a
TEIP School Cluster in the Northern region of
Portugal [10]. The experimental group will
participate in the integrated STEAM activities,
while the comparison group will not be exposed
to the specific intervention. The collaboration of
the Class Advisor (Diretor de Turma) will also be
considered as a key informant, in order to enrich
the understanding of the context, behavior, and
motivation of the students throughout the school
year.

The convenience selection is coherent with
the school reality and with the exploratory nature
of the project [1]. Nevertheless, biographical
comparability and grade level between the
classes will be ensured, seeking to minimize

confounding variables and guarantee the
robustness of the comparative data.

4.3. Data Collection Techniques and
Instruments

Data will be collected through multiple
instruments to ensure triangulation [10].
Questionnaires will be applied in digital format
before and after the intervention (pre and post-
test) [1]. Participant observation will be
conducted and rigorously recorded in a logbook
by the researcher, documenting interactions and
difficulties in real time [1].

Additionally, focus groups will be organized
with sub-sets of the experimental group to
gather their subjective perceptions regarding the
social value of the activity [10]. A documentary
analysis of the constructed artifact will be
performed, guided by a rubric matrix that will
evaluate the algorithmic functionality of the
code, the ergonomics of the 3D-printed
enclosure, the effectiveness of the UDL
multissensorial feedback, and the sustainability
of the design [10].

4.4. Treatment and Data Analysis

Quantitative data will be treated with
descriptive and inferential statistics (paired-
samples t-test procedure) to compare progress
between the groups [1]. Qualitative data
(logbook, focus groups, and interviews) will be
submitted to structured -categorical content
analysis [10]. The articulation of these
dimensions will allow for a holistic interpretation,
evaluating the prototype not only by its technical
success but by the educational value generated
during its co-creation [9].

5. Expected Results and Preliminary
Discussion

The presentation of this proposal assumes
that pedagogical innovation gains greater
strength when linked to concrete and socially
relevant problems [5]. Color blindness
constitutes one of these problems, precisely
because it is poorly visible, yet has real
implications for participation and autonomy [4].
By transforming this issue into a technological
creation challenge, the project seeks to mobilize
students' curiosity and promote learning with a
purpose.
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Preliminary qualitative observations recorded
during the initial immersion phase suggest that
using visual simulations of dyschromatopsia
immediately raises the intrinsic interest of
classes in rehabilitation engineering. It is
expected that the multisensory approach of
STEAM-UDL will function as an equalizer in a
TEIP environment, mitigating the digital divide
through the introduction of tangible artificial
intelligence [15].

5.1. Limitations of the Study

Ensuring the scientific rigor of the proposal,
preliminary limitations are identified:

i) the geographic nature and restricted size of
the convenience sample collected in a single
TEIP school cluster;

i) the novelty effect associated with the use of
the HuskyLens sensor, which can generate
fluctuating motivational peaks;

iii) the technical susceptibility intrinsic to the
HuskyLens camera which, as a low-cost tool
designed for students to carry out prototyping
in a school context, presents natural
limitations regarding its effectiveness and
precision in complex or large-scale
operational scenarios.

6. Conclusion and Future Wor k

This paper presented a research and
pedagogical intervention  proposal that
articulates STEAM, UDL, inclusion, and Atrtificial
Intelligence in a TEIP context. The central idea
consists of actively involving middle school
students in the design of a technological solution
for color blindness, simultaneously promoting
scientific, technical, and socio-emotional
learning. The proposal values experimentation,
problem solving, and co-creation, in perfect
consonance with the principles of Hands-on
Science. By integrating science, technology,
and inclusion around a real accessibility
problem, the proposal argues that digital
transition in schools should be understood not
merely as technological modernisation, but as
an opportunity to promote citizenship,
participation, and ethical responsibility.

Future work will involve implementing the
intervention, analysing the collected data,
refining the prototype according to student and
teacher feedback, and examining whether the

proposed ecosystem can be adapted to other
accessibility challenges. Particular attention will
be given to the sustainability of the approach
across cohorts, the transfer of learning to new
assistive design problems, and the ethical use of
Al-based toaols in inclusive school contexts.
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Abstract . Sustainable maritime development
requires professionals capable of managing
eco-innovation projects under environmental,
technological, and regulatory uncertainty [1,2].
This paper proposes a competency-oriented
framework based on project-oriented
management of eco-innovations in maritime
education. The model integrates project life-
cycle approaches, sustainability principles, and
ballast water treatment technologies as a
practical case [3,4]. The results demonstrate
that structured project-based learning enhances
systems thinking, risk awareness, and decision-
making competencies in future maritime
specialists.  Practical implementation s
supported by real-world ballast water treatment
technologies developed within international
scientific cooperation [5].

Keywords. eco-innovation, maritime
education, project management, sustainability
competencies, water transport.

1. Introduction

The maritime industry is undergoing a rapid
transformation driven by  environmental
regulations, decarbonisation targets, and
technological innovation [1]. In this context, the
training of maritime professionals must go
beyond traditional technical knowledge and
include competencies related to sustainability
and innovation management [2].

Eco-innovations in shipping, particularly
ballast water management systems, require
complex decision-making that integrates
engineering, environmental, economic, and
regulatory dimensions [4]. Therefore, maritime
education faces the challenge of embedding
project-oriented approaches that reflect real
operational conditions at sea and in shipping
companies.

Ac a

The purpose of this study is to present a
structured educational framework for developing
sustainability competencies through project-
oriented management of eco-innovation projects
in maritime transport.

2. Methodological Framework

roposed ch js based on the
%tggr@t?gn(gof thretle rani)e hoadonogic’al components.

First, project management principles based
on the project life cycle (initiation, planning,
execution, monitoring, and closure) are applied
to eco-innovation implementation scenarios in
maritime systems [3].

Second, sustainability education principles
are integrated, including systems thinking,
environmental responsibility, and alignment with
international maritime environmental regulations
[1,2].

Third, case-based learning is used, with
ballast water treatment systems (BWTS) serving
as a representative example of complex eco-
innovation implementation on vessels [4].

The methodological structure allows analysis
of technical constraints, regulatory compliance,
and economic feasibility of environmental
technologies in maritime operations.

2.1. Evaluation Methodology

To assess the effectiveness of the proposed
competency-oriented model, a mixed-method

evaluation approach was applied. The
assessment combined quantitative and
qualitative indicators of competency

development among students participating in
eco-innovation project scenarios.

The evaluation was structured in three
stages:

Baseline assessment (pre-test):
measurement  of initial knowledge in
sustainability, project management, and
maritime environmental regulation.

Formative assessment: continuous

evaluation during project execution using
structured rubrics focused on analytical thinking,
teamwork, and decision-making.
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Final assessment (post -test): comparison
of competency improvement through scenario-
based tasks and reflective analysis.

In addition, expert evaluation was conducted
by academic staff and maritime industry
specialists to validate the practical relevance of
student solutions. A Likert-scale survey was also
used to assess perceived improvements in
systems thinking, risk awareness, and
sustainability-oriented decision-making.

The results confirmed a measurable increase
in interdisciplinary competencies, particularly in
the areas of environmental compliance
understanding and project lifecycle
management skills.

3. Competency -Oriented Model of
Eco-Innovation Management

The proposed model defines four key groups
of competencies:

Environmental and regulatory
competencies include understanding
international maritime environmental

conventions and compliance procedures [1,4].

Project management  competencies
involve planning, resource allocation,
stakeholder coordination, and monitoring of
implementation processes [3].

Risk management competencies include
identification of operational, technical, and

environmental risks, as well as mitigation
strategies.

Economic and communication
competencies focus on cost evaluation,
investment justification, and professional

interaction with maritime stakeholders.

These competencies are developed through
structured eco-innovation project scenarios that
replicate real maritime operational
environments.

4. Case Study: Ballast Water Treatment
System as an Eco -Innovation Model

The ballast water treatment system (BWTS)
is used as a representative complex eco-
innovation case for competency development in
maritime education. The case is based on real-
world technological configurations, including
filtration combined with ultraviolet (UV)

disinfection and electrochemical oxidation
processes, which are widely applied in modern
shipboard systems.

During the initiation phase, students analyze
compliance requirements under the IMO Ballast
Water Management Convention, particularly the
D-2 standard, which defines permissible
biological content in discharged ballast water.

In the planning phase, alternative
technological solutions are compared using
multi-criteria  analysis, including treatment
efficiency, energy consumption, operational
cost, and system integration complexity.

The execution phase involves simulation of
BWTS integration into shipboard systems,
including spatial constraints, energy supply
limitations, and crew operational procedures.

Risk assessment includes identification of
technical and environmental risks such as
membrane fouling, electrode degradation,
formation of disinfection by-products, and
system failure under variable salinity conditions.

The monitoring phase introduces
performance evaluation indicators such as
treatment efficiency, operational stability, and
regulatory compliance consistency.

Finally, the closure phase includes
certification procedures, environmental impact
assessment, and reflection on system
performance within the context of sustainable
shipping operations.

This structured case enables learners to
engage with real engineering constraints while
simultaneously  developing sustainability-
oriented decision-making competencies.

5. Discussion

The findings demonstrate that project-
oriented eco-innovation learning significantly

enhances the development of integrated
sustainability = competencies in  maritime
education.

Compared with traditional lecture-based
approaches, the proposed model promotes
active cognitive engagement and problem-
solving under realistic operational constraints,
which is consistent with the principles of
Education for Sustainable Development [2].
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Students are
regulatory,
limitations
conditions,
international
frameworks [1,4].

required to operate within
environmental, and technical
reflecting real maritime industry
particularly those defined by
environmental governance

A key advantage of the model is its ability to
bridge engineering decision-making  with
environmental compliance requirements. This
integration is essential in modern shipping,
where operational decisions must align with
strict international regulations such as the IMO
Ballast Water Management Convention [4]. The
competency-based structure of the model also
aligns with contemporary project management
standards emphasizing lifecycle thinking,
stakeholder coordination, and risk-informed
decision-making [3].

The inclusion of ballast water treatment
systems (BWTS) as a real industrial eco-
innovation case increases authenticity and
improves learner engagement. It also
strengthens systems thinking by exposing
students to multi-layered interactions between
technological  performance, environmental
impact, and regulatory compliance [5]. In
particular, students develop the ability to
evaluate trade-offs  between  treatment
efficiency, energy consumption, and operational
feasibility, which is critical for sustainable
maritime operations.

However, the model has certain limitations.
Its effectiveness depends on access to realistic
industrial case studies and may require
adaptation in institutions without direct
cooperation with maritime technology providers.
Additionally, further empirical validation is
required across larger cohorts and different
maritime education contexts to generalize the
findings [2,3].

6. Conclusions

Project-oriented management of eco-
innovation provides an effective methodological
basis for developing sustainability competencies
in maritime education.

The integration of ballast water treatment
systems as a case study enables practical

understanding of environmental technologies in
operational contexts [4,5].

The proposed framework can be extended to
other maritime eco-innovations, including
exhaust gas cleaning systems and alternative
fuels.

Overall, competency-based and project-
oriented approaches are essential for preparing
future maritime professionals for sustainable
industry transformation.
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Abstract . This STEM project aims to raise
awareness about clean water preservation and
purification. Selected as one of the 11 delegates
to represent Turkey at the European Science on
Stage festival in Lithuania (2026), the project
empower s

Using a biomimicry approach inspired by
mangrove trees, students designed purification
systems via Tinkercad and conducted
experiments.

artificial
reinforced

Results were evaluated using
intelligence, while learning was
through Scratch and Canva games.

This interdisciplinary study aligns Grade 3
Science outcomes with Sustainable
Development Goals fostering environmental
responsibility and scientific inquiry.

Keywords. Artificial intelligence, Biomimicry,
STEM education, Water purification.

1. Introduction

Access to clean water is a critical global
challenge [1]. This project was developed to
transform primary school students into "Water
Ambassadors" by fostering environmental
awareness through scientific methodology.

The project gained international recognition
by being selected as one of the 11 projects
representing Turkey at the European Science on
Stage festival i n Kl ai

This recognition underscores the
effectiveness of the integrated STEM model in
addressing real-world environmental problems
[1,6].

KI k ok

st udent ss aadso roés\Va

As water ambassadors, we raise awareness about

protecling and using waler wisely.

@

R.

WATER
AMBASSADOR

Figure 1. The "Hidro Kids" team and project
overview

2. Theoretical Framework and Inspiration

The project began with the literature-based
inquiry of the book "The Water Princess"[1].

Students analyzed Pri
access clean water, linking the narrative to the
United Nations Sustainable Development Goals
(SDG 6: Clean Water and Sanitation) [7].

This empathetic start motivated students to
research the harms of dirty water and the
necessity of sustainable water management
[1,7].

Princess Lily's lack of
aceess to clean water is
consistent with the SDG

Figure 2. Princess Lily's story and its connection
to the Sustainable Development Goal s
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3. Methodology and Application

The study was structured around the Grade 3
Science curriculum outcome: "Explains water
purification methods" [6].

In collaboration with the TEMA Water
Brotherhood Project [2], students explored the
journey of water to their homes and understood
the importance of conservation.

We conducted research on how mangroves

purifity water.

Figure 3. TEMA Water Brotherhood project,
biomimicry research on mangroves, and the
water purification experimen t

3.1. Biomimicry and 3D Design

Students utilized a biomimicry approach by
researching how mangrove trees naturally filter
salt and impurities from water.

Based on these biological models, students
created 3D designs for their own purification
systems using Tinkercad [4].

Figure 4. 3D designs for clean water purification
using Tinkercad and the transition to
experiments

We moved from

design to

s e
experiment.
ALoe
N ® n

Figure 5. Implementation of the water
purification experiment and testing of different
material proportions

3.2. Technology Integration and A |

The transition from design to physical
experiment involved testing various material
proportions.

The efficiency of the filtered water was
evaluated using Al-based tools.

To solidify the learning process, students
designed interactive educational games using
Canva and Scratch [5].

Figure 6. Evaluation of water purification results
using artificial intelligence
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Figure 7. Reinforcing learning through
educational games designed with Canva and
Scratch platforms

4. Conclusion

Through the motto "We are the water
ambassadors, the guardians of this water,"
students developed significant problem-solving
and research skills.

The project's representation at the Science
on Stage festival [3] demonstrates that early
childhood STEM education can effectively
address complex global issues by combining
nature-inspired engineering with modern
technology [1,4].
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Abstract . The expansion of the Asian tiger
mosquito, Aedes albopictus, in Portugal
represents a significant challenge for public
health and environmental management in urban
and peri-urban contexts. The response to this
problem must be based on scientific evidence
and principles of applied ecology. The species'
reproduction is linked to water, particularly
stagnant water, with its eggs being deposited on
the walls of containers above and near the
water's surface. However, it is necessary to
clearly distinguish between artificial water
containers, which constitute preferred breeding
grounds for the species, and natural or
constructed ponds, due to their ecological and
educational value. Although some stagnant
water bodies may favor the presence of
mosquitoes, biodiverse and ecologically
structured ponds play a role in biological
regulation, supporting communities of natural
predators and associated organisms that
integrate complex trophic networks, ensuring
controlled breeding conditions for these species.
At the same time, these habitats constitute high-
potential educational resources and can be used
as living laboratories in school settings. Its
preservation allows for the integration of
biodiversity conservation, environmental
education, and ecological monitoring, while its
destruction can  compromise  important
ecological and educational functions.

Keywords. Aedes albopictus, ponds, urban
ecology, living laboratory, environmental
education, biodiversity, vector control.

1. Introduction

The presence and expansion of Aedes
albopictus in Portuguese territory have
reinforced the need for entomological
surveillance, appropriate management of
stagnant water, and environmental literacy. This
species, frequently referred to as the tiger
mosquito, constitutes a relevant public health
vector, and its expansion is strongly associated
with the occupation of environments altered by
human activity, especially in urban and peri-
urban areas. However, combating this species
requires conceptual rigor. Not all accumulated
water has the same ecological meaning or the
same management value. An abandoned
container, a tire, an obstructed gutter, or an
urban tank have very different functions and
dynamics from a naturalized pond with
vegetation, predators, macroinvertebrates, and
stable aquatic communities. Therefore, the
mosquito control approach cannot be reduced to
the indiscriminate elimination of any water body,
risking the confusion of sanitary problems with
valuable ecological habitats [1][2][3][4][5][6][7].

This chapter builds on the above distinction
to defend a central idea: ponds should not be
viewed as spaces to destroy, but as ecosystems
to understand, conserve, and use
pedagogically. In the school context, this
function becomes even more relevant, as ponds
can be transformed into living laboratories
where real ecological processes are observed,
scientific skills are developed, and a closer
relationship between students and nature is
fostered [2][3][7][8].

2. Aedes albopictus and its preferred
habitat

Aedes albopictus and its preferred habitat
Aedes albopictus is a species with a strong
association to small volumes of water
accumulated in artificial containers. Used tires,
plant saucers, domestic containers, cans,
bottles, tanks, drains, and other urban micro-
habitats offer particularly favorable conditions
for larval development, especially when the
water is relatively stable and predation pressure
is reduced [1][9][10].

Its ecological strategy is deeply linked to
human proximity. It is a species adapted to
modified environments, exploring fragmented
spaces, temporary containers, and places with
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water accumulation where monitoring is low.
Females deposit their eggs on suitable surfaces
above the water line, and these eggs can resist
desiccation, which facilitates the species'
survival during unfavorable periods [9][10].

This biological pattern explains why the most
effective control measures must focus on
artificial breeding sites and not on ponds with
ecological value. The elimination of
accumulated water in urban containers, waste
management, and public education regarding
the removal of domestic hotspots constitute
priority measures in this context. What cannot
be done is transferring this logic to all agquatic
systems, as if any pond were automatically a
sanitary problem [2][3][7][9][10].

3. Ponds as complex ecological habitats

Ponds are small water bodies, either
permanent or temporary, that hold high
ecological relevance despite their reduced size.
They are dynamic habitats whose biological
composition depends on the hydroperiod, water
quality, depth, vegetation, sun exposure, and
the presence of predatory organisms [3][4]

[S]6]7]-

Unlike simple artificial containers, naturalized
ponds can host a wide diversity of organisms,
including algae, aguatic plants,
macroinvertebrates, amphibians, reptiles, birds,
and, in some cases, mammals. Many of these
living beings depend entirely or partially on
these habitats to survive, reproduce, or
complete part of their life cycle. Their importance
is, therefore, much greater than the physical
space they occupy [3][6][7][11].

Ponds can also act as biodiversity refuges in
fragmented landscapes and as ecological
connection points between different habitats. In
urban environments, they assume particular
importance because they provide ecological
continuity, promote biological diversity, and help
maintain natural processes that might otherwise
disappear [2][3][7][12].

4. Ecological functions and biological
regulation

Beyond the biodiversity they support, ponds
perform significant ecological functions. They
contribute to water retention, hydrological
regulation, aquifer recharge, natural purification,
and flood mitigation. In many cases, they act as

small natural water management infrastructures,
with positive effects at local and regional scales
[3][7][12].

From a biological perspective, biodiverse
ponds can also help in the regulation of insect
populations, including species with vectorial
potential. The presence of natural predators,
such as odonate larvae, aquatic coleopterans,
and amphibians, can reduce the probability of
opportunistic organisms' proliferation. This does
not mean that every pond eliminates
mosquitoes, but rather that its ecological

complexity tends to make the system less
favorable to uncontrolled population explosions

[1]{4](6].

Figure 1. Predatory insect ( Odonata) in the
vegetation of a school pond. They act as
biological barriers through the active predation
of culicid larvae.

It is precisely here that it becomes important
not to oversimplify the relationship between
stagnant water and mosquitoes. A balanced
pond, with a functional biological community, is
not the same as an artificial container without
predators. Environmental management must
recognize this difference and avoid interventions
that destroy habitats with ecological value
merely because they wrongly associate any
stagnant water with a sanitary risk [2][3][6][7].

5. Ponds as living laboratories

One of the most valuable aspects of ponds is
their pedagogical potential. Their size,
accessibility, and biological diversity make them
ideal resources to be used as living laboratories
in a school context. Unlike overly extensive or
inaccessible environments, ponds allow for
direct observation, simple sampling, systematic
recording, and monitoring over time.
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At school, a pond can serve to study various
themes: life cycles, adaptation of living beings,
food chains, biodiversity, water quality,
relationships between abiotic factors and biota,
ecological succession, and the impact of human
action. Students can collect data, compare
observations across different seasons, identify
species, measure physicochemical parameters,
and interpret results based on evidence [2][3][8].

L AR

Figure 2. Aquatic biodiversity monitoring activity
functioning as a living laboratory

his type of learning is particularly powerful
because it shifts the focus from abstract science
to lived science. Instead of learning only from
textbooks or images, students come into contact
with real organisms, observe behaviors,
formulate hypotheses, and participate in
research processes. The pond thus becomes a
space for knowledge construction, where theory
and practice meet naturally [2][3][8].

6. The pond in the school and in the
community

The creation or maintenance of ponds in
schools, gardens, educational centers, or
community spaces is a strategy with multiple
benefits. First, it allows the school to have a
permanent ecological resource, available
throughout the school year and capable of being
integrated into different subjects. Second, it
fosters students' regular contact with nature,
something increasingly important in a context of
growing urbanization and detachment from
natural environments [3][2][8].

School ponds can be integrated into citizen
science projects, biodiversity inventorying,
ecological monitoring, and education for
sustainability. Furthermore, they can involve
teachers, students, municipal technicians,
researchers, families, and local associations,

creating a participation network around nature
conservation [3][13].

At the same time, these spaces help change
the social perception of ponds. Instead of being
viewed as dirty, abandoned, or useless places,
they are understood as living, useful, and
educational habitats. This change in perspective
is essential to promote a more mature and
informed conservation culture. The school plays
a decisive role here, because it can transform a
small pond into a symbol of learning, science,
and environmental citizenship [2][3][8].

Figure 3. Field class on aquatic ecosystems and
awareness in the school grounds

7. Mosquito management and pond
conservation

The expansion of Aedes albopictus should
not be used as an argument to eliminate
ecologically relevant ponds. Effective vector

control must focus on the true preferred
breeding grounds of the species: artificial
containers, small urban hotspots, water

accumulated in bins, and poorly managed
human structures. That is where intervention
produces the greatest impact and the lowest
ecological cost [1][9][10].

When there are ponds with clear biodiversity
and ecological function, the response must be
cautious and based on a diagnosis. The actual
presence of larvae, the biological compaosition of
the system, its environmental function, and its
educational value must be evaluated before any
intervention. Drainage or landfilling is only
justified in very specific, properly substantiated
situations [3][7].

Whenever necessary, selective measures
should be prioritized, such as cleaning,
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monitoring, vegetation management, correcting
stagnant water in artificial containers, and, when
applicable, using specific biological solutions.
The guiding principle should be simple: combat
the mosquito without destroying the valuable
habitat, and protect the pond without ignoring
public health [3][9][10][14].

8. Pedagogical application in the school
context

The use of ponds at school allows for the
achievement of learning objectives that go far
beyond the simple observation of living beings.
These spaces enable the execution of field

activities, research  projects, laboratory
experiments, and environmental awareness
actions. They are, therefore, particularly

effective instruments for developing scientific
and social skills [2][3][8].

For example, a school pond can be used to:

i) observe biodiversity at different times of
the year [2][3]

i) compare ponds with different
characteristics [3][4][5]

iii) study the relationship between light,
temperature, vegetation, and biological
diversity [4][5][6]

iv) analyze water quality [2][3]

v) discuss the presence or absence of
specific groups of organisms [3][6][11]

vi) understand conservation and
sustainable management strategies
[31[7][13].

These activities favor the development of
skills in observation, recording, comparison,
interpretation, and scientific communication. At
the same time, they stimulate critical thinking
and a sense of environmental responsibility. The
student ceases to be merely a receiver of
content and becomes an active researcher of a
living system [2][3][8].

Figure 4. Workshop for teachers at the
Eco-Schools Seminar in Guimaraes

9. Ponds, science, and citizenship

Ponds can also be used as a starting point for
citizen science projects and for involving the
school community in ecological inventory and
monitoring initiatives. By recording species,
tracking habitat evolution, and sharing data with
the scientific or educational community, the
school begins to produce useful knowledge
beyond the classroom [3][13].

Figure 5. Citizen Science Action, guided by the
Braga Ciéncia Viva Center, at the Sete Fontes
park in Braga

This dimension is particularly important
because it connects learning to the territory and
to collective responsibility. Pond monitoring
helps to understand changes over time, identify
threats, promote good practices, and develop a
culture of informed participation. It is not just
about teaching content, but about shaping
citizens capable of reading the environment,
interpreting ecological signs, and acting
consciously [2][3][8][13].

In this sense, the pond is not just a
pedagogical setting: it is a space of relationship
between school, nature, and society. Itis a place
where one learns science, but also where one
learns to care for the common world [2][3][7].
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10. Conclusion

Ponds are habitats of high ecological,
functional, and pedagogical value. Their
importance lies not only in the biodiversity they
support but also in their capacity to promote
learning, observation, and active participation in
a school context. When viewed as living
laboratories, they become powerful instruments
for environmental education and for bringing
students closer to nature.

In the case of Aedes albopictus control, it is
essential to distinguish between artificial
containers and biodiverse ponds. The fight
against the mosquito must focus on
opportunistic breeding grounds and poorly
managed urban spaces, without resorting to the
indiscriminate destruction of aquatic habitats
with ecological and educational functions. Pond
conservation is not an obstacle to vector control;
it is part of an intelligent, balanced, and
sustainable environmental strategy.

Preserving ponds is, therefore, preserving
biodiversity  knowledge and educational
opportunities. At school, these habitats can
function as engines of learning and scientific
citizenship, contributing to the formation of
generations that are more aware of the
importance of ecosystems and better prepared
to protect them.
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Abstract . There is need to strengthen the
science content in Indian Television channels.
At present the science content is very less in the
private and government owned Indian television
channel. There is very less numbers of
weekly/daily science news emphasizing the
Indian Science are available in Indian
Television. The technical programmes like Tech
Guru and others are focused majorly on latest
technology of gadgets. To increase the general
awareness about science happenings in daily
life, the Vigyan Prasar, an autonomous
institution under Department of Science and
Technology, Government of India, started
production of weekly science news in Hindi and
English Languages since 2011. The news
programmes are titl e-th
English

The news was telecasted through the Indian
government owned Loksabha Television
Channel (LSTV) - channel of national repute
from February 2011. After two years of
successful telecast the news telecast was
shifted to the Indian government owned
Rajyasabha Television (RSTV) -channel of
national repute. Since last 3 years the news was
successful telecasting through the Rajyasabha
Television (RSTV). The news in addition to the
telecast through RSTV also repackaged for
telecast through the Doordarshan-India for the
viewers residing in countries other than India. In
view of the treatment of the news have
components of the television media angle of
writing and voice over of the news. The news
has main components includes the main news
and happenings, in-depth stories, science
express, meet the scientist, technology and
innovations in various areas of science and
technology.?

The production agency after collecting news and
happenings from various source feeds produces
original scripts in both Hindi and English
languages, the scripts were cross checked by

the scientists at Vigyan Prasar for accuracy of
content. The pre-telecast rough cut of the
program is checked by the nominated experts in
the field of science communication for accuracy
of content going on air through news.® The
Rajyasabha Television (RSTV) in addition to
telecast of the program also created youtube
page and upload the news on the page for the
viewers who missed the news while on air. In
depth analysis of the news topics by
classification into various areas of science,
viewer 6s response
and letters, youtube analytical responses,
comparative  study of other  science
news/content on other channels is the part of the
current study. In the past 5 years the news
proved beneficial for the students, general public
and various section of the society.* The news
program also used to produce a CD entitled as
Al ndi a 1 whichooowert all najor stories
covered during a year. In the year 2015 which
was celebrated by United Nations on Light and
Light based Technologies, a 13 episodes series
was
Technol ogyo
language from the stories covered in the news
program.® The production of 13 episodes on
Lettingl Bdye deatimelogyMfromi theo staries

and {inGlindi languages'y adowered in the news program was produced and

telecast through Doordarshan-national. These
approaches widen the reach to audience and
make more usefulness of the covered stories.
The shelf life of the news stories by making
episodes from it increases to great extent, as the
news stories now can be repeat telecast in mode
of popular science program after extracting
episodes from it.

Keywords. Loksabha Television Channel
(LSTV), Rajyasabha Television (RSTV),Vigyan
Prasar,Science Monitor, Gyan Vigyan.

1. Introduction

The news as per definition is a new
information about recent events, happenings
took place in the society. There are many
channels which telecast news in Hindi, English
and various regional languages. The major
news channels include Aaj Tak, Zee news,
NDTV news, Sahara news, CNBC-TV18, Times
now, LSTV, RSTV. The regional language in
which the news is being telecasting in India are
Tamil, Telugu, Malayalam, Kannada, Marathi,
Guijarati, Bengali, Oriya and Urdu. The basic
objectives of television are providing

48

anal ysi s

produced and rightildased h t
(Prakash Ki



Hands -on Science. Science Education. Resilience in challenging times

information, entertainment and education. The
two new words infotainment and edutainment
have evolved. These two words have common
term entertainment. Hence the program is
appreciable when it has basic thing of
entertainment.® The viewer generally watches
the channels depending on the mood, interests
and other requirements. The viewer developed
the emotional involvements with the television
channels in regular watching it. The desire to
obtain more and more information from
television may be fulfilled by watching the
informative programmes. The  various
information like news and current affairs, sports
programmes, cookery and food related
programmes, programmes based on
environmental issues, science and technological
innovations, discoveries, economic policies.

The entertainment is the most important
factor for which large number of people watches
the television. The programmes include serials,
soap opera, dramas and plays, comedy shows,
musical programmes, game shows, chat shows,

cartoons, fairy tales, horror shows, reality
television shows.’
The educational programmes play an

important role in education. The education
channel like Gyandarshan of Doordarshan,
channels of Open University like Indira Gandhi
Open University IGNOU, University Grant
Commission UGC channel, kisan channel of
Doordarshan are some important names in area
of educational information. The social and health
development programmes are getting more
viewers since last 2-3 decades. Cultural and
gender study programmes also have their own
place among all these channels. There are two
broad formats of the television programmes i.e
fiction and non-fiction programmes. The fiction
programmes includes the imagination and
dramatization of the stories. The non-fiction
programmes on television generally depend on
the information regarding various events that
take place in our surroundings along with the
incorporation of education on contemporary
issues. The news bulletin essentially based on
the summary of the news stories in order of
importance and interests.®

The Vigyan Prasar, an autonomous
institution under Department of Science and
Technology, Government of India, started
production of weekly science news in Hindi and
English Languages since 2011. The news

progr amms are titl edin
English and
on RSTV (Rajya Sabha Television). The news is
also being telecastonDD-l ndi a as i

weeko.

Some basic rules for the news for television
are followed while production of the news
program. These basic rules include clarity,
Brevity, Conversational, Time Reference and
Active Voice.

Clarity : The first rule of TV news is that the
story must be clear at once. Unlike the reader
the viewer have no second chance to go over
the material. A person who writes the science
articles for the popular magazines must able to
translate the complicated scientific jargon into
the gener al reader s |
news must be able to make complicated stories
simple. In short the understanding of TV news
must be immediate. Hence it is well said that
Ainever underestimate t
over estimates their k
acceptable words per sentence in TV copy are
13to 14.°

Brevity : Sentence need to be not only simple
but short also. As the news reader can easily
read short sentence in comparison to longer
ones. Viewer also can follow short sentence
more easily as compared to longer ones.

Conversational : TV newswriters use words
of daily uses, the language of conversation.

Time reference : The element of immediacy
is biggest assets of the TV medium in reporting
news. Every effort should be made to include up-
to-date reports and to write copy in a manner
that sounds fresh and timely.

Active Voice : The passive voice is avoided
in TV news. It is important to keep action in the
verb.

2. Methodology

All papers should be written in English and
must have between three and twelve pages
long, and arranged in the following order: The
sources of the main sources of news used
include the satellite/microwave video feed
services and syndicated video coverage. The
primary sources of news on TV are the news
wire services such as Press Trust of India (PTI)
and United News of India (UNI) among other
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agencies. Still photographs transmitted by the
facsimile wire services are also used on the
television, especially for the late breaking stories
for which moving pictures are not available. The
satellite/ microwave \
own unigue version of wire service. It is
electronic transmission of the news stories
originally recorded on film or video and sent by
closed circuit microwave or through satellite to
subscriber who record it on their own tape and
then decide which stories to use for inclusion in
the Science Monitor and science this week
news. The advance planning for news
production enables the producer for shooting
location selection, research on news topic,
communications regarding shooting etc. After
the final of news to be incorporated in the news
script writing is done through the science
communicator cum script writer. The scripts in
both Hindi and English languages are checked
by the Scientist and Media personnel for the
accuracy of science content and television
language respectively. The finalization of script
will be followed by the professional voice over
artist voice over. The shooting of the anchor take
place in the studio. Now at the editing table the
whole story builds up by the video editor which
includes shooting at news places, voice over of
artists, stock shots, related visuals, anchor shots
in between, important tag line in news, byte
inclusion. The stories then compiled to get the
news package of 24-27 minutes duration with
one break. At the end of news, the anchor
announces the Vigyan Prasar address, email id
for the feedback of the viewer. After actual
telecast the RSTV upload the news on its
YouTube page. Analysis of humbers of viewer
on YouTube, Email received is performed as
impact study.

The news is being telecasted through the
Indian government owned Loksabha Television
Channel (LSTV) - channel of national repute
from February 2011. After two years of
successful telecast the news telecast was
shifted to the Indian government owned
Rajyasabha Television (RSTV) - channel of
national repute. Since last 3 years the news was
successful telecasting through the Rajyasabha
Television (RSTV).X In view of the treatment of
the news have components of the television
media angle of writing and voice over of the
news. The news was produced through hired
production agency M/S Credence Media
Solutions Pvt Ltd, New Delhi as per Government
of India (GOI) norms and currently news is being

produced by it for Vigyan Prasar. The news have
main components includes the main news and
happenings, in-depth stories, science express,
meet the scientist, technology and innovations in

i draiaus afeaseofl science and tedhrelegy.sTheo n 6 s

production agency after collecting news and
happenings from various source feeds produces
original scripts in both Hindi and English
languages, the scripts were cross checked by
the scientists at Vigyan Prasar for accuracy of
content. The pre-telecast rough cut of the
program is checked by the nominated experts in
the field of science communication for accuracy
of content going on air through news. The
Rajyasabha Television (RSTV) in addition to
telecast of the program also created youtube
page and upload the news on this pages for the
viewers who missed the news while on air.*

3. Results

Table 1. The news coverage percent analysis
study in 5 years

News Subject Number %
of news analysis
wild life 57 6.27
space research 120 13.2
Health 141 15.51
Astronomy 51 5.61
current news 56 6.16
Biography 53 5.83
Eco tour 9 0.99
climate Change 33 3.63
Themed 74 8.14
Science communication 111 12.21
Career 32 3.52
Nuclear Energy 9 0.99
Disaster 20 2.20
Application of Science and 70 770
Technology

Conservation 33 3.63
Renewable energy 28 3.08
Weather 12 1.32

909 100
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% COVERAGE

o wild e B space research

O Health O astronomy

B current news O Blography
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B Conservation B Renewable energy

O Weather

Figure 1. Different subject area covered in news

Table 2. Showing details of In -Depth stories
covered from 24th February 2012
to 16th July 2016

Subject Title Numbers Subject wise % of
In-depth
Biology 12 11.88
Chemistry 2 1.95
Space 16 15.94
Physics 10 9.96
Mathematics 1 0.99
Health 26 25.74
General Science 15 14.86
Environment 17 16.83
I'Ir'];(é:?]zgfi:gny ! 0.95
Biography 1 0.9
101 100

4. YouTube analytical report

The news program in Gyan Vigyan in Hindi
and Science Monitor in English is uploaded on
RSTV YouTube page for post telecast viewers.
The viewers gave good response on YouTube.
The engagement of social platform like YouTube
proven additional impact along with the
television due to availability all time, ease of
surfing news, can be seen by any device even
mobile phones too, c a
language as translated version.*?

The You Tube analytical report revealed the
watch time (minutes), Views, Average Percent
views, Average View Duration, Geographical
locations, translation views, device used by the
viewers, view with subtitles for both Gyan
Vigyan and Science Monitor.

Here the comparative analysis is performed
for both programs Gyan Vigyan and Science
Monitor. As the programs in two different
languages the comparison study reveals many
facts and results about the news programs, their
national and international impacts, viewers
using various devices to watch the programs.3

Table 3. (after the References)

5. Key Editorial Shifts and Trends
(Last 3 Years)

The "Shorts" Explosion : Traditional 30-
minute weekly science news roundups on digital
platforms have largely migrated toward a hybrid
format. Creators now split weekly news into daily
60-second vertical shorts, backed up by one
detailed weekend long-form breakdown.

Nationalism in Science Since major
milestones like Chandrayaan-3 and the Aditya-
L1 solar mission, audience demand for news
concerning ISRO, indigenous defense tech
(DRDO), and Indian deep-tech startups has
surged dramatically over global science news.

Language Dominance : Hindi and regional
language science communication vastly
outperforms English-only channels in India,
driving the democratization of science news in
Tier-2 and Tier-3 cities.14.

Comparison of Various laboratories of CSIR,
ICMR, Space science and others for highlighting
science contents:
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The following comparison table evaluates
how different government entities highlight
science content across digital, broadcast, and
print media.15

Table 4 i (after the References)

For Written & Institutional Content: CSIR -
NIScPR highlights the largest volume of diverse
science topics. Because CSIR covers
everything from aerospace and oceanography
to genomics and metallurgy, NIScPR processes
and highlights a massive stream of multi-
disciplinary Indian research.

For Video Content & Mass Reach: ISRO
leads exponentially in audience engagement
and visual storytelling, while DSTG6 s
Science platform produces the highest volume
of strictly scheduled weekly and daily science
video programming.16

Science video content acts as a cognitive
bridge, translating raw data and complex,
abstract theories into dynamic visual narratives.
Its importance varies fundamentally depending
on who is watching.

Here is how science video content serves
three distinct audiences:

5.1. 1. For Students: The Classroom
Catalyst

For students, abstract textbook formulas can
feel completely detached from reality. Video
content makes the invisible visible.

Visualizing Abstract Concepts:  Videos can
animate things that cannot be seen with the
naked eyed such as a strand of DNA replicating,
chemical bonds breaking, or the curvature of
spacetime.

Enhancing Retention and Motivation:
According to educational research, multimedia
learning activates both visual and auditory
processing channels simultaneously (Dual-
coding theory), which significantly improves
memory retention compared to reading text
alone.

Democratic Access to High -Quality
Education: A student in a remote Indian village
with an internet connection can watch the same
high-level breakdown of astrophysics or

biotechnology as a student in an elite urban
school, leveling the educational playing field.

5.1. 2. For the Common Man: The Shield
Against Misinformation

For the general public, science video content
is not about passing an examd it is about
navigating daily life and building a scientific
temper (critical thinking).

Democratizing Complex Knowledge : Good
science videos bypass heavy academic jargon,
translating breakthroughs into clear, everyday
language that connects to daily life (e.g., how
vaccines work, the impact of climate change on
lpcaliwgather, or how Al affects job security).

Combating Fake News and "WhatsApp
University" : In an era where pseudoscientific
health myths and conspiracy theories spread
rapidly, engaging, evidence-based video
content acts as a factual antidote. Humans are
visually driven; a debunking video with visual
proof is vastly more convincing to a layperson
than a text-heavy fact-checking article.

Empowering Personal Decision -Making:
Whether evaluating dietary choices,
understanding public health guidelines, or
making smart consumer tech purchases, video
content equips citizens to make data-driven
personal choices.17

5.1. 3. For Policy Makers: The Evidence -
Based Guide

Policy makers rarely have the time to read
50-page academic peer-reviewed papers. They
require concise, high-impact, actionable insights
to draft legislation.

Bridging the Science -Policy Gap: Short,
highly structured briefings or video explainers
allow scientists to deliver evidence-based data
directly to lawmakers, ensuring that public policy
(on environment, healthcare, or technology) is
grounded in reality.

Gauging  Public  Sentiment: High-
engagement public science videos help policy
makers understand what scientific issues the
public cares about, where public anxieties lie
(e.g., fears surrounding GMOs or nuclear
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energy), and where public education campaigns
are needed.

Justifying ~ Public  Funding: When
government laboratories (like ISRO or CSIR)
visually broadcast their breakthroughs, it builds
public trust and national pride. This visual
accountability makes it easier for policy makers
to justify allocating taxpayer money to long-term
scientific research.

Table 5. (after the References)

For Written & Institutional Content: CSIR -
NIScPR highlights the largest volume of diverse
science topics. Beca

6. Summary and Conclusion

An analysis of the 909 stories (100%)
disseminated during the study period reveals
that the highest proportion of coverage was
devoted to Health, accounting for 141 stories
(15.51%), followed by Space Research with 120
stories (13.20%), and Science Communication
with 111 stories (12.21%). The remaining stories
were distributed across various other scientific
and technological domains, reflecting the
diverse spectrum of science communication
activities undertaken during the period.

The predominance of health-related stories
underscores the growing importance of public
health issues in India. Increasing environmental
pollution, recurring natural disasters and
hazards, emerging and re-emerging infectious
diseases, as well as recent epidemic and
pandemic experiences, have heightened public
interest in health and healthcare-related
information. Consequently, health emerged as
the most frequently reported subject area,
highlighting its relevance to both policymakers
and the general public.

The substantial coverage of space research
reflects India's remarkable achievements in the
field of space science and technology. Major
milestones, missions, and technological
advancements by the Indian space sector
attracted significant media attention and public
engagement during the study period. These
achievements not only enhanced national pride
but also stimulated wider interest in science and
innovation among citizens.

The strong
communication stories

representation of science
indicates sustained

efforts to promote scientific awareness,
disseminate research outcomes, and foster a
scientific temper among the public. Overall, the
distribution of stories suggests that topics with
direct societal impact, national significance, and
public relevance received the greatest attention.
The findings demonstrate the crucial role of
science communication in connecting scientific
developments with society and in enhancing
public understanding of contemporary scientific
issues.
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Channel / Program

Table 3. India Weekly Science News & Science

Sector /

Avg. Weekly
Content Format

Primary Focus

Est. Avg.
Weekly Views /
Reach (Last 3

Subscriber /
Audience Base
(As of 2026)

Indian lab
India Science (DST / Vigyan Government Qally & Wegkly breakthrpughs, 3QQK - 5_OOK Multichannel
Prasar) (OTT & video bulletins, space missions digital views OTT apps & web
Internet TV) expert interviews (ISRO), national weekly platform
S&T policies
Documentaries Pan-India
DD Science (Doordarshan Govemment 1-hour daily slot institutional 2M - 5M linear terrestrial & DTH
) (Public TV (Mon-Sat), weekly . network (92%
National) walkthroughs, rural TV viewers :
Broadcast) news roundups . population
science outreach
reach)
Astronomy, space
Antariksh TV (by Kaushik Independent 1-2 videos per exploration news, 1.5M - 3M ~5.3 Million
Bhattacharjee) (YouTube) week, regular shorts ISRO/NASA views weekly subscribers
updates
Theoretical physics,
Gaurav Thakur Independent 2-3 highly produced futuristic tech, 2.5M - 4M ~6.5 Million
(GetsetflySCIENCE) (YouTube) weekly videos space anomalies, views weekly subscribers
general science
Emerging
indian Scientist Independent Multi-weekly technology, deep- 1M - 1.8M ~2.2 Million
(YouTube) uploads and shorts space news, daily views weekly subscribers
science facts
Khan GS Research Centre Weekly deep-dives Geopolitical 5M - 10M views -
- " Independent on defense tech, technology, space ) ~26.5 Million
(Science/Geopolitics oo per science- .
(YouTube) space, and core missions, weapon subscribers

segments)

science

systems physics

focused video
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Table 4. Indian Government Entities Highlighting Science Content

Government Entity / Lab Primary Medium

How Content is

Target Audience

Key Strengths & Content
Highlighted Focus
Publishes iconic The Policy & Print
CSIR-NIScPR Print. Digital monthly magazines Champion:
Jour}\alg & Academics, like Science Reporter Excellent at converting
(National Institute of Science Popula‘r Students, and the (English) and Vigyan complex lab research across
Communication and Policy Magazines General Public Pragati (Hindi), all 37+ CSIR laboratories
Research) 9 alongside open-access into structured, readable
research journals. articles and newsletters.
The Mass Engagement
High-profile live Leader:
ISRO broadcasts of rocket Commands the highest
Live Streaming, Mass Global & launches, space digital traction. Captivates
) YouTube, & Social National Public, mission tracking the public imagination
(Indian Space Research Media Students animations, and deep- through milestone events
Organisation) dive technical (e.g., Chandrayaan,
infographics. Gaganyaan) and real-time
mission updates.
Dedicated 24/7 The Video Pioneer:
) ] internet Created as | n d ipranarg
India Science / DST OTT Platform Rural & Urban communication web-TV platform for science.
' o channel broadcasting Covers grassroots
f Sci YouTut_)e, & web StL_Jdents, qV” weekly documentaries, innovations, government
(Department of Science & Video Services Aspirants .
Technology) lab walkthroughs, and fellowships, and laboratory
interviews with Indian breakthroughs outside of
scientists. space science.
. The Public Health
Focuses on medical o
health graphics Authority:
ICMR . o \ grapnics, Translates clinical trial data,
Public Advisories, Healthcare disease prevention vaccine develooments. and
. . . Digital Portals, & Professionals, explainers, epidemic bio-medical reZearch 7into
(Indian Council of Medical Press Briefings General Public bulletins, and open- . " )
Research) highly critical, easily
access healthcare . : .
N digestible public safety
data repositories. S
guidelines.

Table 5. Indian Government Entities Highlighting Science Content

Audience Primary Barrier to Science How Video Resolves It

Ultimate Outcome

- ) . ) Academic excellence
Boredom / Difficulty visualizin Animates concepts & engages S
Students yV 9 ncep 9ag & inspiration for STEM
abstract theories multiple senses
careers
Academic jargon & Replaces jargon with storytelling & S_C|ent|f|c_ I|terac-y.&
Common Men : S . ; rational daily decision-
overwhelming misinformation visual proof .
making
. Lack of time to digest massive | Compresses data into high-impact, Evidence-based laws
Policy Makers . . & smarter budget
research papers actionable summaries allocation
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Abstract . The article examines the problem of
personalized education of students in the
conditions of digitization of education and
introduction of artificial intelligence. The
relevance is due to the transition from the

traditional unified model of education to
individualized and adaptive educational
systems. A theoretical analysis of the

personalization of learning, digitalization of
education and the use of Al was carried out. It
was determined that personalized learning is
based on a combination of a person-oriented
approach, digital technologies and educational
analytics. The role of artificial intelligence in the
analysis of educational data, prediction of
results and formation of individual
recommendations is revealed. The capabilities
of digital platforms and LMS in providing a
flexible educational process are considered.
Pedagogical conditions for the effective
implementation of personalization and the main
challenges of Al implementation have been
determined. A conclusion was made about the
prospects of personalized training for improving
the quality of education and developing
students' competencies.

Keywords. personalized training, artificial
intelligence, digitization of education, adaptive
educational technologies.

1. Relevance of the research

The rapid development of digital technologies
and the active implementation of artificial
intelligence systems in all spheres of social life
lead to significant transformations of the

©1 i i nsdkcational environment. The modern stage of

education development is characterized by the
transition from the traditional model of education
to innovative approaches focused on the needs,
opportunities, and individual characteristics of
those seeking education. In these conditions,
the problem of personalized education of
students becomes especially relevant, which
involves adapting the educational process to
individual educational needs, level of training,
pace of knowledge acquisition, learning style
and professional interests of each student.

Digitization of education has become one of
the key directions of modernization of
educational systems in many countries of the
world. The use of digital platforms, electronic
educational resources, learning management
systems, cloud services and means of remote
interaction creates new opportunities for
organizing the educational process. At the same
time, a significant volume of information, a
variety of educational resources and the need
for an individual approach to students require
the use of more effective learning management
mechanisms, among which artificial intelligence
technologies occupy an important place.Today,
artificial intelligence is considered not only as a
tool for automating certain processes, but also
as a powerful means of supporting decision-
making in educational activities. Thanks to the
ability to analyze large data sets, identify
patterns and predict learning outcomes, artificial
intelligence systems can ensure the adaptation
of educational content to the individual
characteristics of students, form personalized
recommendations regarding the educational
trajectory, identify educational difficulties in a
timely manner and offer ways to overcome
them. As a result, prerequisites are created for
increasing the effectiveness of learning,
developing student independence, and
improving the quality of educational results.

The problem of personalized training
becomes especially relevant in the conditions of
modern socio-economic challenges associated
with rapid changes in the labor market and the
growth of requirements for the professional
competencies of future specialists. Employers
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increasingly need specialists who can quickly
adapt to new conditions, master modern
technologies, work with information and
constantly update their knowledge. Traditional
approaches to education do not always ensure
the formation of such competencies in a
sufficient amount, which actualizes the need to
find new educational models based on the
principles of individualization and flexibility.

An important factor in the relevance of
research is also the growing role of mixed and
distance learning. The events of recent years
have demonstrated the need to ensure the
continuity of the educational process regardless
of external circumstances. The use of digital
technologies made it possible to support
education in the conditions of a pandemic,
martial law and other crisis situations. However,
the mass implementation of distance education
revealed a number of problems related to
insufficient motivation of students, the difficulty
of monitoring their educational activities, and
limited opportunities for individual support. That
is why the use of artificial intelligence tools to
create a personalized educational environment
is becoming one of the promising areas of
modern education development.

Personalization of learning with the help of
artificial intelligence technologies opens up new
opportunities for increasing the level of student
involvement in the educational process.
Adaptive educational systems are able to take
into account the individual level of knowledge,
the style of information perception and
educational achievements of education seekers,
offering the most effective forms of presentation
of educational material. This contributes to
increasing motivation to study, developing self-
education skills, and forming responsibility for
one's own educational trajectory.

At the same time, the wide implementation of
artificial intelligence in educational practice
gives rise to a number of new challenges and
problems that require scientific understanding.
Among them, the issues of ensuring academic
integrity, protecting students' personal data,
ethical use of artificial intelligence algorithms,
preserving the role of the teacher in the
educational process, and preventing excessive
dependence on digital technologies attract
special attention.Solving these issues is a
necessary condition for the effective and safe
use of intelligent systems in the field of

education.

An equally important aspect is the need to
prepare pedagogical workers to work in the
conditions of digital transformation of education.
The effective use of artificial intelligence tools
requires new digital competencies from
teachers, the ability to integrate modern
technologies into the educational process and
provide pedagogical support for personalized
learning. Therefore, the study of the features of
the application of artificial intelligence in
educational activities is of important practical
importance for improving the professional
training of pedagogical personnel.

The topicality of the topic is also determined
by the strategic directions of education
development in Ukraine and the world, which
provide for the digital transformation of the
educational sphere, improving the quality of
educational services, developing innovative
learning technologies and creating conditions for
the realization of the individual potential of each
student. In the context of the integration of
Ukrainian education into the European
educational space, the implementation of
modern approaches to the organization of
education, which meet international standards
and contribute to the formation of competitive
specialists, is of particular importance.

2. The degree of scientific development
of the problem

The problem of personalization of learning
has been the subject of scientific research in
pedagogy, psychology and educational
technologies for a long time. The theoretical
foundations of individualization and personally
oriented education were developed in the works
of such scientists as |. Beh, O. Savchenko, S.
Sysoeva who substantiated the need to take into
account the individual characteristics of
education seekers, their needs, abilities and
educational requests. The concept of person-
oriented education, developed by I. Bech and I.
Yakymanska, became an important foundation
for the formation of modern approaches to
personalized education.

Foreign researchers C. Bray, H. McCluskey,
B. Patrick, M. Horn and K. Christensen made a
significant contribution to the development of the
theory of personalized learning. In their works,
personalized learning is considered as an
educational model that ensures adaptation of
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the content, pace and methods of learning to the
individual needs of each student. Special
attention is paid to the construction of individual
educational trajectories and the creation of
conditions for the development of the autonomy
of education seekers.

Theoretical and practical aspects of
digitalization of education were studied in the
works of V. Bykova, .R. Gurevicha, M. Kademii
and other scientists. Scientists considered the
introduction of information and communication
technologies into the educational process, the
formation of digital competence of participants in
the educational process, the development of
electronic and distance learning, as well as the
creation of a digital educational environment of
educational institutions. In particular, V.Bykov
paid considerable attention to the conceptual
foundations of the digital transformation of
education and the development of open
educational systems.

A separate direction of modern research is
related to the use of artificial intelligence
technologies in education. A significant
contribution to the study of this issue was made
by R. Lucky, V. Holmes, U. Holmes, M.
Tuominen, R. Baker, K. Dwedi and other
researchers. Their works highlight the
possibilities of using artificial intelligence to
create adaptive learning systems, automated
knowledge assessment, educational data
analysis, and pedagogical decision-making
support. Scientists pay special attention to the
use of intelligent algorithms to personalize the
educational process and increase the
effectiveness of training.

The problems of introducing artificial
intelligence into educational practice are being
actively investigated by international
organizations and scientific centers. The
analytical reports of UNESCO, the Organization
for Economic Cooperation and Development
(OECD), as well as the European Commission,
which defined the prospects for the use of
artificial intelligence in education and outlined
the key ethical, social and pedagogical
challenges of its application, became important
for the development of this issue.

At the same time, the analysis of scientific
works shows that the majority of studies are
devoted either to issues of digitization of
education or to certain aspects of the use of

artificial intelligence. Insufficient attention is paid
to the comprehensive study of the mechanisms
of personalization of education of students of
higher education institutions based on intelligent
digital technologies.Pedagogical conditions for
the effective use of artificial intelligence for the
formation of individual educational trajectories,
the development of students' educational
motivation, ensuring academic integrity and
improving the digital competence of teachers
require further research.

3. The purpose of the study

is the theoretical justification and analysis of
the possibilities of personalized training of
students in the conditions of digitalization of
education and the introduction of artificial
intelligence technologies, as well as the
determination of its role in increasing the
efficiency of the educational process, forming
individual  educational  trajectories  and
developing the professional competences of
students of higher education.

4. Presentation of the material

The current stage of the development of
higher education is characterized by deep
transformational processes caused by the
digitalization of society, the rapid development
of information and communication technologies,
and the introduction of artificial intelligence
systems into educational practice. In these
conditions, the traditional model of education,
based on a unified approach to all students, is
gradually losing its effectiveness, giving way to
more flexible and adaptive models of organizing
the educational process. One of these models is
personalized training, which involves taking into
account the individual characteristics of the
student, his educational needs, the rate of
learning the material and professional interests.

As noted by |. Beh, a person-oriented
approach in education involves the creation of
conditions for the development of the unigue
personality of the student of education, which
becomes the basis for the formation of modern
models of individualized education [2]. In this
context, personalization is considered not only
as a methodical approach, but as a holistic
pedagogical paradigm that changes the role of
the teacher and student in the educational
process. The teacher increasingly performs the
function of a tutor, mentor and facilitator of
educational activities, while the student
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becomes an active subject of his own

educational trajectory.

The development of education in the
conditions of globalization and digital
transformation requires a transition to innovative
learning models capable of ensuring the
formation of 21st century competencies. These
competencies include critical thinking, digital
literacy, self-education, communication and
teamwork. It is personalized learning that
creates the prerequisites for the development of
these competencies, as it allows the educational
process to be adapted to the individual
educational trajectory of each student.

Digitization of education significantly
expands the possibilities of implementing
personalized training. As V. Bykov notes, the
formation of a digital educational environment
involves the integration of various electronic
resources, learning management platforms,
cloud services and analytical systems that
ensure the accumulation and processing of
large arrays of educational data [3]. This creates
the basis for the implementation of adaptive
learning systems that can automatically adjust
the learning content to the level of knowledge
and needs of the student.

The use of digital technologies in the
educational process makes it possible to
implement the principles of flexibility,

accessibility and continuity of education. In
particular, learning management systems
(LMS), such as Moodle, Google Classroom or
other platforms, provide the possibility of
individual choice of learning pace, access to
materials at any time and from any place, as well
as constant feedback between the teacher and
the student. This creates conditions for the
transition from a reproductive model of learning
to a constructivist one, where the student
independently forms knowledge.

A special role in the development of
personalized learning is played by the concept
of adaptive learning, which involves automatic
adjustment of educational content in accordance
with the results of the student's activity. In the
works of B. Patrick, M. Horn and K. Christensen,
it is noted that adaptive learning models allow to
significantly increase

the efficiency of knowledge acquisition, as
they take into account the individual
characteristics of the cognitive development of

students and ensure the optimal complexity of
educational tasks [8].

Learning analytics is also an important
component of personalized learning, which
allows you to monitor the learning activity of
students, analyze their results, and predict
possible learning difficulties. As noted by R.
Baker, the use of educational analytics makes it
possible to timely identify problem areas in
learning the material and offer individual
recommendations to overcome them [1].

Thus, the theoretical principles of
personalized learning are based on a
combination of a person-oriented approach,
digital technologies and educational data
analytics. This makes it possible to create a new
model of the organization of the educational
process, which is focused on the student as the
central figure of the educational system.

The development of artificial intelligence (Al)
has significantly changed approaches to the
organization of education, opening up new
opportunities for the implementation of
personalized educational trajectories. Unlike
traditional digital technologies, which mostly
provide access to educational materials, artificial
intelligence systems are capable of analyzing
students' learning behavior, predicting their
results and forming individual recommendations
for further learning.

As noted by V. Holmes, M. Bialik, and K.
Feidel, artificial intelligence in education
performs three key functions: automation of

educational processes, adaptation of
educational content, and support for
pedagogical decision-making.lt is the last

function that is the most important from the point
of view of personalization, as it allows the
teacher to receive analytical information about
each student and quickly adjust the educational
trajectory [5].

One of the most widespread areas of
application of Al in education is adaptive
learning systems. Such systems are based on
machine learning algorithms that analyze
students' answers, the speed of task completion,
the number of errors and other parameters of
educational activity. Based on this, an individual
model of the student is formed, which is used to
select the optimal level of difficulty of the
educational material.

60



Hands -on Science. Science Education. Resilience in challenging times

In particular, research by R. Baker in the field
of educational data mining shows that the use of
forecasting algorithms makes it possible to
determine the risk of academic failure of
students with high accuracy. This enables
teachers to intervene in the educational process
in a timely manner and provide additional
support to those students who need it [1].

An important element of personalized
learning is recommender systems that function
based on the principle of analyzing the student's
previous learning behavior and offer him the
most relevant learning content. Such systems
are widely used in modern online platforms, in
particular in Coursera, edX and other massive
open online courses. They allow you to create
individual study routes, which significantly
increases the efficiency of learning the material.

As U. Holmes notes, artificial intelligence also
contributes to the development of the concept of
"intelligent learning environments" that are able
to interact with the student in real time.Such
systems can not only evaluate the correctness
of tasks, but also explain errors, offer additional
materials and adapt the difficulty of tasks
according to the student's level of preparation

[5].

The role of chatbots and virtual assistants,
which are one of the most accessible tools of
artificial intelligence in education, should be
noted separately. They provide prompt support
to students, answer questions, help navigate the
educational material and perform the functions
of a personal tutor. This is especially important
in distance learning, when contact between the
teacher and the student is limited.

In addition, artificial intelligence systems
allow automated assessment of educational
achievements. Natural language processing and
machine learning algorithms are capable of
analyzing student writing, test assignments, and
even creative projects. This significantly reduces
the teacher's workload and provides a more
objective assessment of learning outcomes.

At the same time, the use of artificial
intelligence in the educational process raises a
number of debatable issues. As noted in the
UNESCO reports, there are risks associated
with excessive automation of learning, possible
algorithmic biases and insufficient transparency
of decision-making by Al systems. Therefore, it
is important to ensure a balance between

technological support of learning and
maintaining the leading role of the teacher.

Digitization of education has created
fundamentally new conditions for the

organization of the educational process, in
which digital educational tools play a key role
platforms and learning management systems
(Learning Management Systems, LMS). They
provide the technical basis for the
implementation of personalized learning, as they
allow the integration of educational materials,
means of communication, assessment and
analytics into a single educational environment.

As V. Bykov notes, the digital educational
environment is a complex system that combines
technological, pedagogical and organizational
components aimed at ensuring effective
learning. In this environment, the student gets
the opportunity to independently manage his
own educational trajectory, choose the pace of
learning, the level of difficulty of tasks and
additional resources for studying the material

[3].

The most common platform for organizing the
educational process in institutions of higher
education is Moodle, which allows you to
implement elements of personalization through
the setting of individual courses, testing, forums
and a feedback system. Google Classroom,
Microsoft Teams, and other digital environments
that are actively used in blended and distance
learning also provide similar opportunities.

Blended learning is one of the most effective
models of modern education, as it combines
traditional classroom classes with online
learning. As noted by M. Horn and K.
Christensen, blended learning creates
conditions for a more flexible organization of the
educational process, where a student can
master part of the material independently in the
digital environment, and part of it in interaction
with the teacher.In the context of personalized
learning, the mixed model is of particular
importance, as it allows combining the individual
work of the student with collective forms of
learning [6]. This ensures a balance between the
autonomy of the learner and pedagogical
support from the teacher. In addition, digital
tools allow the teacher to monitor the progress
of each student and adjust the learning process
in a timely manner.
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An important component of personalization is
the use of electronic educational resources that
can be adapted to different levels of student
training. These can be interactive textbooks,
video lectures, simulation models, online tests
and other digital materials. Their use allows
taking into account individual learning styles -
visual, auditory or kinesthetic.

As N. Morse notes, the effectiveness of the
digital learning environment largely depends on
the quality of the pedagogical design of the
courses. It is the teacher who determines the
structure of the educational material, the logic of
information presentation and the level of
interactivity of tasks, which directly affects the
possibilities of personalization [7].

The practical implementation of personalized
learning in institutions of higher education
involves the use of individual study plans. Such
plans allow students to choose disciplines,
modules and tasks according to their own
professional interests. This is especially relevant
in the conditions of the competence approach,
where the result of training is not only
knowledge, but also formed skills and abilities.

Online courses and massive open online
courses (MOOCs) play a special role in the
implementation of personalization.The
Coursera, edX and FutureLearn platforms allow
students to shape their own educational
trajectory by choosing courses according to their
own needs. This contributes to the development
of autonomy and responsibility for learning
outcomes.

At the same time, the experience of
implementing digital technologies shows that the
effectiveness of personalized learning largely
depends on the level of digital competence of
both students and teachers. As O. Spirin points
out, digital competence is a key condition for the
successful integration of technologies into the
educational process, as it provides the ability to
effectively use digital resources for learning and
teaching [9].

The effective implementation of personalized
learning in the conditions of digitization and the
use of artificial intelligence requires the definition
of clear pedagogical conditions that ensure the
effectiveness of the educational process. Such
conditions include: the readiness of teachers to
use digital technologies, the presence of a
developed digital educational environment,

methodical support for personalized learning, as
well as the motivation of students for
independent educational activities.

As S. Sysoeva notes, modern education
should focus on the development of the
individual as an active subject of learning, which
implies a change in the traditional role of the
teacher. In the context of personalized learning,
the teacher ceases to be only a source of
knowledge and gradually turns into a tutor,
facilitator and mentor who accompanies the
individual educational trajectory of the student
[10].

The conditions of the digital transformation of
education significantly change the nature of
pedagogical interaction. The teacher gets
access to a large array of data on students'
educational activities, which allows for more
accurate pedagogical forecasting. At the same
time, it requires new competencies, in particular,
the ability to work with analytical systems,
interpret the results of educational analytics, and
make informed pedagogical decisions.

An important role in this process is played by
the formation of digital competence of
pedagogical workers. As O. Spirin points out,
digital competence includes not only technical
skills in the use of information technologies, but
also the ability to critically evaluate digital
resources, ensure safe use of data, and
integrate technology into pedagogical practice

9.

Along with the positive aspects of the
implementation of artificial intelligence in
education, a number of problems and
challenges arise. One of the key problems is the
risk of excessive automation of the educational
process, when algorithmic systems begin to
influence  pedagogical decisions  without
sufficient consideration of the human factor. As
noted in UNESCO research, it is important to
ensure a balance between the use of technology
and maintaining the leading role of the teacher.

Another important issue is the issue of
algorithmic bias. Artificial intelligence systems
can reproduce or even exacerbate existing
social and educational inequalities if they are
trained on poor-quality or unrepresentative data.
This creates risks of unfair assessment of
students or incorrect formation of
recommendations regarding their studies.
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No less important is the issue of protecting
students' personal data. The use of analytical
systems involves the collection of a large
amount of information about educational activity,
which requires clear protection mechanisms and
compliance with ethical standards. In this
context, compliance with the principles of
confidentiality and information security is of
particular importance.

The problem of academic integrity also
remains relevant. The use of generative
systems of artificial intelligence can contribute
both to improving the quality of education and to
the emergence of risks of plagiarism or
uncontrolled use of automatically generated
texts. Therefore, institutions of higher education
should develop policies for the responsible use
of Al in the educational process.

Psychological adaptation of students to new
forms of education is also an important
challenge. Not all learners are equally ready for
the high level of autonomy and independence
that personalized learning entails. This requires
teachers to provide additional support to
students in the process of adapting to the digital
educational environment.

Thus, the effective implementation of
personalized learning based on artificial
intelligence requires a comprehensive approach
that takes into account both technological
capabilities and pedagogical, ethical and
organizational aspects of the educational
process.

The analysis of modern approaches to the
organization of personalized training in the
conditions of digitization and the introduction of
artificial intelligence allows us to conclude that
this model of the educational process is one of
the most promising areas of higher education
development. Its implementation ensures the
transition from a unified education system to a
flexible, adaptive and student-centered model
that takes into account the individual
characteristics of each student.

The effectiveness of personalized training is
largely determined by the level of integration of
digital technologies and artificial intelligence into
the educational process. The use of adaptive
learning systems, analytics of educational data
and recommendation algorithms allows to
improve the quality of study material, reduce the

level of academic failure and increase the

motivation of students to study.

Research by R. Baker and V. Holmes shows
that the use of artificial intelligence technologies
in education contributes to a more accurate
determination of the educational needs of
students and the timely identification of learning
difficulties. This enables teachers to quickly
adjust the educational process and provide
individual support to students [1, 5, 6].

At the same time, the effectiveness of
personalized learning depends not only on
technological solutions, but also on the teacher's
pedagogical skills. It is the teacher who provides
a meaningful interpretation of the data provided
by digital systems and makes the final decisions
regarding the organization of the educational
process. Thus, artificial intelligence acts as an
auxiliary tool, not a substitute for pedagogical
activity.

An important result of the implementation of
personalized learning is an increase in the level
of student autonomy. Education seekers get the
opportunity to independently plan their own
educational trajectory, choose the pace of
learning and the formats of learning the material.
This contributes to the development of self-
organization skills, critical thinking and
responsibility for learning outcomes.

In addition, personalized training has a
positive effect on the formation of professional
competences, as it allows more accurate
consideration of the requirements of future
professional activity. Students can choose
individual educational routes focused on their
specialization, which increases the practical
value of the acquired knowledge.

At the same time, the implementation of
personalized learning requires  further
improvement of the regulatory framework,
development of the digital infrastructure of
educational institutions, and an increase in the
level of digital competence of teachers and
students. It is also necessary to develop ethical
standards for the use of artificial intelligence in
education. In order to find out the possibilities of
personalized training of students in the
conditions of digitization and introduction of
artificial intelligence, we conducted a survey of
teachers of higher education institutions. We
came to the conclusion that the majority of
teachers use personalized learning technologies
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and believe that personalized learning with Al
will become the norm in higher education in the
future.

The table qgraphically illustrates the
conclusions personalized training.

Table 1. Respondents' answers about the
possibilities of using personalized training

Yes No Answers to open
% % guestions

Are you familiar 80 20

with the concept of

personalized

learning?

Do you use 60 40

artificial

intelligence (Al)
technologies in the
learning process?

How do you think
artificial
intelligence can
improve the
learning process?

Individual approach to
each student

Automatic assessment
of
knowledgeRecommend
ations of educational
materials

Assistance in training
planning

To what extentdo | 50 35
you think
personalized
learning increases
student
motivation?

What do you think
are the main
challenges in
implementing
personalized
learning using Al?

Lack of skills among
teachers

Insufficient technical
equipment

Students' resistance to
new technologies

Data privacy issues

What digital
platforms or tools
do you use for
learning? (open
question)

Google Search; Google
Workspace; Google
Classroom, Moodle,
Coursera, Prometheus,
dEra IsO Kah

Do you think 67 33
personalized
learning with Al
will become the
norm in higher
education in the
future?

5. Conclusions

Personalized training in the conditions of
digitalization and the introduction of artificial
intelligence is an effective tool for the
modernization of higher education, which
ensures the improvement of the quality of the
educational process, the individualization of
educational trajectories and the development of
the competencies of future specialists. Further
research should be aimed at improving models
of artificial intelligence integration into
educational practice and developing
pedagogical strategies for their effective use.
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Abstract . he rapid integration of Generative Al
(GenAl) into higher education has blurred the
boundaries between legitimate academic
assistance and plagiarism. This paper analyzes
a part of data from a comprehensive, 6-hour
focus group involving university students (N=8)
exploring how learners delineate the line
between Al-assisted learning and cheating. To
capture  unvarnished  perspectives, this
preliminary study focuses strictly on the
guantitative and qualitative data gathered
through anonymous surveys and written tasks
which were included in the focus group,
comparing them against non-anonymous
demonstration of own opinions among peers.
The findings reveal five distinct behavioral
patterns, including a strong consensus that
submitting raw Al output is unacceptable, and a
highly nuanced spectrum of what constitutes
"assistance" (e.g., grammar corrections,
translation) versus ‘"cheating" (e.g., idea
generation, conclusion writing). Crucially, a
comparative analysis reveals a socio-
psychological paradox: students express
significantly more conservative, strict ethical
boundaries when answering anonymously than
when defending their views openly among
peers, highlighting the impact of social
compliance in academic environments.

Keywords. Generative Al, academic Integrity,
STEM  education, focus group, social
desirability, human-Al collaboration.

1. Introduction

The rapid rise of Large Language Models
(LLMs) and Generative Atrtificial Intelligence
(GenAl) has destabilized traditional assessment
models in science, technology, engineering, and
mathematics (STEM) education. Faculty

members frequently struggle to design policies
that accommodate Al as a pedagogical tool
without  compromising  academic  rigor.
Concurrently, students find themselves in an
ambiguous ethical landscape. While universities
scramble to define institutional policies, the day-
to-day choices of students are guided by

internal, peer-influenced, and highly fluid
definitions of where "assistance" ends and
"cheating" begins [1].

This paper addresses this conceptual

boundary. Instead of evaluating institutional
frameworks, we investigate the empirical reality
of student perceptions. By utilizing data from an
intensive focus group, this study captures how
university students negotiate their relationship
with Al tools. Understanding these internal
boundaries is critical for STEM educators who
wish to build trust-based, effective learning
environments [2] rather than reactive,
surveillance-driven classrooms.

2. Methodology

To explore these nuances, a comprehensive,
6-hour focus group was conducted with eight
university students (N=8). Due to the
longitudinal and exhaustive nature of the
session, the data was segmented. This paper
specifically analyzes the first phase of the focus
group, which focused entirely on how students
define the boundary between Al as an assistant
and Al as a mechanism for plagiarism.

The methodology relied on a mixed-methods
approach embedded within the focus group
structure. Crucially, additionally to entering the
open verbal debate, participants completed
anonymous questionnaires (comprising both
open-ended and closed questions) and
individual written exercises. Students were
tracked using codes from S1 to S8. A thematic
analysis was applied to the qualitative
responses to extract semantic codes.

This paper intentionally isolates the
anonymous surveys and written tasks from the
subsequent verbal transcripts. The rationale for
this approach is methodological: anonymous
feedback minimizes social desirability bias,
allowing students to be significantly more
candid, vulnerable, and honest about ethically
sensitive behaviors than they might be in a
transparent peer-to-peer discussion.
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3. Results

The analysis of the quantitative data from the
anonymous surveys revealed five highly
repetitive, distinct behavioral and ethical
patterns among the participants.

The thematic analysis of the empirical
material revealed a multi-layered conceptual
model used by students to navigate GenAl.
While the boundaries are perceived as fluid,
students possess a highly structured framework
for evaluating the legitimacy of Al use, rooted in
the concepts of authorship, utility, and
educational value.

3.1. Five Patterns of Anonymity

1. Rejection of Pure Al Authorship: There
was an absolute consensus regarding the
refusal to submit any academic work written
entirely by GenAl. Even when students fully
comprehended the Al-generated text and its
underlying mechanics, they viewed unedited
submission as a violation of the student role.

2. The Editing Gray Area: A stark
disagreement  emerged regarding the
permissibility of submitting Al-generated text
after manual human editing. Students split on
whether heavy stylistic rewriting legitimizes an
Al baseline or if the underlying intellectual
property remains fundamentally compromised.

3. Task Solutions as Direct Plagiarism:
Submitting direct problem solutions or technical
code generated by Al was universally
categorized as cheating. In STEM fields, where
answers are often binary or deterministic,
outsourcing the core analytical execution was
seen as bypassing the learning objective
entirely.

4. Rejection of the "Fluid Boundary"
Persona: In a scenario-based question,
participants were presented with a fictional
character who effortlessly and guiltlessly
crossed the line between assistance and
cheating based on convenience. Interestingly,
not a single student selected this character as a
model for their own behavior, signaling a
universal desire to project ethical stability.

5. The Imperfection Obligation: Participants
expressed a strong belief that a student must
submit their own human work, even if they are
fully aware that the Al could generate a

technically superior, more polished, or optimized
version of the assignment.

3.2. Authorship and the Mechanics of
the "Gray Zone"

The primary theme emerged around the
Boundary between assistance and cheating,
specifically concentrated on the subtheme of
Authorship. Students do not view Al assistance
as a binary metric; instead, they anchor integrity
in the origin of the core intellectual property:

1 The Primacy of Ideas (S7) : Student S7
argued that the line remains safe if the
human  controls the  conceptual
framework: "... if it was written by Al
based on my ideas and prompts, then it
is actually assistance."

9 Output Ownership (S8) : Conversely,
S8 established that the final execution
must belong to the student: "A solution
(output) must be provided by you. Ways
to solve can be provided by Al." For S8,
integrity equals the generation of a
"unique product.o

1 The Ethical Cost (S2) : Ethical friction
points were explicitly linked to intellectual
theftt. S2 noted that completely
outsourcing work to GenAl means they
would have "harmed the environment,
stolen someone else's work, and allowed
GenAl that does this and more morally
bad things grow."

3.3. Acceptable Assistance vs. Signs of
Cheating

When defining the Acceptable level of
assistance, participants focused heavily on the
distinction between process optimization and
total cognitive replacement:

Linguistic and Structural Refinement (S1,
S4). S1 accepted Al usage provided that
"everything is clear to me," viewing it as a tool
for comprehension. S4 added that using Al to
express pre-existing human thoughts is entirely
legitimate: "If you give an idea to Al and use
generative tool, in order to express your
thoughts, then it is good."
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Pedagogical Scaffolding in STEM (S6) : For
guantitative tasks, S6 defined the boundaries
through a pedagogical lens: "Al shouldn't
generate a solution but rather explain it to you
providing formulas and laws."

The Threshold of Cheating (S4, S5)
Cheating is coded explicitly as Replacement. S4
noted that cheating occurs "when Al fully creates
a text and idea." S5 expanded this, identifying
that cheating is manifested when "people
generate the idea with Al and create this idea
with Al," leading to zero human cognitive
investment.

3.4. Stability of Boundaries and
Educational Value

A crucial finding relates to the Stability of
boundary, which appears highly dependent on
institutional contexts, alongside a deep
internalization of Educational value:

Contextual and Course -Specific Rules
(S8): S8 emphasized the situational nature of
academic misconduct: "...Depends on a course.
If the main aim is to write a text by yourself, it's
cheating."

Personal Competence and Anxiety (S2,
S3, S4): In individual responses, students linked
assignments directly to self-assessment. S4
stated, "Assignment is way to understand your
level of knowledge," while S2 remarked, "l better
my own skills that way." However, as highlighted
in individual reflections, when technical gaps
occurd such as unresolved complexities in
Excel or advanced data processingd students
experience acute anxiety. For instance, S3
admitted to uploading confidential or redundant
data to an LLM to resolve a complex Excel task,
explicitly blaming a pedagogical gap: "the thing
is we weren't taught how to use those tools on
Excel during classes, that's why... | asked Al to
help me with that missing part."

4. Discussion

4.1. The Spectrum of Assistance vs.
Cheating

Beyond the fixed patterns, the data collected
through open expression of opinions mapped
out a highly fragmented spectrum of specific Al
use-cases. When participants evaluated explicit
actions, their consensus shifted dynamically
based on the degree of Al intervention (Table 1).

Table 1. Assistance vs. Cheating

Participant

Action / Use -Case Classification

Correcting
Grammar

Assistance (Universal
Consensus)

Assistance (Universal

Translating Text Consensus)

Explaining Subject Assistance (Universal

Matter Consensus)
Gene_ratlng Ideas/ Cheating
Brainstorming
Writing a
Conclusion Based Cheating
on Own Text

Paraphrasing Your
Own Text

Something in Between
/ Gray Area

Generating Part of a
Text

Something in Between
/ Gray Area

Generating a Full
Assignment

Something in Between
/ Gray Area

Proposing the
Outline/Structure of
a Thesis

Divergent Opinions /
No Consensus

As shown above, mechanical, linguistic, and
informational operations (grammar, translation,
conceptual explanation) are safely classified as
Assistance. Conversely, tasks that outsource
core synthesis or ideation (generating initial
ideas, writing final conclusions) are labeled as
Cheating .

The true tension lies in the structural and
transformative tasks. Generating parts of a text,
paraphrasing, or compiling full drafts sit in a
volatile "Something in Between " category.
Most notably, using Al to propose the structural
outline of a thesis caused a complete fracture in
opinions. Some students viewed structural
modeling as a cognitive roadmap (assistance),
while others considered structuring to be the
primary intellectual labor of research (cheating).
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4.2. The Paradox of Public vs. Private
Opinion

When comparing the anonymous survey
inputs  with the open, non-anonymous
movement phase of the focus group, an
unexpected  socio-psychological dynamic
emerged. In both settings, the boundary
between acceptable assistance and plagiarism
became sharper as the perceived level of Al
intervention increased.

However, the intensity of the stances differed
dramatically. In the open movement expresiion,
students expressed their ethical boundaries
much less categorically than they did
anonymously. When contacting face-to-face
with peers, students loosened their restrictions,
showing more leniency toward Al integration.

This suggests a powerful peer-pressure
effect within the student community. Expressing
a highly rigid, conservative ethical stance
regarding Al can isolate a student from the
contemporary peer norm. It appears that not
every student possesses the social courage to
maintain a strict ethical boundary when it risks
placing them in a social minority or making them
look overly compliant to traditional faculty rules.

5. Conclusion and Implications for
STEM Education

The empirical material from this focus group
highlights that students are not inherently
malicious actors looking to bypass education;
rather, they are navigating a highly complex,
internal ethical matrix. While mechanical
assistance is universally accepted, structural
and generative assistance remains deeply
polarizing.

For STEM educators, the key takeaway lies
in the discrepancy between anonymous
conviction and public compliance [3]. If students
feel pressured to downplay their strict ethical
stances in public to fit in, institutions must create
safe, transparent spaces to discuss Al usage
without judgment. Educational policies should
move away from binary "use/don't use" rules
and instead address the specific gray areas
identified hered such as outlining, partial text
generation, and the boundaries of editingd to
help students maintain their intellectual

autonomy without fearing social alienation.
Rather than relying on punitive surveillance
mechanisms, higher education must address
the curriculum gaps that force students to use Al
under desperate circumstances, ensuring that
GenAl functions strictly as an assistive bridge
rather than an intellectual replacement [4].
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Abstract . The rapid integration of generative
artificial intelligence tools into everyday
academic life raises important questions about
how university students actually use these
technologies. This paper presents a student-
centred perspective on the practices, habits, and
critical awareness surrounding Al tool use in
higher education. Drawing on a trilingual student
survey and a focus-group discussion, it
examines the purposes for which students
employ Al, the patterns that emerge over time,
and the degree to which students reflect on the
limitations and ethical implications of these
tools. The paper argues that fostering Al literacy
is essential for resilient, future-ready science
education.
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practices.

1. Introduction

Generative artificial intelligence tools such as
ChatGPT and Claude have become widely
accessible to university students worldwide.
Their adoption in academic settings has been
rapid and largely self-directed, outpacing formal
guidance from educational institutions. While
much research focuses on the risks of Al
misuse, comparatively little attention has been
paid to understanding how students themselves
experience and reflect on their day-to-day use of
these tools. This paper addresses that gap by
combining a trilingual student survey with a
focus-group discussion to offer a student-
centred account of Al literacy in practice.

2. Methodology

Data were collected through two
complementary instruments. A structured online
guestionnaire, available in English, Russian,
and Kazakh, gathered responses from university
students on the frequency, purposes, and self-
perceived effects of their Al tool use, including
Likert-scale items on trust, dependence, and

academic integrity. In addition, a small focus
group of senior students discussed open
guestions about the boundaries between
assistance and academic dishonesty, the skills
they may be losing, and the role universities
should play. Together these methods combine
guantitative patterns with qualitative reflection.

3. Al Use Patterns Among University
Students

Students engage with Al tools for a wide
variety of academic tasks, including
summarising complex texts, generating drafts,
clarifying concepts, translating materials, and
checking code or calculations. Over time,
patterns of reliance emerge: some students
develop a habit of consulting Al as a first step
rather than a last resort, while others use it
primarily for verification and refinement. These
habits raise questions about cognitive
engagement and the development of
independent problem-solving skills. Al tools are
most valued when they act as an interactive
tutor, offering explanations, alternative
formulations, and immediate feedback; vyet
students also report frustration when Al
produces plausible-sounding but incorrect
information, underlining the importance of
verification skills.

4. Critical Awareness and Self -Reflection

A key dimension of Al literacy is the capacity
to critically evaluate Al-generated content.
Students who actively reflect on their Al use tend
to develop a healthier relationship with these
tools: they cross-check important claims,
acknowledge uncertainty, and treat Al as a
collaborator rather than an authority. By
contrast, students with low Al literacy may
uncritically accept outputs, leading to errors in
academic work and a reduced ability to detect

bias or hallucination. Self-reflection also
encompasses ethical awareness, including
academic integrity, data privacy, and the

environmental cost of large language models.
These dimensions are rarely taught explicitly,
yet they are central to responsible Al use.

5. Implications for University Education

Universities are at a critical juncture: they
must neither ignore Al tools nor allow unguided
adoption to undermine learning outcomes.
Effective Al literacy education should be
embedded across disciplines, not confined to
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computer science programmes. It should
include practical experience with Al tools
alongside structured reflection on their
limitations, ethical dimensions, and appropriate
use. Student voices and experiences, such as
those captured in this study, are a valuable
resource for designing such programmes.

6. Conclusions

Al literacy is not simply a technical skill but a
composite of practical competence, critical
thinking, and ethical awareness. As generative
Al becomes a permanent feature of the
academic landscape, universities must equip
students not just with access to these tools but
with the judgment to use them wisely. A student-
centred approach to understanding Al practices
can meaningfully inform curriculum design and
support  resilient science education in
challenging times.
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Abstract . The rapid adoption of generative
artificial intelligence (Al) tools in newsrooms

raises pressing ethical questions about
accuracy, authorship, transparency, and
accountability in journalism. This paper

examines the main ethical challenges posed by
generative Al for journalistic practice, including
misinformation, algorithmic bias, and erosion of
public trust, alongside its potential to enhance
efficiency and creativity. Particular attention is
given to the role of journalism education in
developing Al literacy among future media
professionals. Drawing on current curricula and
emerging industry guidelines, the paper
proposes a framework for embedding ethics-
focused Al literacy into journalism education,

aiming to prepare graduates capable of
responsibly using generative Al  while
safeguarding journalistic integrity and the

public's right to reliable information.

Keywords. Al literacy, generative Al,
journalism education, media ethics.

1. Introduction

Generative artificial intelligence (Al) systems,
capable of producing text, images, audio, and
video from natural-language prompts, have
moved from experimental newsroom pilots to
everyday editorial tools within a remarkably
short period [1]. Large language models are now
used to draft headlines, summarise documents,
transcribe interviews, generate social media
posts, and even produce first drafts of routine
news items such as financial reports or sports
recaps. While these tools offer clear productivity
benefits, their adoption also raises fundamental
ethical questions that touch the core values of
journalism: truthfulness, independence,
fairness, and accountability to the public [3].

This paper argues that the ethical challenges

of generative Al cannot be addressed solely
through newsroom policies or technical
safeguards. They must also be confronted at the
level of journalism and media education, where
future professionals form their understanding of
what responsible practice looks like [2]. The
paper therefore pursues two interrelated aims:
first, to map the principal ethical risks associated
with the use of generative Al in journalism; and
second, to outline how Al literacy and
professional responsibility can be deliberately
cultivated in the curricula that prepare the next
generation of media professionals [2, 4].

2. Generative Al tools and their use in
journalism

Newsrooms currently use generative Al
across the full editorial workflow [1]. In the
research and gathering stage, Al assistants help
journalists search archives, summarise lengthy
documents, and identify patterns in large
datasets. In production, tools generate draft text,
suggest headlines, translate content, and create
illustrative images or short video clips [4]. In
distribution, Al personalises content
recommendations, automates social media
scheduling, and supports audience analytics [1].

These applications promise significant
efficiency gains, particularly for smaller
newsrooms with limited staff, and can free
journalists from repetitive tasks so that they can
focus on investigation, analysis, and storytelling
[4]. At the same time, each application carries a
distinct ethical profile [3]. A tool that summarises
a press release poses different risks than one
that generates a photorealistic image of an
event that never took place. Understanding this
diversity is a precondition for developing
proportionate and meaningful ethical guidance
[3, 4].

3. Ethical challenges of generative Al in
journalism

3.1. Accuracy, hallucination, and

misinformation

Generative language models are known to
produce plausible-sounding but factually
incorrect statements, commonly referred to as
hallucinations [2]. When such outputs are
inserted into news content without verification,
they can introduce fabricated quotes, incorrect
dates, or non-existent sources, directly
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undermining the accuracy that journalism
promises its audiences. The risk is compounded
by the fluency of Al-generated text, which can
mask errors that a human reader, and
sometimes even an editor, may fail to detect.

3.2. Authorship, transparency, and
disclosure

The use of generative Al raises questions
about who, or what, should be credited as the
author of a piece of content, and whether
audiences have a right to know that Al was
involved in its production [3]. Failure to disclose
Al assistance, particularly for synthetic images
or audio, can mislead audiences about the
nature of the content they are consuming and
may blur the line between journalism and Al-
generated entertainment or propaganda [3].
Establishing clear, consistent disclosure
practices is therefore central to maintaining
audience trust [4].

3.3. Bias, fairness, and representatio n

Generative models are trained on large
corpora of existing text and images, which may
embed historical biases related to gender,
ethnicity, culture, or political perspective [3].
When journalists rely on such models without
critical scrutiny, these biases can be reproduced
or amplified in published content, affecting how
groups and issues are represented [1].
Addressing this challenge requires journalists to
understand, at least at a conceptual level, how
training data and model design can shape
outputs, and to apply editorial judgement
accordingly.

3.4. Accountability and editorial
oversight

Traditional  journalistic  ethics
responsibility for published content to
identifiable  individuals and institutions.
Generative Al complicates this chain of
accountability: when an Al-assisted article
contains an error or a biased framing, it may be
unclear whether responsibility lies with the
journalist, the editor, the news organisation, or
the Al provider [1, 2]. Maintaining meaningful
human oversight, sometimes referred to as a
human-in-the-loop requirement, is therefore
essential to preserve clear lines of editorial
accountability [4].

assign

4. Al literacy as a pillar of journalism
education

4.1. Defining Al literacy for media
professional s

Al literacy for journalists can be understood
as the combination of technical, critical, and
ethical competencies needed to use generative
Al tools responsibly [2]. Technically, this
includes a basic understanding of how
generative models work, their typical failure
modes, and their appropriate and inappropriate
use cases. Critically, it involves the ability to
evaluate Al-generated content for accuracy,
bias, and appropriateness before publication [1].
Ethically, it requires familiarity with disclosure
norms, copyright considerations, and the
broader societal implications of Al-generated
media [3].

4.2. Curricular approaches and
pedagogical strategies

Journalism programmes can integrate Al
literacy through several complementary
strategies [2]. Dedicated modules can introduce
students to the technical foundations of
generative Al and to existing newsroom
guidelines on its use [4]. Case-based learning,
using real or simulated examples of Al-related
editorial incidents, can help students recognise
ethical dilemmas and practise applying
verification procedures [2]. Hands-on exercises,
in which students compare Al-generated drafts
with their own reporting and critically annotate
the differences, can build the habit of treating Al
output as a starting point rather than a finished
product. Finally, embedding discussions of Al
ethics within existing courses on media law,
ethics, and editorial practice ensures that Al
literacy is not treated as a separate, optional
add-on but as an integral part of professional
formation [2, 3].

5. Toward a framework for professional
responsibility

Building on the challenges identified above,
the author proposes a three-tier framework for
embedding professional responsibility regarding
generative Al into journalism education, as
shown in Fig. 1.
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The first tier, awareness, ensures that
students understand what generative Al can and
cannot do, including its tendency to produce
inaccurate or biased content. The second tier,
verification practice, trains students to apply the
same fact-checking and sourcing standards to
Al-generated material as to any other unverified
source, and to document when and how Al tools
were used in producing a story. The third tier,
ethical judgement, develops students' capacity
to weigh the benefits of Al assistance against
risks to accuracy, fairness, and audience trust,
and to make transparent, defensible editorial
decisions.

» e VERIFICATION PRACTICE > 9 ETHICAL JUDGEMENT

o AWARENESS
e 4

Figure 1. A Three -Tier Framework for
Embedding Professional Responsibility
Regarding Generative Al into Journalism

Education

This framework is intended to be adaptable
across different national and institutional
contexts, recognising that newsroom practices
and regulatory environments regarding Al
continue to evolve [4]. Its core premise,
however, is constant: technical competence with
Al tools must be matched by an equally strong
grounding in the ethical principles that define
professional journalism [3].

6. Discussion and conclusion

Generative Al is unlikely to be a passing trend
in journalism; rather, it represents a structural
shift in how news content can be produced and
distributed [1, 4]. The urgency of this shift is
profoundly amplified within specific geopolitical

realities, most notably the current wartime
environment in Ukraine. In a landscape
saturated  with  foreign  state-sponsored

disinformation, weaponised Al deepfakes, and
synthetic media designed to destabilise society,
the verification of Al outputs ceases to be a
purely academic exercise. Instead, it becomes a
vital shield for national information security. For

Ukrainian journalism education, embedding
these verification competencies into curricula is
a critical necessity to ensure the survival of an
objective, resilient, and quality information
space. The ethical challenges it raises,
concerning accuracy, transparency, bias, and
accountability, are not merely technical
problems to be solved by better tools, but
professional and educational challenges that
require deliberate attention [2, 3]. By integrating
Al literacy and ethical reflection into journalism
curricula, educational institutions can help
ensure that future media professionals are
equipped not only to use generative Al
effectively, but to do so in ways that uphold the
credibility of journalism and serve the public
interest [2].
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Abstract . As generative artificial intelligence
becomes part of everyday university study,
students are often expected to make
responsible choices without receiving equally
clear guidance from their institutions. This paper
examines whet her
institutional readiness are associated with the
educational value they attribute to generative Al.
The analysis uses survey data from 298
university students collected within a Visegrad+
project. Institutional readiness was positively
associated with perceived pedagogical value (r
= 0.489, p < .001) and explained 23.9% of its
variance. In this sample, students reported
greater educational value when they also
experienced clearer guidance, access to
training, and opportunities to  discuss
appropriate use.

Keywords. academic integrity, generative Al,
higher education, institutional readiness.

1. Introduction

Generative artificial intelligence (GenAl) has
become part of ordinary student work in a very
short time. Students use it to clarify unfamiliar
concepts, develop an outline, improve language,
test an argument, or obtain a first explanation
before returning to course materials. The
educational effect depends largely on what the
student does with the response. Asking for
another explanation of a difficult topic may
support understanding, whereas submitting an
unverified answer may remove the very thinking
that the assignment was designed to develop.
The educational question is therefore not simply
whether students use GenAl, but under what
conditions that wuse becomes useful,
transparent, and compatible with academic
standards.

studen Theeyrce i..on
exptlaﬁaﬂons,p idea d%neratlon,

Universities have often responded by placing
responsibility on the individual student: use the
tool carefully, check the answer, do not
plagiarise, and follow the rules. This advice is
reasonable, but it assumes that the rules are
clear and that students have been taught how to
verify Al-generated material. In practice,
expectations may differ between programmes,
courses, and individual teachers. A student may
be encouraged to use GenAl in one class and
warned against it in another, without a clear
explanation of the difference. For students, the
difficulty is not always a lack of responsibility. In
many cases, they are trying to interpret rules that
have not been explained consistently.

Recent studies show that students generally
recognise both the practical value and the risks
of GenAl. report benefits Srelated f to

Iangouage
support, and efficiency, while also expressing
concern about inaccurate content, privacy,
dependency, and academic misconduct [1-5].
International guidance increasingly emphasises
human agency, critical evaluation, transparency,
and institutional capacity rather than a simple
choice between prohibition and unrestricted use
[1, 2].

The issue has additional importance in
Ukraine. Higher education continues under air
alerts, displacement, damaged infrastructure,
unstable electricity, and considerable
psychological pressure. Digital tools can help
students continue learning when access to a
teacher, library, or stable study environment is
interrupted. At the same time, uneven access
and unclear rules may deepen existing
inequalities. Under these conditions, even
simple institutional guidance may matter. A
student who loses access to a lecture or teacher
may use GenAl to continue working, but without
clear expectations the same tool can add
confusion, unreliable information, or anxiety
about academic misconduct.

This paper presents a focused analysis of
survey data collected within the Visegrad+

project AGAI V4: Il nspir
Et hi cso. The broader S
di mensi ons of student
practices. The present conference paper

addresses a narrower gquestion: is perceived
institutional readiness associated with the
pedagogical value that students attribute to
GenAl? The aim is to understand whether
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studentsd assessment
tool is connected with what their university
provides in practice: guidance, training, access,
and space for discussion.

2. Study context and methods

The study was conducted as part of the

Vi segrad+ project nGAI nspir g nnovation
Uphol ding Et hi cso, S B.IRBRIfst e d by t he
International Visegrad Fund. An online
guestionnaire was administered to university The descriptive results show that students did
students. Participation was voluntary and not assess GenAl only in terms of speed or
anonymous, informed consent was obtained convenience. Pedagogical Value received the
electronically, and no personally identifiable  highest mean score (M = 3.98, SD = 0.86).
information was collected. Institutional Readiness and Governance was

_ _ also rated relatively highly (M = 3.84, SD =0.72),

The analytical sample included 298 \hereas Operational Usefulness had a lower
respondent s. Bachel or 6smea$,t(|\;q| d eBg D £ @.l?d).eTﬁis?ﬁatte?nd
65.1% of the sampl e, masggyedts Othat S fedpbh@efts S disBnduisthedo.
and doctoral students 11.4%. Women petween using GenAl to complete a task more
accounted for 52.0% of respondents, men for  quickly and using it in a way that contributes to
46.6%, and 1.4% selected another response or  |earning.
preferred not to state their gender. The sample
included students from engineering and  Table 1. Selected results of the focused analysis
technology, science, social sciences, and other

The questionnaire covered practical uses of Pgda_gogical V"’."”e M f 3'985 SD f 0.86
GenAl, perceived learning benefits, ethical Institutional readiness | M = 3.84; SD = 0.72
concerns, institutional conditions, barriers, and Operational M = 3.58: SD = 0.70
general preparedness. The internal consistency Usefulness
of the full scale was high (Cronblachés alpha =
0.889). Sampling adequacy was also Correlation (IR-PV) r=0.489; p <.001
satisfactory (KMO = 0. 829 )y—and—-B rEeiaQ(;Bt?-ﬁzS: test
sphericity was significant (chi-square = 7223.89, Regression 0.239: p < 001
df = 1081, p < .001). The broader analysis R
showed that students did not view GenAl
through a single attitude. Their responses
reflected several different concerns, including Institutional Readiness and Governance

learning value, practical usefulness, ethical risk,
and institutional support.

For the paper, attention was limited to two
dimensions. Institutional Readiness and
Governance included perceptions of training,
guidelines, access, and opportunities to discuss
appropriate use. Pedagogical Value reflected
the extent to which students associated GenAl
with understanding, engagement, language
support, preparation, and other learning-related
benefits. Operational Usefulness was retained
as a descriptive comparison because it captured
time saving, brainstorming, and task support.

The analysis used descriptive statistics,
Pearson correlation, and simple linear

o fregré&sson. APedagagical Halud veas treatédrag

the dependent variable and Institutional
Readiness and Governance as the predictor.
The data capture stud
point in time. The regression therefore shows a
statistical relationship, but it does not
demonstrate that institutional readiness itself
C\"}‘Uf‘?d stgonger pe_dag(i)gir?al perceptions.

showed a moderate positive correlation with
Pedagogical Value (r 0.489, p < .001).
Students who perceived clearer guidance, better
access, more training, and more opportunities
for institutional discussion were also more likely
to report educational benefits from GenAl.

The regression model produced the same
general conclusion. Institutional readiness was
a positive predictor of Pedagogical Value (beta
= 0.67, p < .001), and the model explained
23.9% of the wvariance in pedagogical
perceptions (R2 = 0.239). This is not evidence
that institutional support alone causes better
learning. Although other factors clearly remain
important, the size of the association indicates

ent so
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that studentso
meaningful part of how they evaluate GenAl.

4. Discussion

The most important result concerns the
connection between institutional support and
studentsd Vviews of
sample, students who reported clearer
guidance, training, access, and opportunities for
discussion also tended to evaluate GenAl more
positively as a learning resource. This matters
because discussions of GenAl in higher
education often focus on individual motivation or
technical competence. The present results point
to a broader explanation. Students make
judgements within an institutional setting, and
that setting can either reduce or increase
uncertainty.

This interpretation is consistent with
technology acceptance research, which
identifies facilitating conditions as an important
part of technology use [6, 7]. It also fits an
institutional perspective: formal rules, shared
expectations, and organisational support shape
what is considered legitimate and workable [8].
I n practical terms, a
GenAl for learning may depend on whether the
teacher explains permitted uses, whether
disclosure is expected, whether suitable tools
are available, and whether the student knows
how an incorrect answer should be checked.

The difference between Pedagogical Value
and Operational Usefulness is also relevant.
Respondents gave a higher rating to learning-
related value than to efficiency-oriented use.
This does not mean that students reject time
saving. It suggests that they recognise a
distinction between receiving help and avoiding
intellectual work. That distinction should be
reflected in teaching. A prompt that asks a tool
to produce a finished assignment offers little
evidence of learning. A task that asks students
to compare an Al response with scholarly
sources, identify weaknesses, revise the
answer, and explain their decisions can make
the same technology part of a meaningful
learning process.

Academic integrity rules are necessary, but
students also need to understand how those
rules apply to ordinary academic situations. A
gener al warning that
leaves many ordinary situations unresolved.
Can a student use GenAl to improve grammar?

i nstitutld dmiastormeag \acceptablen e Muist

évery
interaction be disclosed? Does the answer differ
for a reflective essay, a coding task, or a clinical
case? Clear course-level examples are often
more useful than a long institutional policy. They
also reduce the risk that students interpret
silence ~as permission or, conversely, avoid

e d Uyfirhate © "s@pbort V Bebads® - thdy " fedt

punishment.

The wartime context gives these findings a
particular weight. When learning is interrupted
by air alerts, relocation, or connectivity
problems, students may turn to GenAl because
immediate human support is unavailable. Under
such conditions, institutional guidance can
provide a degree of continuity. Yet the same
conditions make critical verification more
difficult. A student working quickly from a mobile
phone in a shelter may be less able to check
sources or compare several explanations.
Universities therefore face a difficult balance:
students may need flexible digital support, but
they also need realistic ways to verify
information and understand the limits of the tool.

5. Implications for university practice
studentdés willingness

Universities do not necessarily need a long or
highly restrictive Al policy. A short institutional
position may be more useful if it explains the
principles that apply across the university and
allows departments to adapt them to different
forms of study. Students should know that they
remain responsible for submitted work, that
personal and confidential data should not be
entered into public tools, that substantial Al
assistance may need to be disclosed, and that
facts, quotations, and references must be
checked. These principles become easier to
follow when individual courses provide
examples. A student should be able to see why
language correction may be acceptable in one
assignment, while generating an entire
analytical response may not be.

Training should also reflect the situations that
students and teachers actually encounter. For
students, this includes checking whether a cited
source exists, recognising when a response
sounds confident but lacks evidence, deciding
what information should not be shared, and
documenting how an Al-generated draft was
revised. For teachers, the more difficult issue is

N Bflen aBbessrHeht AlesignS LeaPning How @ use

prompts is helpful, but it does not solve the
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problem of how to design assignments in which
students must still demonstrate reasoning,
subject knowledge, and personal judgement.
Practical examples from particular disciplines
may therefore be more useful than one general
presentation for the whole university.

Access deserves equal attention. Students
do not work under the same technical
conditions, especially during wartime. Some rely
on mobile phones, unstable internet
connections, free versions of tools, or
applications with limited Ukrainian-language
performance. When the use of a particular tool
becomes part of a course requirement, the
institution should consider whether all students
can realistically access it. Where this cannot be
ensured, an equivalent non-Al option should
remain available. Otherwise, the assignment
may assess financial and technical access
rather than learning.

University guidance should also be reviewed
as practice develops. The relevant questions are
not only how many students use GenAl or how
many workshops have been organised. It is
more useful to examine what teachers observe
in submitted work, which rules students find
unclear, what types of academic integrity cases
arise, and whether the use of GenAl changes
the quality of reasoning demonstrated in
assessment. Regular discussion of such
evidence can help institutions adjust their
approach without moving between two equally
unhelpful extremes: complete prohibition and
uncritical promotion.

6. Limitations

The findings should be read in light of several
features of the study design. The analysis is
based on student so o]
experience with GenAl, rather than on direct
observation of how they used these tools or on
measured changes in academic performance.
The data were collected at one point in time, so
the identified relationship between institutional
readiness and perceived pedagogical value
should be interpreted as an association, not as
evidence that institutional support directly
causes more effective learning.

The sample also represents one stage of a
broader project and cannot be assumed to
reflect the experience of all students in Ukraine.
Wartime conditions differ considerably across

institutions, regions, and individual
circumstances, including access to electricity,
internet connectivity, learning resources, and
teacher support. In addition, the dimensions
used in this paper were derived from a broader
exploratory analysis and should be tested in
larger and more diverse samples.

Further stages of the project will make it
possible to compare results across countries,
fields of study, and levels of education. Future
research should also move beyond perceptions
and examine whether specific forms of
institutional guidance, training, and assessment
design ar e reflected
academic practices and learning outcomes.

7. Acknowledgements

This research was conducted within the
Vi segrad+ project fnGAI
Uphol ding Et hi cso,
International Visegrad Fund. The authors are
grateful to the project partners and to the
students who participated in the survey.

8. References

[1] UNESCO. Guidance for generative Al in
education and research. Paris: UNESCO,

2023.
https://unesdoc.unesco.org/ark:/48223/pf0
000386693.

[2] UNESCO. Al competency framework for
students. Paris: UNESCO, 2024.
https://unesdoc.unesco.org/ark:/48223/pf0
000391105.

[3] Balabdaoui

Grosse H, Schlienger C, Kortemeyer G. A
GEEOUYUSn S uddRe <o
university. Discover Education, 2024, 3, 51.
https://doi.org/10.1007/s44217-024-
00136-4.

F, Dittmann-Domenichini N,

[4] Sousa AE, Cardoso P. Use of generative Al
by higher education students. Electronics,
2025, 14(7), 1258.
https://doi.org/10.3390/electronics1407125
8.

[5] Kohler C, Hartig J. ChatGPT in higher
education: Measurement instruments to
assess student knowledge, usage, and
attitude. Contemporary Educational

78

V4:
suppo

us e



Hands -on Science. Science Education. Resilience in challenging times

[6]

[7]

(8]

Technology, 2024, 16(4), ep528.
https://doi.org/10.30935/cedtech/15144.

Davis FD. Perceived usefulness, perceived
ease of use, and user acceptance of
information technology. MIS Quarterly,
1989, 13(3), 319-340.
https://doi.org/10.2307/249008

Venkatesh V, Morris MG, Davis GB, Davis
FD. User acceptance of information
technology: Toward a unified view. MIS
Quarterly, 2003, 27(3), 425-478.
https://doi.org/10.2307/30036540

Scott WR. Institutions and organizations:
Ideas, interests, and identities. 4th ed.
Thousand Oaks: Sage, 2014.

79



Hands -on Science. Science Education. Resilience in challenging times

Digital Competence of Educators
in the Era of Generative Artificial
Intelligence

Oksana Sovhar, Hanna Sovhar
Institution, Town, Hetman Petro
Sahaidachnyi National Army Academy,
Lviv, Ukraine
okssov@yahoo.com

Abstract . This study explores the evolution of
educator digital competence in the Al era. As
generative tools integrate into classrooms,
professional requirements have expanded
beyond basic literacy. We establish a
comprehensive framework consisting of six
interdependent foundations: computer literacy,
Al literacy, analytical thinking, pedagogical
mastery, legal literacy, and professional ethics.
These pillars form a holistic system essential for
effective knowledge transfer. Modern educators
must master Al functionality while curating
environments that foster authentic cognitive
activity, manage risks, and ensure academic
integrity. Our findings provide a basis for
innovative training programs, emphasizing
targeted methodological approaches to cultivate
both technical proficiency and sophisticated
pedagogical culture.

Keywords. Academic integrity, Al literacy,
digital competence, pedagogical mastery.

1. Introduction

I n todaybs envi
process is increasingly characterized by the
rapid adoption of digital technologies, which are
evolving from supplementary tools into
fundamental elements of learning. Artificial
intelligence (Al) occupies a special place among
these technologies, opening up new
opportunities  for  improving  educational
processes. The sweeping changes brought
about by Al necessitate a rethinking of traditional
teaching methods and strategies. From a
technological innovation, Al is transforming into
a strategic resource capable of both significantly
improving the efficiency and quality of education
and creating certain challenges for the learning
process. This issue is particularly relevant due
to the widespread availability of Al technologies
i n todayos digital
increasingly using these tools on their own, often
wi t hout the teacher o6s

ronme

e n Veduta®ors,m e Which

academic assignments. Consequently,
successfully designing an effective learning
process requires teachers to possess an
appropriate level of digital competence. In the
context of current transformations in the
education sector, it is the competent teacher
who serves as the key link between traditional
pedagogical methods and innovative digital
solutions. Teachers must not only effectively
integrate Al tools into the educational process
but also teach students to use them critically and
ethically, and to understand the capabilities and
limitations of such technologies. This creates
new challenges for educators, who must be able
to design the learning process with the active
use of Al technologies by students in mind.
Consequently, there is a growing need to create
a comprehensive system for developing the
digital competence of future educators, one that
not only covers traditional skills in working with
digital technologies but also ensures a deep
understanding of the principles of operation,
potential, limitations, and ethical aspects of
using Al in education. This, in turn, necessitates
the development of new theoretical and
methodological foundations for teacher training,
aimed at producing professionals capable not
only of applying ready-made Al solutions but
also of designing innovative educational
environments that take into account the
specificities of particular learning contexts. In
this context, research into the theoretical and
methodological foundations for developing the
digital competence of future teachers takes on
crucial importance for the modernization of the
teacher education system. It is pn. a systematic
%n%’ sciegti%cﬁly g?oﬁnlde% as%ltljtign){] t%mthis
problem that the ability of the domestic
education system to effectively respond to the
challenges of the digital age and ensure the
training of competitive teaching staff for the
educational landscape of the future depends.

2. Main text

An analysis of the current scientific literature
indicates that researchers are paying increasing
attention to issues of digitalization in education,
particularly regarding the development of
teachersd digital
technology implementation. In the European
context, the key reference remains the
DigCompEdu framework (2017), developed for

competencies, grouped into six domains. At the
game tie, ettds framewotk @oescnatnirellide & e
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separate category dedicated to Al literacy, which
requires further theoretical and methodological
justification of its place within the structure of a
teacher 6s digital
active integration of Al into the educational
process, this aspect becomes critical for
ensuring educatorsbd
effectively and ethically in educational activities.
It is worth noting that in a number of
contemporary studies, both foreign and
domestic, devoted to the development of digital
competence, the component related to
understanding Al tools is not always
distinguished. In particular, many studies from
the past five years focused on developing
teachersd digital skil
area covering knowledge and skills in working
with Al technologies. In the domestic discourse,
there is also a growing interest in the topic of
digital competence, but approaches to its
structuring often remain fragmented. The model
of professional-digital competence proposed by
O. Humennyi [2] covers key aspects of a
teacherb6s digital
aspects related to the application of Al are not
singled out as a separate component in this
model, which leaves room for further theoretical
exploration of this area. A similar situation is
observed in the Teacher Digital Competency

discrepancies between existing models and
complicates the development of a unified
approach to teacher training in the digital age.

and generalize existing approaches and to
establish  theoretical and methodological

r e dodridatiens dor the devedlopmemkt |of digital

competence among future teachers, taking into
account both international and national
experience, especially in the context of the
active integration of Al technologies into the
educational process. The purpose of this article
is to define and theoretically justify the
foundations for developing the digital
competence of future teachers in the context of
itegrdting At teadhnolbgies ihtal tHeeeduaationad
process.

Research confirms that the integration of Al

tools opens up new opportunities for
educationd in  particular, it enables the
personalization of the educational process,

automates routine tasks for teachers, and
services, which overall underscores the role of
Al as a key component of the digital
transformation of education [6]. The use of
intelligent systems and Al algorithms in digital
technologies makes it possible to adapt curricula

¢ 0 mp €hus thereas ar objéctive needsto sysematize h e

(72)

par at

act i ¢xpandseagcess Aot high-quality edueaionalt i me

Framework proposed by G. Falloon [3], where t 0 st udent so6 i nidhpositidelyal ne
the emphasis is on an approach that combines affects their motivation and overall learning

technical knowledge, pedagogical strategies, effectiveness [7]. However, this transition
information literacy, ethical responsibility, and nNecessi tates a rethinking
the ability to adapt to the dynamic conditions of ~ the context of the digital transformation of

the digital environment; however, the author education. First and foremost, future teachers

does not single out a component related to Al.  are expected to be the ones who can

In contrast, other researchers emphasize the successfully integrate these technologies into

need to consider @Al | iedugafional grascticey @s many mederp Al foels  ar e
wit hin teacherso di gi @ffar| functiosah gapabititigse enavailaplgy rto

instance, I. Tenberga and L. Daniela [4] previous generations of digital solutions. For
emphasize that Al literacy constitutes a distinct ~€xample, English teachers already have the

cluster of skills that only partially overlaps with ~ Opportunity to enhance the learning process

general competencies but requires special Using Al platforms such as ChatGPT, providing

attention to ensure high-quality professional their students with free practice in speaking

training for educators A similar position is held  Skills within the scope of their own course. To do

by D. Tsz Kit Ng, J. Ka Lok Leung, J. Su et al this, the teacher simply needs to conduct a

[5], who note that the digital transformation of =~ demonstration lesson, during which students

education requires the development of new | €arn how to wuse ChatGPTO
competencies, including critical thinking, the feature on a web platform or via a mobile app,

ethical use of Al, and an awareness of the risks €nsur i ng studentso under

associated with the application of intelligent
technologies in the learning process. However,
each study forms its own vision of the structure
of teacherso digital

unique components depending on methodology,
goals, and context. This leads to significant

engagement in using Al tools to improve their
oral communication skills. Thanks to this
approach, students have the opportunity to
Rraclia® eamapnicadion contingpusly saf Mg
additional cost, and, as the course requires, to
improve their public speaking skills as well. In
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the traditional format, such regular practice was
possible mainly through interaction with tutors,
which entails additional financial costs.
However, for the integration of Al into the
learning process to be truly effective, the
instructor must possess an appropriate level of
digital competence. First and foremost, it is
worth noting that the European Digital
Competence  Framework for  Educators
(DigCompEdu) defines digital competence as
the confident and effective use of information
and communication technologies in professional
activities, learning, leisure, and participation in
public life [8]. It is important to emphasize that
computer literacy forms the basis of confident
use of digital tools; researchers define this as the
basic ability to work with technical devices such
as a computer, smartphone, or tablet, as well as
an understanding of software capabilities, which
enables users to adapt to rapid technological
changes [8]. Furthermore, according to a study
by E. Gallardo-Echenique et al., computer
literacy is identified as a key element of digital
competence [9]. In a dynamic digital
environment where tools are constantly being
updated, it is this very competence that allows
teachers to quickly adapt to new conditions of
professional activity. For example, following a
Zoom updated which involves a change in the
interface and the introduction of new featuresd
the teacher must quickly adapt to the changes.
Such updates should not hinder the conduct of
classes; on the contrary, if possible, the
educator ¢ an i ntegrate
features into their own teaching practice. This
requires the teacher to have information-
searching skills, specifically the ability to use
search engines such as Google to find up-to-
date instructions, as well as the ability to quickly
process these resources and extract relevant
knowledge from them. Such skills take on
particular importance in the context of the rapid
development of Al technologies, when the
functionality of these tools is constantly
changing, and new platforms and services
emerge that have the potential to be used in the
educational sphere. Therefore, it is extremely
important for teachers to be prepared for
situations in which they will have to apply Al
toolsd both on their own initiative and within the
framework of the educational program.

Research confirms that limited knowledge of
information and communication technologies
among teachers significantly complicates the
integration of digital solutions into the

t h einstiyqton ¢ tp o pusessfully n peform

educational process [10]. As a result, this can
negatively affect the quality of instruction and
reduce the effectiveness of digital tools in
teaching. In particular, this creates the risk of
losing pedagogical focus during technology-
based lessons. This is particularly relevant in
situations where digital platforms do not function
as the teacher expects, and their attention shifts
from achieving educational goals to resolving
technical issues. This reduces the effectiveness
of educational interaction and even creates the
risk of disrupting the class. A telling example is
when an English teacher plans to demonstrate
the use of ChatGPT in class to develop oral
communication skills. During the demonstration,
a situation may arise where the chatbot does not
respond to voice commands. One of the most
common reasons is that after a browser update,
the microphone was not properly configured.

Insufficient computer literacy can cause
difficulties for an educator and lead to ineffective
use of teaching time, whereas proper
preparation allows for the quick identification
and resolution of technical failures. For example,
if an interface of a program or digital platform
changes after an update, instructors with a
sufficient level of digital awareness, even
without prior experience with the updated
version of that resource, are able to quickly
orient themselves and resolve the issue. Thus,
the ability to effectively use information and
communication  technologies allows an
their
professional duties in a digital environment,
achieve pedagogical goals, and adapt to new
technologies [11]. However, for effective work
with tools based on Al technologies, basic
computer literacy skills are not enough. As I.
Teberga and L. Daniela [4] note, the presence of
general digital skills does not guarantee the
formed competence in working with Al
technologies. These authors emphasize that it is
necessary to purposefully develop relevant
competencies, in particular Al literacy, so that
instructors can consciously and effectively
integrate these technologies into educational
practice [11]. Other studies support this position,
which treat Al literacy as the ability to effectively
use Al tools based on an understanding of their
concepts and principles of operation [12]. In this
context, a modern instructor must not only
master the basic functionality of Al tools but also
be able to configure and adapt them according
to specific pedagogical goals. For example,
when developing speech skills, it is advisable to
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suggest that students change the settings of
ChatGPT so that the model provides short and
clear answers, stylistically close to oral speech.
For this, one can use the "Custom instructions”
feature available in ChatGPT's settings. In the
"What would you like ChatGPT to know about
you?" field (or "How would you like ChatGPT to
respond?"), it is worth entering an instruction
such as: "Answer briefly, clearly, concisely, in
the style of oral speech." This approach
increases the efficiency of verbal interaction with
the Al platform, which, in turn, contributes to
improving the quality of the educational process.
In addition, the instructor can advise students to
use the "Deep Research" feature, which is
already available in Gemini for free, to analyze
educational topics based on external sources.

In current conditions, the implementation of
the concept of academic freedom and
institutional autonomy of higher education
institutions is defined as a component of quality
learning and knowledge transfer in the
information society [13]. A responsible approach
to the targeted selection of digital tools is
becoming especially important. An educator
must clearly understand when it is appropriate to
use general-purpose Al services, such as
ChatGPT, Gemini, Claude, copilot, etc. and
when it is worth turning to highly specialized
platforms designed to perform specific tasks. To
do this, it is necessary to navigate a wide range
of digital solutions and understand the functional
advantages of specialized platforms, such as
Napkin.ai, Gamma, Elicit, and Consensus, in
comparison with universal Al services like
ChatGPT, Grok, or Gemini, as well as with digital
services that have integrated Al modules, such
as Litmaps and Miro. For example, if there is a
need to quickly create a structured flowchart, it
is advisable to use Napkin.ai, which provides
adaptive templates and real-time editing
featuresd capabilities currently unavailable in
ChatGPT. In the case of conducting a literature
review, it is advisable to use Elicit, an Al tool that
has a convenient interface in the form of a
matrix, which provides the ability to ask
guestions and have the Al assistant provide an
answer for each article. Effective use of such
tools requires the instructor to have a deep
understanding of their functional specifics, the
ability to formulate precise, relevant queries, and
a clear awareness of each platform's purpose for
their rational selection and targeted application.

Also, an important component of Al literacy is
the instructor's ability to navigate alternative
solutions in cases where technical or financial
limitations hinder the full use of a particular
digital platform. For example, the Elicit service
has an "Upload and extract" feature, which
allows you to upload PDF files of scientific
articles and automatically extract key quotes
from them. This capability is especially valuable
in research work, where, to justify hypotheses, it
iS necessary to cite precise quotations with page
numbers from the document to ensure its
relevance and avoid the need to review dozens
of potentially tangential sources. However, in the
free version, this capability is often limited only
to abstract analysis, which reduces the
efficiency of working with full texts. Under such
circumstances, an instructor must possess
knowledge about alternative tools, including the
possibility of using universal Al platforms, such
as ChatGPT or Gemini, to solve the
corresponding task. At the same time, it should
be taken into account that these tools
sometimes generate inaccurate or distorted
bibliographic references. Research confirms
that even with the increasing overall accuracy of
new versions of language models, it is
impossible to avoid errors entirely. Thus,
according to research, 18% of bibliographic
references generated by GPT-4 were fabricated,
and another 24% contained significant errors in
author data, titles, dates, or other key elements
[14]. In such a situation, it is advisable to turn to
specialized resources for working with PDF
documents that ensure higher accuracy of text
processing. For example, services like
NoteBookLM or Scholarcy, even in their free
versions, are capable of automatically extracting
key quotes from full-text scientific articles
without distorting the content, precisely
preserving the wording of the original. Thanks to
this, an educator can be confident that the Al tool
is referencing an actual fragment of text rather
than generating an interpretation.

However, it is worth noting that Al literacy is
a complex, multidimensional concept that goes
beyond a technical understanding of Al tools.
Scientific literature indicates that Al literacy
involves the ability not only to create content
using generative systems but also to critically
evaluate it [15]. This means that users must
carefully check the generated information,
evaluating its quality and relevance to the query,
as well as identifying potential biases or
inaccuracies characteristic of Al work results.
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This becomes particularly relevant when using
generative language models like ChatGPT, as
the generated content may  contain
inaccuracies, invented facts, or fictitious
references that have no confirmation in scientific
literature [14]. On the main page of any web
interface, there is a notice that responses
generated by the system may contain errors.
This problem is especially critical in the
educational process, where both instructors and
students actively use Al platforms to search for
information. In such cases, there is a risk of
unintentionally citing non-existent sources or
using fabricated data, which can lead to the
spread of unreliable information. That is why an
instructor must possess the relevant knowledge
and skills, as well as teach students to work
critically with information and verify the reliability
of the obtained data. In particular, it should be
explained that generative models can create so-
called "hallucinations" & plausible but invented
fragments of text, including references to non-
existent sources [14]. In such cases, it is
important to verify the information obtained
using independent scientific search engines,
such as Google Scholar, Semantic Scholar, etc.
Therefore, after generating a response with the
help of Al, a student must necessarily cross-
check the facts provided using reliable sources.
In addition to a critical attitude toward content,
an important component of Al literacy is
understanding the ethical aspects of using Al.
As noted in the study, Al literacy encompasses
an awareness of the social consequences and
ethical challenges associated with the
implementation of Al technologies in various
fields, including education [13, p. 8].
Researchers emphasize that awareness of
integrity, transparency, fairness, and
accountability is critically important for forming
full-fledged digital competence. This is because
the modern educational environment, which
actively integrates generative language models
such as ChatGPT, Gemini, or ClaudeAl, creates
new challenges related to the uncritical
acceptance of generated information. Excessive
reliance on the quick and convenient answers
provided by Al systems can lead to a gradual
loss of students' skills in independent analysis
and critical thinking. As a result, there is an
increased risk of forming a superficial
understanding of the material. Specifically, a
student studying programming might fail to
master the skill of working with official
documentation and technical manuals. In the
absence of ready-made answers from an Al

platform and without developed algorithmic
skills, there is a risk that the student will be
unable to perform even basic educational tasks
independently. This, in turn, reduces their
competitiveness as a specialist and hinders
further professional development. In this
context, the role of the future educator goes
beyond technical support. Their task is to
contribute to the formation of an ethical culture
of interaction with information obtained by
means of Al An informationally literate
pedagogue not only warns about potential risks
but also teaches students to distinguish between
acceptable and unacceptable scenarios for
using Al. A student may use ChatGPT for
stylistic editing and error detection in a text
written in English, provided that the structure,
logic, and argumentation remain the result of
independent work. Studies have proven the
effectiveness of using such platforms in
academic writing, particularly for error correction
and improving style [17]. At the same time,
mindlessly copying generated materials
contradicts academic integrity.

Despite the importance of an ethical culture
of Al use, this is not enough to achieve the
expected learning outcomes. Even if students
are familiar with ethical principles of work and
possess the relevant digital tools at a high level,
this does not guarantee the effectiveness of the
educational process. As current studies show,
learners often use the capabilities of ChatGPT
to complete coursework assignments, passing
off Al results as their own. Such practice
simultaneously covers several forms of
academic integrity violations o plagiarism,
cheating, and deception [18]. Therefore, even if
a student declares ethical Al use, this does not
guarantee that the principles of integrity have
truly been upheld. Given that the key task of
pedagogy remains the development of critical
thinking, analytical abilities, and adherence to
the principles of academic integrity, the risk of its
violation grows under conditions of uncontrolled
Al use. The ability to automatically generate
texts, solve problems, or create code tempts
students to avoid independent cognitive activity,
replacing the processing of material with the
simple copying of results. Furthermore, the
situation is complicated by the decreasing
reliability of traditional forms of assessment,
which no longer always allow for the
determination of the level of independence in
task completion. Specifically, a student may
provide formally correct answers without even
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reading the task requirements, simply by using
the capabilities of Al. Such an approach not only
contradicts the fundamental principles of
pedagogy but also calls into question the quality
of the entire educational process. Therefore,
one of the key areas of an educator's digital
competence in the face of new challenges is the
development of analytical thinking and the
capacity for deep pedagogical reflection. This
refers to the reflective component, which
involves the ability for self-assessment, critical
analysis of the results of one's own digital
activity, as well as an awareness of the need for
its further improvement [19]. Studies on the
digital competence of educators emphasize the
necessity of being able to identify potential risks,
as well as recognizing the ethical challenges
that arise in the process of applying Al
technologies in learning, teaching, and
assessment [20]. An educator must be able to
forecast potential threats, particularly those
related to the misuse of Al tools by students
when completing educational tasks without
proper immersion in the content. This involves
not only assessing the probability of abusing
such tools but also identifying the types of tasks
that practically lose their educational value when
Al is used, as well as analyzing the potential
consequences for the quality of the educational
process. Specifically, an educator must realize
that almost all types of independent written
assignments & from reports and essays to
solving applied problems 8 can be completely
executed by students using generative Al
systems without any comprehension of the
material. At the same time, such work may
outwardly appear thoroughly processed, which
significantly complicates the detection of a lack
of genuine cognitive activity.

Even if tasks are carefully designed to include
elements of analysis, interpretation, or a
personalized approach, there is still a high
probability that students will take advantage of
Al capabilities for automatic execution, often
without even reading the requirements. Modern
generative Al systems are capable of creating
logically structured responses, which
substantially complicates the detection of
superficial mastery of educational material.

At the same time, analytical thinking as a
component of an educator's digital competence
goes beyond simply predicting Al misuse and
identifying forms of learning activity whose
effectiveness might decrease under conditions

of uncontrolled Al use. It involves a deep
analysis of the diverse motives that might
prompt students to engage in dishonest actions
or formal completion of tasks involving Al. The
spectrum of such reasons is quite broad: from
situational use of Al by responsible students to
optimize time during preparation for priority
events, such as an Olympiad, to systemic
dependency caused by a desire to maintain an
"excellent student" image, fear of mistakes, and
lack of confidence in their own abilities, which is
amplified by the possibility of obtaining a quick,
guaranteed "correct" result through these
technologies. Such variability in causes requires
the educator to move beyond template
responses, employing instead an analytical
approach to each situation. The ability to see
behind Al usage not only a desire to avoid
learning activity, but also possible deep-seated
causesd such as insecurity, overload, or a lack
of understanding of the value of independent
workd testifies to a high level of pedagogical
reflection. Thus, developed analytical thinking
allows the educator to document facts of
academic dishonesty while also investigating
their root causes, differentiating temporary
circumstances from deep psychological barriers
or gaps in motivation. Such understanding of
nuances is critically important for developing

adequate pedagogical strategies, the
implementation of which requires high
pedagogical proficiency aimed at fostering

students' responsible attitude toward learning
and the development of their authentic
intellectual abilities.

Pedagogical proficiency is another key area
of an educator's digital competence, ensuring
high efficiency in the educational process. This
is confirmed by the European Framework for the
Digital Competence of Educators
(DigCompEdu), which defines the core of digital
competence as skills that ensure effective,
inclusive, and innovative teaching and learning,
particularly those related to planning,
implementation, and assessment of the learning
process [1]. Especially in today's conditions,
which involve the active use of Al, pedagogical
proficiency is not limited to teaching students
how to use digital platforms. Its essence lies in
creating an educational environment that
promotes the development of critical thinking
and a responsible attitude toward learning. As
researchers note, pedagogical proficiency
emerges as a high culture of organizational,
managerial, and educational activity of an
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educator capable of effectively solving the tasks
of the educational process [19]. When
psychological approaches to student integrity do
not vyield the desired results, pedagogical
proficiency requires the educator to adapt
assessment methods to the new digital reality.
Traditional testing and standard assignments
are increasingly losing their effectiveness, as Al
tools allow students to generate "correct"
answers without genuine engagement or
intellectual effort. To counter this, educators
must shift toward methods that prioritize deep
reflection and active cognitive involvement:

- analytical questioning and problem-based
case studies that require unique synthesis rather
than rote information retrieval;

- project-based work with mandatory oral
defense, where students must explain their
logic, justify their steps, and respond to clarifying
guestions.

Ultimately, true pedagogical proficiency in the
Al era is the ability to curate an educational
environment where digital tools amplify human
intelligence rather than replace it, all while
strictly adhering to the legal and ethical
standards of the information society.

It can be noted that legal literacy is an integral
component of the digital competence of a
modern educator, especially in the context of the
active  digitalization  of  education. It
encompasses knowledge of and adherence to
current legislation governing the use of digital
resources in pedagogical activity: in particular,
copyright rules, personal data protection norms,
privacy policies, and safe handling of
information. Within the European framework of
digital competences for educators &
DigCompEdu 8 it is emphasized that teachers
must respect copyright when using, modifying,
and sharing resources, as well as protect
confidential digital content, such as student test
results or grades [1]. The importance of this very
principle of digital competence is also
highlighted in the model by G. Falloon [3], where
emphasis is placed on knowledge and attitudes
regarding the legal aspects of digital interaction,
including privacy, digital identity, security, and
the role of ICT in society. The authors stress that
the rational use of ICT requires specific
knowledge and dispositions concerning legal
and ethical aspects, privacy and security, as well
as an understanding of the role of ICT in society

and a thoughtful attitude toward technology.
Thus, legal literacy performs not only a
protective function but also develops in the
educator the capacity to critically assess the
permissibility of using digital and Al tools in
accordance with institutional policy and current
legislation.

Thus, the effective use of Al in the
educational sphere and in the professional
activity of an educator is inextricably linked to the
comprehensive development of their digital
competence within the theoretical and
methodological foundations set out in this
article. All six principles of an educator's digital
competence are equal and closely
interconnected: each direction complements the
others, forming a single cohesive system &
which was consistently revealed in the article
through a mutually complementary analysis of
these components. At the same time, each
principle interacts not only with adjacent ones
but with all other components of the system.

A telling example of such interdependence is
a situation in which an educator skillfully uses Al
platforms and effectively implements their
functionality in practice 8 which indicates a high
level of Al literacy and pedagogical proficiency
0 yet encounters difficulties in adapting to a
new digital environment or equipment, for
example, when transitioning to the Linux
operating system instead of the familiar
Windows. Such a situation indicates an
insufficient level of computer literacy, which
complicates professional activity and reduces
the effectiveness of digital technology use in
teaching. To confirm the interdependence and
integrity of the proposed principles, it is
appropriate to analyze how the absence or
insufficient development of each of them affects
the overall level of digital competence of future
educators in the context of Al application. A
deficit in the development of any component of
digital competence significantly complicates an
educator's readiness for the effective fulfilment
of professional duties in an educational process
oriented toward the use of Al technologies,
which can lead to a number of undesirable
consequences and negatively affect not only the
implementation of innovations but also the
effectiveness  of traditional pedagogical
practices, which, without adequate digital
support, gradually lose their efficacy.
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3. Conclusions

The study confirmed that the effective
implementation of Al technologies in the
educational process directly depends on the
level of digital competence developed by future
educators. Within the scope of the stated
purpose, six key foundations for the
development of digital competence were
theoretically substantiated:

- Computer literacy as the baseline
proficiency required to operate in digital
environments and address technical issues;

- Al literacy encompassing the specific ability
to understand the concepts, principles, and
functional application of Al tools;

- Analytical thinking, that being the capacity
for deep pedagogical reflection, critical
evaluation of Al-generated content, and
understanding the root causes of student
behavior.

- Pedagogical proficiency, which includes the
ability to design innovative learning
environments that use Al to stimulate active,
critical cognitive activity rather than replace it;

- Legal literacy as an awareness of
intellectual property rights, licensing
agreements, and the legal status of software in
accordance with national legislation;

- Professional ethics entailing commitment to
academic  integrity, transparency, and
responsibility, while fostering these values in
students.

It has been argued that these six foundations
are closely interconnected, forming digital
competence as a holistic, systemic
phenomenon. It was determined that these
pillars constitute the foundation for creating
innovative training programs for future
educators that meet the demands of the modern
information society. Furthermore, it was
established that an insufficient level of
development in any one of these foundations
complexly impacts the overall digital
competence of future educators, significantly
reducing the efficiency of Al integration and
leading to a loss of pedagogical justification and
the effectiveness of traditional teaching
methods.

Prospects for further research lie in
developing methodological approaches aimed
at cultivating each of these foundations of digital
competence, as well as in constructing and
testing an experimental model for the formation
of digital competence in future educators. This
model is intended not only to reflect the
contribution of each foundation to the overall
level of competence but also to justify their
internal interrelationships.
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Abstract . The war in Ukraine has made
continuity, safety and equity central criteria for
assessing national education policy. This article
examines how performance auditing can move
beyond expenditure compliance to determine
whether public resources sustain learning and
strengthen system resilience. Drawing on
Ukrainian legislation, INTOSAI standards, and
OECD, UNESCO and RDNA5 materials, it
proposes a 3E-R framework integrating
economy, efficiency and effectiveness with
equity and resilience. The framework links
expenditure to access, learning recovery,
psychosocial support, infrastructure safety and
adaptive capacity, offering practical audit
guestions and indicators for public authorities
and education managers.

Keywords. accountability, education policy,
performance audit, resilience.

1. Introduction

Education policy is tested most severely
when the conditions required for ordinary
schooling no longer exist. In Ukraine, air attacks,
displacement, damaged infrastructure,
interruptions to electricity and connectivity, and
prolonged psychological stress have changed
not only where education is delivered, but also
what the public sector must protect. The legal
obligation to ensure access to quality education
remains in force [1], yet the meaning of effective
implementation has expanded. A policy can no
longer be judged solely by whether funding was
allocated and procedures were followed. It must
also be judged by whether learners can study
safely, whether teachers can continue working,
whether vulnerable groups are reached, and
whether the system can recover after repeated
shocks.

The scale of the challenge is both material
and human. The Fifth Rapid Damage and Needs
Assessment estimates damage to the education

and science sector at USD 13.9 billion, losses at
UsSD 11.7  billion, and recovery and
reconstruction needs at USD 33.5 billion for
20261 2035 [2]. According to data published by
UNESCO, citing the Ministry of Education and
Science of Ukraine, 4,163 educational
institutions had been damaged or destroyed as
of 25 June 2025 [3]. RDNA5 also identifies
learning losses as the largest component of
sectoral losses and shows that the immediate
response cannot be reduced to rebuilding
facilities. It must include safe in-person access,
catch-up learning, psychosocial support,
regulatory adaptation and institutional capacity.
For 2026 alone, priority needs for education and
science were estimated at USD 1.275 billion,
while available financing was USD 405 million
[2. Such a gap makes prioritisation,
transparency and evidence of results essential
rather than optional.

International policy advice for Ukraine has
appropriately focused on learning recovery,
flexible educational pathways, teacher support
and reform continuity [4, 5]. However, the
governance question remains: how can public
authorities know whether scarce resources are
producing the outcomes that matter most under
wartime conditions? Conventional financial and
compliance audits are indispensable for legality
and integrity, but they do not by themselves
answer whether an intervention kept education
accessible, reduced learning loss or improved
the capacity of institutions to withstand the next
disruption.

In our view, performance auditing should
become a stronger instrument of education
policy learning during war and recovery. The aim
of this article is to develop a practical framework
for assessing education policy through five
connected dimensions: economy, efficiency,
effectiveness, equity and resilience. The first
three are established performance-audit
principles; equity and resilience are added
because a formally efficient programme may still
exclude those at greatest risk or collapse when
conditions change. The article examines two
guestions: what should a wartime education
policy audit examine, and how can audit findings
be translated into timely policy correction rather
than retrospective fault-finding?

89



Hands -on Science. Science Education. Resilience in challenging times

2. Auditing public policy in an emergency
education system

Education systems are complex public
systems. Decisions are distributed across
ministries, local authorities, school founders,
education institutions, donors, civil society
organisations, families and learners. Results
depend on interactions among finance, human
resources, infrastructure, digital capacity, social
protection and security. Research on complex
education governance therefore emphasises
coordination, reliable information and the ability
to adapt policy to local conditions rather than
relying only on hierarchical control [12]. Wartime
conditions intensify this complexity:
responsibilities overlap, emergency decisions
must be made quickly, and the same national
rule can have very different consequences in a
frontline community and a relatively safe region.

Audit has traditionally been associated with
verification: checking accounts, compliance and
documentary evidence.
Afaudit societybo
become ritualistic when organisations produce
evidence mainly to demonstrate conformity
rather than to improve substantive performance
[13]. In public policy, accountability is wider than
documentary control. It requires public actors to
explain and justify their actions, to be assessed
against legitimate criteria, and to respond to
findings [14]. For education in wartime, this
means that an audit should protect integrity
without creating a reporting burden that distracts

schools and local authorities from service
delivery.
INTOSAI defines performance auditing

through the principles of economy, efficiency
and effectiveness [6]. Economy concerns the
timely acquisition of appropriate resources at a
reasonable cost; efficiency concerns the
relationship between resources used and
outputs delivered; effectiveness concerns the
achievement of intended objectives. GUID 3910
further requires clearly defined audit objectives,
suitable criteria and an approach that can
support defensible conclusions [7]. GUID 9020
distinguishes performance audit from broader
policy evaluation, which also examines
relevance, utility and longer-term societal effects
[8]. In practice, wartime education requires the
two perspectives to work together. Auditors
should test operational performance while

Power 06
war ns

recognising that the policy objective itself may
need revision as risks and needs change.

Education-in-emergencies standards
reinforce this broader view. The 2024 INEE
Minimum Standards connect preparedness,
response and recovery with safe access, quality,
participation and accountability [9]. Research
shows that education during emergencies
serves multiple functions: it supports learning,
protection, social connection, psychological
stability —and  future  opportunity  [10].
Displacement also reveals the distance that can
arise between a formal right to education and a
| earner 0s
Attacks on educational institutions further
demonstrate that safety is not an external
condition but a central policy outcome [15].
Therefore, audit criteria must reflect the lived
continuity of education, not only administrative
completion of programmes.

3. Materials and methods

t he
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framework development. The evidence base
comprises Ukrainian education legislation;
INTOSAI performance-audit and public-policy-
evaluation standards; current international
assessments of war-related damage and
recovery needs; OECD policy reports on
learning recovery and education reform in
Ukraine; global education-in-emergencies
standards; and peer-reviewed literature on crisis
education,  accountability and  complex
governance.

4. Results: the 3E -R framework
4.1. Audit logic and scope

The proposed 3E-R framework retains
economy, efficiency and effectiveness and adds
equity and resil.i
resilience, while equity is treated as a cross-
cutting distributional test applied to all three
performance dimensions. In practical terms, the
audit asks not only whether resources were
used well, but also who benefited, who remained
excluded and whether the intervention
strengthened the syst
operating under future disruption.

The audit object should be defined as a policy
intervention rather than as an isolated
transaction. Examples include the provision of
school shelters, digital devices, learning-

ence.
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recovery programmes,
measures, transportation to safe schools,
psychosocial services, or reconstruction
projects. Each intervention is examined through
the full logic shown in Fig. 1. This prevents two
common errors: assessing expenditure without
examining service delivery, and assessing
outputs without determining whether they
contributed to learning, safety or inclusion.

teacher-support

Needs and risks

damage, displacement, learning loss, inequality

Policy objectives

safe access, continuity, recovery, quality

I

Resources and delivery
funding, staff, shelters, devices, services

Outcomes

participation, learning, well-being, inclusion

|
Audit feedback

corrective action, follow-up, adaptive resilience

Figure 1. Resilience -oriented policy audit logic

4.2. Dimensions, questions and evidence

Table 1 translates the framework into
auditable questions. The indicators are
illustrative rather than mandatory. They should
be selected on the basis of materiality, risk and
data reliability. A small local programme may
require a limited set of indicators, whereas a
national reconstruction programme should
combine financial, operational, educational and
distributional evidence.

Table 1. Core dimensions of the 3E -R education
policy audit

Dimension and Evidence

core question
Economy Unit and lifecycle costs;
emergency price premiums;
procurement time; quality
specifications.

Were appropriate
resources obtained on
time and at a justified
whole -life cost?
Efficiency

Cost per learner reached;
shelter use; device utilisation;

How well were delivery time; teacher workload.

resources converted
into safe and
continuous education
services?

Effectiveness Attendance; learning recovery;
dropout; teacher retention;

Did the intervention psychosocial-service uptake.

achieve access,
learning, safety and
well-being objectives?

Equity Results by region, rurality,
displacement, disability, gender

Were benefits and socioeconomic status.

distributed according
to need and barriers to
participation?

Resilience Continuity plans; backup
power/connectivity; recovery
time; data redundancy; local

response capacity.

Can the system
absorb, adapt to and
recover from repeated
disruption?

Economy should not be interpreted as
purchasing the cheapest option. In an
emergency, a lower initial price can create
higher costs if equipment fails, maintenance is
unavailable or delivery is delayed. Audit criteria
should therefore consider fithess for purpose,
timing and lifecycle cost. A device purchased
inexpensively but unusable during power
outages is not economical in the policy sense.
Similarly, a shelter project delivered after the
school year has ended may be compliant yet fail
the test of timely public value.

Efficiency should connect inputs to
meaningful service outputs. Counting the
number of devices, shelters or training sessions
is insufficient unless the audit examines use.
Relevant questions include whether devices
reached learners who lacked access, whether
shelters enabled additional days of in-person
education, whether teacher training changed
classroom practice, and whether administrative
procedures delayed delivery. Efficiency analysis
should also identify duplication among state,
local and donor-funded initiatives.

Effectiveness requires explicit outcome
criteria. For learning-recovery programmes,
these may include changes in assessed
learning, participation and progression rather
than the number of lessons offered. For
psychosocial support, the audit should examine
access, referral pathways, continuity and user
experience while respecting confidentiality. For
infrastructure projects, effectiveness means that

facilities are safe, accessible, used and
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connected to an education-delivery plan. Where
causal attribution is not possible, auditors can
assess contribution by testing whether the

interventionoés | ogic i
converging evidence.
Equity changes how averages are

interpreted. A national attendance rate can
improve while learners in frontline, rural or
displaced communities fall further behind.
Therefore, core indicators should be
disaggregated whenever safe and lawful. The
audit should examine whether resource
allocation reflects exposure to risk and barriers
to participation, whether accessibility
requirements are met, and whether policy
design unintentionally shifts costs to families or
teachers. Participation by learners, parents and
educators is a source of audit evidence, not
merely a communication activity.

Resilience concerns the capacity to continue,
adapt and recover. It is visible in contingency
planning, redundant communication, backup
energy, interoperable data, staff preparedness,
flexible timetabling, alternative learning spaces
and decentralised authority to act within clear
safeguards. A resilience audit should measure
recovery time after disruption and determine
whether lessons from previous incidents
changed procedures. The objective is not to
expect every institution to withstand every
shock, but to ensure that a disruption does not
lead to prolonged exclusion from education.

4.3. Audit design and data strategy

A useful audit begins with a limited number of
answerable questions. A national or local audit
team could structure the engagement around
the following sequence: Was the policy objective
based on documented needs? Were resources
prioritised according to risk? Were procurement
and delivery timely and proportionate? Did
intended learners receive and use the service?
Did access, learning, safety or well-being
improve? Were inequalities reduced or
reproduced? Can the intervention continue
under renewed disruption? What corrective
actions were implemented after earlier
monitoring or audit findings?

Evidence should be triangulated. Financial
records and procurement data establish what
was purchased and at what cost. Administrative

S

records show enrolment, attendance, staffing
and service coverage. Learning assessments
provide information on educational outcomes.

Fagility ainprestigns @nd aggqspatial, ¢Rig ant e d

verify infrastructure and access. Surveys,
interviews and focus groups explain why a
service was or was not used. Open-data
sources can support comparison, but the auditor
must assess completeness, security restrictions
and changes in definitions over time. No single
data source should carry the full conclusion
where the operating environment is unstable.

The minimum data set should remain
manageable. For each major intervention, public
managers should record the objective, target
group, risk profile, budget, financing source,
responsible body, delivery milestones, output
indicators, outcome indicators and continuity
arrangements. Data should be disaggregated
only to the level necessary for decision-making
and should not expose sensitive information
about learners or facilities. The quality of the
data itself should be an auditable control:
inconsistent or unverifiable information is a
policy risk because it can direct scarce
resources away from actual need.

Benchmarking should be used cautiously.
Unit costs and performance can be compared
across similar institutions or regions, but security
conditions, distance, scale and infrastructure
damage must be considered. An apparently high
cost per learner may be justified in a frontline or
sparsely populated area. Conversely, a low
average cost may conceal exclusion. The
purpose of comparison is to identify questions
for investigation, not to produce automatic
rankings.

4.4. Institutional use and follow -up

The framework is most valuable when
embedded in the policy cycle. At the design
stage, ministries and local authorities should
define a small number of measurable outcome
and resilience criteria. During implementation,
internal control and monitoring should identify
delivery risks early. Internal audit can examine
governance, risk management and control
processes. External performance audit can
provide independent assurance and
recommendations on economy, efficiency and
effectiveness. Broader evaluation can later
examine relevance, utility and long-term effects.
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Follow-up is the decisive  stage.
Recommendations should name a responsible
institution, a realistic deadline, the expected
change and the evidence required to close the
recommendation. Public reporting should
distinguish completed administrative actions
from verified improvements in service. A ministry
may approve a new procedure, but the
recommendation should remain open until the
procedure is implemented and its effect is
assessed. For security reasons, detailed facility-
level information may need restricted access,
while aggregated findings and corrective actions
should remain public.

Coordination among audit and policy
institutions is also
financial management reform is moving toward
greater transparency, efficiency and
harmonisation of internal-audit practice with
updated international standards [16]. Education
policy audits should align with public investment
management, the Single Project Pipeline, donor
reporting and local recovery planning so that
institutions are not asked to report the same
result in incompatible formats. A shared results
vocabulary can reduce burden while improving
comparability.

5. Discussion

The principal advantage of the 3E-R
framework is that it connects accountability with
learning. Wartime governance requires speed,
but speed without feedback can institutionalise
ineffective practices. Audit can create a
disciplined pause in which decision-makers ask
whether an intervention still addresses the
problem it was designed to solve. This is
especially important when programmes are
scaled rapidly, financed from multiple sources or
continued after conditions have changed.

Importantly, the framework also changes the
tone of audit. In a punitive model, institutions
may hide problems and optimise
documentation. In a learning-oriented model,
transparent identification of delivery failure is
treated as a condition for correction, while fraud,
negligence and deliberate misrepresentation
remain subject to firm accountability. This
distinction matters for educators and local
managers  working under extraordinary
pressure. The audit should be rigorous, but its
recommendations should be operationally
realistic and proportionate to the risks faced.

necessary.

Several implementation challenges remain.
First, outcome data may be incomplete, delayed
or incomparable because learners move
between regions and countries. Second,
attribution is difficult: learning outcomes are
influenced by security, family circumstances,
health and prior educational experience. Third,
donor and government funding can create
fragmented accountability. Fourth, detailed
transparency may conflict with security. Fifth,
excessive indicators can shift staff attention from
teaching to reporting. These limitations do not
justify abandoning performance assessment;
they  require transparent  assumptions,
triangulation, materiality and a clearly stated

level of assurance. _ )
Ukraineos

Pilot implementation should therefore begin
with selected high-risk interventions. Suitable
cases include shelter investment, device
distribution,  catch-up  programmes  and
psychosocial support. Each pilot should test the
relevance of indicators, the cost of data
collection, the wusefulness of findings for
managers and the feasibility of follow-up.
Results should be discussed with auditors,
education authorities, teachers, learners and
communities. The framework can then be
refined before wider institutionalisation.

The approach is also relevant beyond
Ukraine. Armed conflict, climate emergencies,
pandemics and displacement increasingly
require education systems to operate under
repeated disruption. The specific risks differ, but
the governance lesson is similar: a resilient
system is not one that merely restores its
previous form. It learns, reallocates resources,
protects those at greatest risk and improves its
capacity to deliver education under uncertainty.

6. Conclusions

Performance auditing can strengthen public
education policy in wartime when it moves
beyond narrow expenditure compliance and
examines the relationship between resources,
services, outcomes and adaptive capacity. The
proposed 3E-R framework integrates economy,
efficiency and effectiveness with equity and
resilience. It treats safety, continuity, learning
recovery and psychosocial support as auditable
policy results rather than secondary
considerations.

For Ukraine, the framework offers a practical
response to the combination of large recovery
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needs, constrained financing and continuing

disruption. Its implementation requires a
manageable results chain, disaggregated
evidence, risk-based audit selection,

coordination among oversight bodies and a
credible follow-up process. The most important
shift is conceptual: audit should not only confirm
that public money was spent as authorised. It
should help answer whether the spending kept
education available, fair and capable of
surviving the next shock.

Future research should test the framework
through programme-level and local-government
pilot audits, compare indicators across
education levels, and examine how audit
recommendations affect actual resource
allocation and learning outcomes.
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Abstract . This paper analyses current trends
and characteristics of creating a barrier-free
virtual environment in the context of the
countryo6s digital
the rapid development of electronic services
simultaneously gives rise to the problem of the
digital divide, which significantly affects people
with disabilities and socially vulnerable groups.
The process of implementing international
WCAG standards in the Ukrainian context was
investigated.

It has been demonstrated that ensuring
universal access to the web resources of
government bodies and educational institutions
is critically important for raising the level of digital
literacy among citizens and guaranteeing equal
opportunities  for  acquiring  knowledge,
particularly during difficult wartime conditions. It
is emphasised that digital accessibility
significantly contributes to the resilience of the
Ukrainian education system and the realisation
of the principle of lifelong learning.

An assessment of official online platforms of
government bodies at various levels has been
carried out. Recommendations have been made
regarding a set of measures for the
transformation of public policy.

Keywords. digital inclusion, web accessibility,

digital literacy, lifelong learning, digital
transformation, e-governance, educational
resources.
1. Main text

In recent years, Ukraine has demonstrated
steady progress in global rankings concerning
the implementation of e-governance, the
accessibility of e-services to the public, and
overall digital transformation. These processes,
despite t he C O U hgtay yid
conditions of deep crisis (initially caused by the

t r&idction bof lcoRuptich,

COVID-19 pandemic, and now by full-scale

Russian aggression), are actively contributing to

the implementation of kefy Séstemic reforms, the
an

of the state. The problem of the constantly
growing number of people with disabilities is
becoming particularly acute, exacerbated by the
hostilities. In its pursuit of European integration,

PoJ yt ec hn iUgane has committed to building a society of

equal opportunities, guaranteeing all citizens
eqgual access to public services.

The government has set itself the ambitious
task of achieving maximum digital inclusion and
social digitalisation for all citizens, taking into

1 an sSFQYLIEY sulural. tecpriplogiea) and sogig

economic characteristics. However, despite
stat eds ntspiogress ini thisa area, a
substantial proportion of people with disabilities
still do not have equal access to electronic public
services.

At the same time, digital transformation
encompasses not only the sphere of public
services, but also the education system,
professional development and lifelong learning
for citizens. In the age of the information society,
the accessibility of digital resources is becoming
a key factor in building human capital, improving
the digital literacy of the population and ensuring
equal access to knowledge. This issue is
particularly relevant in wartime, when a
significant proportion of educational processes
take place remotely, using electronic platforms
and web resources.

Thus, the relevance of this study lies in a
comprehensive examination of the processes of
implementing digital inclusion within the
framewor k of
reform, particularly in ensuring the web
accessibility of internet resources of state
authorities and local self - government bodies for
people with disabilities. An analysis of best
practices in this field will enable the identification
of effective institutional approaches,
management mechanisms, educational and
digital tools that can be applied to improve and
enhance the inclusivity of the national public
services system by improving their web
accessibility.

2. Literature Review

TBer fgrm%tignga@qj development of digital
inclusion in Ukraine, particularly in the field of e-

governance, is the subject of lively academic

the MsRsforhafbod

Ukr ai nebds
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and practical debate. This is driven by the rapid
digital transformation of the public and education
sectors, as well as the need for public authorities
to adapt to international governance standards,
particularly those of the European Union.

Within the domestic academic community,
the issues of digital inclusion and web
accessibility in the public sector are being
researched by many scholars and practitioners.
For instance, 0.
theoretical foundations of digital inclusion and its
i mpact on the statebs
H. Davydenko conducts an in-depth analysis of
the problems of digital inclusion and accessibility
as aspects of social digitalisation [11]. Y. Samus
highlights key challenges and achievements in
the field of accessibility of government websites
in Ukraine in his publications [17].

V. Yegorov devotes his research to studying
the interrelationships between digital inclusion
and bridging the digital divide [13]. Also of
interest are the results of applied research in the
field of digital inclusion and web accessibility in
the public sector, available on the resources of
the World Wide Web Consortium and the
European Commission.

However, given the insufficient level of digital
i nclusion
need to adapt and implement EU experience,
particularly through lifelong learning, further
research in this area remains highly relevant.

The aim of this work is to analyse the current
state and specific features of the formation and
development of digital inclusion and web
accessibility in the
transformation. It also sets out to determine their
role in ensuring the accessibility of public
services, educational resources and
opportunities for lifelong learning.

Today, in an era of rapid development of
information and communication technologies,
the problem of digital inequality is becoming
increasingly acute, leading to a digital divide in
society. Professor G. Davydenko concluded that
addressing the problem of digital inequality
through the promotion of digital inclusion has
become highly relevant over the last decade and
is critical to achieving sustainable development
[11]. Therefore, when developing e-governance
systems in modern democratic states, the
comprehensive implementation of best practices

Krykl

i {govethkent and &hé s

in the field of digital accessibility must be a
prerequisite.

I n a broad sense,
guarantee of equal access to electronic
technologies, the Internet and online services for
every person, regardless of their physical or
mental abilities, place of residence or age. This
encompasses both the accessibility of web
resources and the use of assistive tools, as well

asyhé improweonenkof digietiterawy [h8E Digitah e

inclusion is defined as the ability of citizens to

6di

git

pantitipate activiely io the digiealcsociety 15}, At[ 1 4 ]

the same ti me,
focuses on the following aspects: the ability of
individuals and communities to use ICT; the
ultimate goals of digital inclusion, which are to
engage people and communities in various
spheres of the information society and to benefit
from this; preventing digital divides and/or
discrimination in the digital sphere; as well as
civic or political activities aimed at ensuring an
adequate level of digital inclusion [14].

In general, the following key components and
objectives of digital inclusion are commonly
identified: Web Accessibility: the creation of
content, interfaces and applications that can be
used by people with disabilities (visual, hearing,
speech); Support tools: the development of
appfications for alternative communication;
Socialisation and economic participation:
technologies help integrate people with speech
impairments or autism spectrum disorders into
active social and economic life; Bridging the
digital divide: ensuring access to digital public
services, education and remote work for all
Sectlons of the pop%ulatl?PllSl] 513] IL19] ~ q

Thus, digital inclusion aims to eliminate
discrimination and foster a culture in modern
society where every person has equal
opportunities in the digital space. As recent
research shows, in many countries around the
world, including Ukraine, there are still a number
of barriers to achieving full digital inclusion for
people with disabilities (due to physical
disability, old age, mental health conditions,
etc.).

In 1999, the World Wide Web Consortium
(W3C) first published the Web Content
Accessibility Guidelines (WCAG) [4]. Within the
WCAG framework, there is a dedicated initiative
responsible for accessibility and the direct
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developer of the aforementioned Guidelines
(WAI'T Web Accessibility Initiative) [2].

WCAG is a recognised international standard
that describes the requirements for the
accessibility of websites and services. It is used
by governments in various countries, including
Ukraine, and serves as the basis for ensuring
digital inclusion in e-government worldwide. The
current standard is WCAG 2.2, which is the
fourth version since 1999 and incorporates the
experience of all previous standards.

The WCAG web accessibility standard is
based on four key principles (POUR), which
define how content on websites should be
presented to ensure maximum accessibility,
particularly for people with disabilities:

1. Perceptibility: Information and the
interface must be presented in such a way that
all users can perceive them adequately,
regardless of their physical abilities.

2. Usability: The interface must be user-
friendly and accessible through various means
of interaction.

3. Comprehensibility:
and functionality must be clear and logical.

4, Reliability: The we
technically sound and compatible with various
technologies [3].

Adherence to these principles guarantees the
long-term accessibility of public electronic
services, ensuring they are easy to use
regardl ess of t he
This is why the EU has developed a
corresponding regulatory framework governing
general accessibility, as well as issues of digital
inclusion in public services, particularly
regarding WCAG web accessibility. Ukraine is
also taking steps to implement the relevant EU
legislation.

I n 2016, Directive
accessibility of publ i
and mobil e
EU, and the European Accessibility Act

(Directive 2019/882) has been in force since
2019. In particular, the European Commission
has  tasked European standardisation
organisations, such as CEN, CENELEC and
ETSI, with developing and implementing
accessibility standards. Standards in the field of

user

I CT include Mandat e
which led to the adoption of the European
standard EN 301 549 (European standard for
ICT accessibility), which came into force in June
2025 [1].

In this context, the interconnection between
digital inclusion and the concept of lifelong
learning is highly relevant, as the digital
transformation of society is significantly
changing approaches to knowledge acquisition,
professional development and continuous
l earning. I n today®6bs
regarded as one of the key competencies
required for effective participation in economic,
social and educational life [20].

This issue takes on particular significance in
Ukraine amidst a full-scale war. Some
educational programmes, professional
development courses, vocational training and
retraining are delivered via digital platforms, e-
libraries, distance learning courses and other
web resources. Under such conditions, web
accessibility becomes not only a matter of user
comfort but also a crucial prerequisite for
realising the right to education for all sections of

Tihegopyjalionsinclydingeople yith disaiifes
internally displaced persons and older people
[21].

bsiteds _c__on} ent must b

Web accessibility of educational resources

enables the use of alternative formats for
presenting information, screen-reading
technologies, subtitling of learning materials,
adaptive navigation and other user support
tools. Compliance of digital resources with

376

wor |

BVEAGt pripciplasi ellgws ferad Sipnificantt i e s .

increase in the inclusivity of the educational
environment and broader access to knowledge

[2], [3], [3]-

The concept of lifelong learning, which is
actively supported by the EU, involves the
continuous wupdating
and skills throughout their life [22]. The

smplengentation @fzhis cgneept depengsdirectly

of

a

on thes tevelp of dipitgl dlite@ey pamapg the i t e s

resources. This is precisely why the
development of digital inclusion must
encompass not only the sphere of e-

governance, but also the education sector, the
vocational training system and the professional
development of the adult population.
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Thus, digital inclusion and web accessibility
are key factors in ensuring the sustainability of
Ukraineds educati on
human capital, and the promotion of lifelong
learning in the face of contemporary crises.

It is worth noting that since the establishment
of the Ministry of Digital Transformation of
Ukraine in 2019, the issue of achieving a high
level of accessibility to public digital services for
all sections of the population has become one of
the priority areas of its development. Thus, in
2022, Ukraine adopted the national standard
DSTU EN 301 549:2022 (EN 301 549 V3.2.1

(2021-0 3) , | DT)
Requirements for the accessibility of ICT
product s and

translated and identical version of the European
standard EN 301 549 Vv3.2.1 (2021 - 03) (English
ver si on)
products and
EU Directive 2016/2102. This document
regulates the WCAG 2.1 methodology in
Ukraine [10]. This is enshrined in law by
Resolution of the Cabinet of Ministers of Ukraine
No. 757 of 21 July
regarding the accessibility of information and
communication systems an documents in
el ectronic formob
dr aft l aw AON
being finalised.

Digital

A key aspect for the implementation of digital
inclusion of citizens in the sphere of public
services is the continuous training and
development of staff in state and local
government bodies. At the end of 2024, thanks
to cooperation between the Ministry of Digital
Transformation, the UNDP programme and the
Swedish government, the Centre of Excellence
for Digital Accessibility was launched. Its main
task is to conduct training for public sector
specialists with the aim of ensuring the
inclusivity of electronic resources and services
for all Ukrainians. An important outcome of the
Centre of Competenced
fostering of a culture of digital accessibility
among developers of electronic resources,
public sector employees and educators.
Disseminating knowledge about the principles of
web accessibility helps to raise digital literacy
levels and create an inclusive digital
environment for t he
professional development [16].

6Accessi bil it ypointy dog uaccessibiigy n in s2025 0[9].
servi ces 0,congarison, m 202407 websitephhdiadigh level t h

[thaetHe .

po

Currently, the  Ministry of Digital
Transformation conducts annual monitoring of

2025, 100 such websites were assessed. The
assessment was based on checking 10 key
parameters in line with the WCAG 2.1 standard:
text descriptions for non-text content; headings
and their hierarchy; text contrast; the ability to
change text size; keyboard accessibility;
keyboard focus; page title; page language;
navigation (repeatable blocks); responsiveness

[5].

Overall, 52 out of 100 tested websites

61 nf or mademoostrated & sffickemt orlhighglgvel of basic

accessibility. At the same time, the number of

decreased i from 76 in 2024 to 48 in 2025. 16
websites received the maximum possible 10

By

of web accessibility, 17 had a sufficient level,
and almost half (55) had a moderate level of
accessibility [17]. A steady increase in web
accessibility was observed between 2022 and

2 00253 Taus,e rthea iMinistry s af u @mital
programme,

Transformationés
development, consultancy and training, is
prowing its selevanee ahdheffeatiseheissn g

Accessibilityo is cur
In 2025, the accessibility of mobile apps was

analysed for the first time. Two versions of the
five most popular apps for Android and iOS i
6Diyad, o6State
60My Tax Ser vi t wede assasded
against 10 key criteria. Only 20% of them
achieved a high level of accessibility, scoring
nine out of ten. A further 20% had only a low
level of accessibility, scoring just three out of ten

9.

In 2025, Ukrainians most frequently used the
services of the state e-services app and web
por t al 48% [whi¢hGs 6% more compared
to 2024). Other popular services in 2025

s Inquded:j paid taccess 1o inforrpafiog ofrom

government registers or digital extracts from
them (15%), as well as services relating to
pensions (15%), personal transport (13%),
obtaining subsidies (12%) and tax matters
(12%) [7].

dn agd{'ti(?notrheé)rgblem %f gmpﬁyfmﬁ for a
gignilficant proportion of people with disabllities,
particularly the blind, remains unresolved. On
the one hand, there are few remaining
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enterprises in Ukraine where such individuals
can work, and modern entrepreneurs lack the
necessary knowledge and equipment; on the
other hand, there is a shortage of specialised
vocational training programmes that have a
direct link with employers. Consequently, the
majority of such individuals are unemployed and
receive a minimal income in the form of a
disability pension. In addition, there is also a
technical problem in this area 1 the inability of
most blind people to purchase suitable computer
equipment (a laptop or personal computer) due
to a lack of funds. It should be noted that
Ukrainian legislation already provides for
compensation mechanisms for people with
disabilities to purchase technica | and other
rehabilitation aids (Resolution of the Cabinet of
Ministers of Ukraine No. 321 of 5 April 2012).
However, under this scheme, the most one can
purchase is a mobile phone. This significantly
reduces such indiuvi
resources, and most importantly, to receive
educational services via electronic platforms.
Consequently, it is proposed to amend the
relevant Resolution and provide for the
possibility of compensation for the purchase of a
computer or laptop (even a second-hand one,
but with a warranty).

3. Conclusions

The results of the analysis of the
implementation of digital inclusion in Ukraine

indicate that there has been a steady
improvement in its level in recent years,
particularly in terms of ensuring web

accessibility of electronic resources of state
authorities and local self-government bodies for
people with disabilities. The main body in this
area is the Ministry of Digital Transformation of
Ukraine. The situation with government
websites is significantly better. As for maobile
applications, only 20% of them meet the
requirements to a sufficient standard.

It is important that Ukraine is developing its
digital inclusion programmes based on the Web
Content Accessibility Guidelines (WCAG)
international standard, relevant EU standards
and legislation. The issue of implementing digital
inclusion at the local government level remains
unresolved. Digital accessibility should already
be actively implemented in the non-
governmental sector, and relevant educational
programmes (for people with disabilities,
government officials, and employer

dual

representatives) should be developed and
promoted.

The findings indicate that digital inclusion and
web accessibility today extend beyond the realm
of e-governance alone. They are becoming
essential prerequisites for ensuring access to
education, fostering digital literacy among the
population, and realising the concept of lifelong
l earning. I n the
post-war recovery, the accessibility of digital
educational resources is of strategic importance
for sustaining the resilience of the education
system and the development of human capital in
general.

The research conducted allows us to
formulate the following recommendations:

1) standardise accessibility
JntrodLé1 at national
S Qonfpl

and mobile applications across all central

standards by
level, mandatory

and local government bodies, and
subsequently in the non-governmental
sector;

2) develop official nationwide accessibility
guidelines in accordance with the
requirements of the European Accessibility
Act (EAA) for integration into Ukrainian
legislation;

3) improve the web accessibility of mobile
services, ensuring a high level of
accessibility for people with disabilities;

4) organise ongoing digital literacy training by
introducing special courses for people with
disabilities;

5) expand programmes to develop digital
literacy among the population and support
lifelong learning by creating accessible
online courses and digital educational
resources (for people with disabilities, public
authorities and employers);

6) ensure the accessibility of public and
educational digital platforms in accordance
with WCAG web accessibility guidelines to
support continuous learning for various
sections of the population;

7) continuously update training programmes for
civil servants to ensure ongoing monitoring
of the accessibility of their digital resources;

100
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8) conduct regular monitoring and evaluation of
the web accessibility of websites and mobile
applications for compliance with WCAG and
EU standards;

9) design new digital services based on the
principle of inclusivity;

10)review compensation mechanisms for
technical equipment purchased by people
with disabilities.
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Abstract . Biodiversity plays a critical role in
sustaining atmospheric oxygen levels, yet its
contribution to this fundamental life-supporting
function remains underappreciated in global
environmental policy and ecological valuation.
This study provides a conceptual and analytical
framework for evaluating the oxygen production
function of biodiversity as an essential
ecosystem service. Drawing on interdisciplinary
data from plant physiology, ecosystem
modeling, and global biogeochemical cycles, we
assess the contribution of terrestrial and aquatic
biodiversity 17  particularly  photosynthetic
organisms such as phytoplankton, macroalgae,
and forest biomes 1 to atmospheric oxygen
renewal. We identify key biodiversity
components and functional groups that underpin
oxygen generation and explore how
anthropogenic pressures, including habitat
degradation, climate change, and biodiversity
loss, threaten this capacity. The findings
underscore the urgent need to integrate oxygen-
related functions into biodiversity conservation
strategies and environmental accounting
systems. By foregrounding the oxygen
production function of biodiversity, we highlight
its pivotal role not only in sustaining life on Earth
but also in securing long-term planetary health
and human well-being. This perspective
supports a paradigm shift in how biodiversity is
valued i beyond species richness i to include
its indispensable regulatory and life-supporting
functions for the global community.

€N C €RJell est

stems; planetary health; climate changes.
1. Introduction

Oxygen is an essential component of Earth's
atmosphere, sustaining aerobic life forms and
regulating biogeochemical processes vital for
climate stability and planetary health. While the
process of photosynthesis T particularly its role
in generating atmospheric gxygen i has been

Koliohed fordidkades (FRKovRKI e al,
2008), the biological diversity underpinning and
maintaining this function remains undervalued in
environmental science, economics, and policy.
Biodiversity, particularly the variety of
photosynthetic organisms such as terrestrial
plants, macroalgae, and marine phytoplankton,
serves as the engine of atmospheric oxygen
production. However, the degradation of
biodiversity due to anthropogenic pressures
directly jeopardizes the stability of this life-
supporting function.

It is estimated that approximately 507 80% of
the oxygen produced annually originates from
marine phytoplankton (Field et al., 1998; Sarthou
et al., 2005), while the remaining share is largely
attributable to terrestrial forests and wetland
ecosystems (Beer et al., 2010). These systems
are not merely carbon sinks or habitats but active
contributors to global atmospheric equilibrium.
The loss of biodiversity 7 through deforestation,
land-use change, eutrophication, and climate-
driven ocean deoxygenation T disrupts the
delicate balance required to sustain oxygen levels
(IPBES, 2019; Diaz & Rosenberg, 2008).

Recent scholarship has begun to highlight the
critical role of functional biodiversity in
maintaining Earth system processes (Mace et
al., 2012; Cardinale et al., 2012). However, key
ecosystem services like oxygen production have
received disproportionately less attention
compared to provisioning or cultural services in
major assessments such as the Millennium
Ecosystem Assessment (MEA, 2005) and
subsequent Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem
Services (IPBES) reports. This gap persists
despite clear warnings that crossing biospheric
boundariesd such as biodiversity loss and
climate destabilizationd could undermine the
oxygen-generating capacity of natural systems
(Steffen et al., 2015).
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Moreover, the planetary oxygen budget is not
static; it is sensitive to feedback loops involving
global warming, acidification, and nutrient
loading (Breitburg et al., 2018). For example,
ocean warming reduces oxygen solubility and
alters  stratification patterns, impairing
phytoplankton productivity (Boyd et al., 2013).
Similarly, deforestation not only reduces the
oxygen produced by terrestrial photosynthesis
but also accelerates carbon release,
compounding atmospheric instability (Pan et al.,
2011).

Despite mounting
role in regulating atmospheric oxygen is rarely
included in national accounting systems, global
sustainability indicators, or conservation finance
mechanisms. As biodiversity continues to
decline at unprecedented rates, recognizing and
guantifying its oxygen production function
becomes an urgent scientific and policy priority.

This article aims to examine the contribution
of biodiversity to the production and
maintenance of atmaospheric oxygen as a critical
ecosystem service. By synthesizing evidence
across ecological, physiological, and
geochemical domains, we seek to highlight the
mechanisms  through  which  biodiversity
supports life-sustaining oxygen levels, and to
propose pathways for embedding this function
into environmental assessment and
conservation policy.

2. Main part

Our analysis shows that terrestrial and
marine  ecosystems  collectively  produce
approximately 5301 560 Pg OF annually, with
marine phytoplankton contributing ~52%, and
terrestrial vegetation ~48% of total atmospheric
oxygen generation. The highest terrestrial
oxygen outputs were observed in tropical
rainforests (Amazon, Congo, Southeast Asia)
and boreal forests, with mean gross oxygen
production (GOP) values exceeding 2500 g OF
mad yrad. In contrast, arid and semi-arid biomes
showed the lowest GOP, often below 500 g OF
mad yrad.

Oceanic GOP was greatest in equatorial
upwelling zones, such as the Eastern Pacific
and the Benguela Current, with annual
productivity above 3000 g OF ma yrad, driven by
dense phytoplankton blooms (see Table 1).
Coastal ecosystems with high chlorophyll-a

e v i datont e ,

concentrations i especially estuaries and
mangroves 1 also displayed elevated oxygen
outputs.

Sensitivity to Biodiversity Loss. Scenario
modeling of biodiversity decline yielded the
following key findings: A 25% reduction in
photosynthetic species richness resulted in an
average 12.4% decline in global GOP, with
losses unevenly distributed across biomes. In
tropical forests, the loss of functionally dominant
canopy species reduced oxygen production by
up to 18.7%. In marine systems, shifts from
tob i o ayanebactesaidominated
communities under nutrient stress led to a 14i
19% drop in modeled oxygen output per unit
chlorophyll.

Monte Carlo simulations confirmed the
robustness of these results, with 95%
confidence intervals falling within +2.8% of the
mean GOP change under each scenario (Table
1).

Critical Ecosystems and Oxygen Hotspots.
Mapping of global oxygen hotspots identified the
following ecosystems as the most significant
contributors per unit area:

Tablel. Sour ces: aut hor 6s
6; 7; 14; 15; 22; 31; 33; 36; 37; 50]

Contribution to
Global GOP (%)

Ecosystem Type

Mean GOP (g OF
mad yro)

Tropical Rainforest 2780 24.5
Boreal Forest 1980 12.8
Coastal 3050 18.6
Phytoplankton
Oceanic Upwelling 3250 21.7
Zones
Wetlands and 2140 6.9
Peatlands
Oxygen Stability under Climate and
Biodiversity Stressors. In integrated
biodiversityi climate stress scenarios, GOP
declined more steeply under combined

pressures than under either stressor alone.
Under SSP5-8.5 and 50% biodiversity loss,
projected GOP fell by up to 27% by 2100, with
the most vulnerable regions being Amazonia,
the Congo Basin, and Indo-Pacific coral reef
zones. These findings highlight the potential
compounding effects of warming, land-use
change, and species extinction on oxygen
provisioning.
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3. Conclusions

The following conclusions were formed as a
result of the conducted research. This study
provides quantitative evidence that biodiversity
plays a fundamental and measurable role in
sustaining the global oxygen cycle, positioning it
as a critical ecosystem service vital to the
survival of the planetary biosphere. Our key
conclusions are as follows:

1.Biodiversity Strongly Correlates with
Oxygen Production: Across both terrestrial and
marine ecosystems, higher taxonomic and
functional diversity significantly enhances gross
oxygen production (GOP), explaining over 60%
of its spatial variability in some biomes.
Biodiverse regions not only host more species
but also maintain more stable and elevated rates
of atmospheric oxygen generation.

2.High-Output  Ecosystems Are Also
Biodiversity Hotspots: Tropical rainforests,
boreal forests, oceanic upwelling zones, and
coastal phytoplankton-rich areas emerge as
dual oxygen and biodiversity hotspots. These
ecosystems contribute disproportionately to
global GOP while also supporting high species
richness and ecological functionality.

3.Biodiversity Loss Has Measurable Impacts
on Atmospheric Oxygen: Simulated declines in
species richness, particularly among
photosynthetically dominant taxa, result in
substantial decreases in oxygen output. These
effects are magnified in sensitive ecosystems
such as tropical forests and nutrient-variable
marine zones.

4.Synergistic Threats Compound Oxygen
Instability: ~ Under  scenarios  combining
biodiversity loss and climate stress (e.g., SSP5-
8.5), declines in GOP are more severe and
widespread, with up to 27% reduction projected
by 2100 in vulnerable regions. This suggests
that oxygen provisioning is not only ecologically
fragile but increasingly threatened by
anthropogenic pressures.

5.Policy and Conservation Implications:
Safeguarding biodiversity is not solely an ethical
or conservationist priority 1 it is essential to the
atmospheric life-support functions upon which
human civilization depends. Integrating oxygen
function metrics into conservation planning and
environmental accounting could provide a
compelling rationale for preserving biologically

rich ecosystems under growing climate and
land-use stress.

As global biodiversity continues to erode, so
too does a cornerstone of planetary habitability:
the oxygen production function. Future
strategies for sustainability must explicitly
account for this invisible, but vital, service i
linking species survival to atmospheric
resilience and, ultimately, to human well-being.
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Abstract . This article examines the role of e-
democracy as a tool for enhancing civic
participation at the local level. It analyzes key
digital tools, such as e-petitions, open data, and
online consultations, as well as their impact on
the transparency and accountability of local
governments. Special attention is given to the
legal framework for the development of e-
democracy in Ukraine and to European
standards. The article highlights the benefits and
challenges of implementing digital tools for
participation in community governance.
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1. Introduction

I n todayo6s
technologies have a significant impact on all
areas of life, particularly on the system of public
administration and Ci
government agencies. One of the outcomes of
the digital transformation has been the
emergence and development of e-democracy,
which aims to engage citizens in decision-
making processes through the use of modern
information and communication technologies.

E-democracy is viewed as a key mechanism
for improving democratic processes, as it

ensures government openness, promotes
transparency in government activities, and
creates new  opportunities  for  public

participation. The use of digital tools enables
citizens to access information more quickly,
express their views on issues of public
importance, and participate in shaping local

policy [1].

E-democracy takes on particular significance
at the local level, where interaction between the
government and the community is most direct. It
is local governments that have the ability to
promptly address
them in solving pressing issues related to
regional development. Therefore, studying the
role of e-democracy as a tool for fostering civic

participation is relevant from both a theoretical
and a practical perspective.

2. Theoretical Foundations of
E-Democracy

E-democracy is a modern form of
implementing democratic principles through
digital technologies. It encompasses a wide
range of mechanisms that enable citizens to
participate in the political and administrative life
of the state. Unlike traditional forms of
participation, e-democracy allows for the
overcoming of time and space constraints,
making the process of communication between
citizens and the government more accessible
and efficient.

The primary goal of e-democracy is to ensure
effective dialogue between society and the
state, as well as to increase citizen participation
in governance decisions. Thanks to the use of
digital technologies, citizens can not only access
information about the activities of government
agencies but also actively influence the
development of national and local policies [1].

i nfor mat i o@ouncisotEarope doguments dmplasize that

the development of e-democracy must be based
on the principles of openness, accessibility,

aceoentalsilify, andn thee pratection of hhamanwi t h

rights [2]. This means that digital tools should not
replace traditional democratic mechanisms, but
rather complement them, creating additional
opportunities for citizen participation.

An important prerequisite for the functioning
of edemocracy i s ensur i
access information. In Ukraine, this right is
guaranteed by the Law
t o Publ i c I nf or mat i
information allows citizens to exercise public
oversight over the activities of government
bodies and increases their trust in state
institutions.

3. E-democracy tools at the local level

At the current stage of local self-government
development in Ukraine, a wide range of e-
democracy tools is being used. One of the most
popular and effective mechanisms is electronic
petitions. They allow citizens to draw the

r esi detientoroof govermrdent auihardies to issues|ol e

public importance and to initiate their

consideration [5].
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Online petitions help boost civic engagement
by giving people the opportunity to directly
influence the
a petition, citizens simply need to use the online
plattorm and verify their identity. This
mechanism is more accessible than traditional
forms of petitioning.

Public consultations also play a key role
among the tools of e-democracy. They involve
discussions of draft decisions, regional
development programs, and other documents of
public interest. This allows local governments to
take resident s otwkenh making
administrative decisions.

Another important area is the use of official
web portals operated by local governments.
These resources provide access to information
about government activities, laws and
regulations, budget documents, and e-services.
This helps increase the transparency of local
government operations and facilitates more
effective communication with citizens.

The expansion of electronic services also has
a positive impact on the quality of administrative
services. Thanks to digital technologies, citizens
can submit applications, obtain certificates, and
carry out other administrative procedures
remotely, which significantly saves time and
resources.

4. Legal Framework for E -Democracy
in Ukrain e

The development of e-democracy in Ukraine
is based on the relevant legal framework. The
foundational document is the Constitution of
Ukraine, which guarantees citizens the right to
participate in the management of public affairs
and to exercise oversight over the activities of
government bodies [6].

The Law of Ukraine nAOn_ Access to Public
I nformationo plays a k egl Researclersjalgo pomteoutt thenrisk 6f &ni n g
digital mechanisms, as it ensures the democracy tools being used merely as a

transparency of the activities of state and local
government bodies [3]. The exercise of this right
creates the conditions for the development of
public oversight and increased government
accountability.

Equally i mportant i s
Electronic Documents and Electronic Document
Managemento [ 4], whi ch
framework for the use of electronic documents

government 0s

t he

and facilitates electronic interaction between
citizens and government agencies.

agenda. To suppor
In  addition to national legislation,

international standards and recommendations
from the Council of Europe have a significant
impact on the development of e-democracy in
Ukraine [2]. They promote the adoption of best
European practices in the areas of digital
governance and civic participation.

5. The Benefits and Challenges of
E-Democracy

nto accoun
The implementation of e-democracy offers a

number of benefits for citizens and government
agencies. First and foremost, it increases the
openness and transparency of administrative
processes. Citizens gain greater opportunities to
access information and participate in decision-
making.

E-democracy also contributes to the
development of civil society, as it encourages
public engagement and fosters a sense of
responsibility toward addressing social issues.
Digital tools facilitate the rapid exchange of
information and enable a swift response to
pressing challenges.

At the same time, there are certain
challenges and risks. One of the main issues
remains the digital divide, which manifests itself
in varying levels of access to the internet and
digital technologies among citizens. This is
particularly true for residents of rural areas and
certain social groups.

Ensuring cybersecurity and data protection
also poses a significant challenge. The use of
electronic services requires reliable
mechanisms for protecting personal data and
preventing unauthorized access to information
resources.

formality, where public opinion is gathered but
not sufficiently taken into account in the
decision-making process [2]. Therefore, an
important goal is to ensure that citizens have a
real influence on the activities of government
bodies.

of Ukr ai i Oon

Law ne

establishes the | egal
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6. Conclusions [6] The Constitution of Ukraine. The Official

Website of the Ukrainian Parliament. URL:

E-democracy is a key component of the https://zakon.rada.gov.ua/laws/show/en/254
development of a modern democratic society %D0%BA/96-%D0%B2%D1%80

and effective local self-government. Its
implementation helps expand opportunities for
civic participation, increase the transparency of
government activities, and strengthen trust
between the government and the community.

Ukraine has already established the
necessary legal framework for the development
of e-democracy, and digital tools for engaging
with citizens are being actively implemented. At
the same time, further development in this area
requires  improvements to the digital
infrastructur e, an increase in the populationbs
digital literacy, and the assurance of an
adequate level of information security.

Thus, e-democracy is not only a modern
technological phenomenon but also an
important mechanism for improving the
effectiveness of public administration and
fostering the development of civil society in
Ukraine.
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Abstract . The article analyzes the criteria and
indicators of professional communicative
competence of future officers of the Naval
Forces of the Armed Forces of Ukraine.

Particular attention has been paid to the
definition and substantiation of criteria and
indicators that can be used to assess the level
of professional communicative competence
formation.

The article emphasizes the importance of
integrating communicative  training  into
professional  military  education  through
innovative teaching methods, simulation-based
learning, communicative tasks, and the use of
digital technologies.

The results of the study contribute to improving
the quality of professional training of future
officers of the Naval Forces of the Armed Forces
of Ukraine and support the implementation of
competence-based approaches in military
higher education institutions.

Keywords. professional  communicative
competence, future naval officers, military
education, communicative skills, professional
training, criteria, indicators, NATO standards,
foreign language competence, Armed Forces of
Ukraine.

In order to diagnose the level of formation of
professional communicative competence of
future officers of the Navy of the Armed Forces
of Ukraine at different stages of the study, it is
necessary to determine a scientifically
substantiated system of criteria  and
corresponding indicators of its formation. This
will provide a quantitative and qualitative
assessment of the dynamics of the development
of professional communicative competence in
the educational process of higher educational

institutions and create a methodological basis
for conducting research and experimental work.

The aim of the research is to determine the
criteria.  and indicators of formation of
professional communicative competence of
future officers of the Navy of the Armed Forces
of Ukraine

A substantiated selection of criteria and
indicators should be based on the components
of competence (cognitive, operational-activity,
social-psychological, motivational-value,
reflective-regulatory) and reflect both the
content and procedural-result aspects of the
professional communicative activity of future
officers of the Navy of the Armed Forces of
Ukraine.

Taking into account the specifics of the
military-professional training of future officers of
the Navy of the Armed Forces of Ukraine in the
Military-Technical Institute, the system of criteria
and indicators should reflect the requirements of
service and combat activities, the peculiarities of
interpersonal and interdepartmental interaction
in a specific professional environment, as well
as increased requirements for speech accuracy,
normativity and responsibility for communicative
decisions. This necessitates the combination of
guantitative assessment procedures with a
gualitative interpretation of the levels of
formation of the studied competence.

The procedure for determining the criteria,
indicators and levels of formation of professional
communicative competence of future officers of
the Navy of the Armed Forces of Ukraine should
be constructed as a step-by-step scientifically
substantiated process that provides a logical
connection between the theoretical model of
competence and its empirical diagnostics.

At the theoretical and analytical stage, it is
advisable to generalize scientific approaches to
the criteria of professional communicative
competence, taking into account the identified
components  (cognitive, operational-activity,
socio-psychological, motivational-value,
reflective-regulatory) and determine their
diagnostically significant manifestations.

The design stage involves formulating criteria
and defining a system of indicators for each of
them that meet the requirements of
operationalization, observability, measurability
and professional relevance. At the same time, it
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is necessary to select methods for collecting
empirical data (testing, questionnaires, expert
evaluation, analysis of the results of cadets'
activities, situational tasks), which ensure the

At the same time, studies devoted to the
professional training of future officers
emphasize the need to adapt general
pedagogical approaches to the conditions of

receipt of quantitative and qualitative  military-professional activity. Researchers |.
parameters. Bl oshchynsky [ 1; 77 82]
Yagupo v , S. Zhembrovsky [ 7;
At the expert verification stage, asarule,the | j sni chenko [ 9; 8 9], S. F
content validity of the proposed system is 2237 0. Kravchenko [ 6; 17

checked by involving an expert group and the
consistency of expert judgments.

The level-diagnostic  stage  involves
establishing a scale of levels of competence
formation (for example, high, sufficient, medium,
low) and developing their qualitative descriptors
and quantitative limits.

The final testing and correction stage
consists of pilot application of diagnostic tools in
the educational process of higher educational
institutions, checking its reliability and
discriminativeness, and further refining the
system of criteria, indicators, and levels.

The implementation of such a procedure
ensures the methodological validity of
diagnostics and creates an appropriate basis for
further research and experimental work.

As for the first (theoretical and analytical)
stage, the results of the generalization of
scientific works have shown the presence of
different approaches to determining the criteria,
indicators and levels of formation of professional
communicative competence. At the same time,
the analysis of the studies gives grounds to
assert that, despite the variability of the authors’
positions, a common methodological logic has
been established in pedagogical theory,
according to which the criteria should
correspond to the structure of the competence
under study, and the indicators should specify its
component manifestations. In particular, in the

works of O. Lazarev [ 8;
[ 3; 59 65.], N . Zuenko
69.]1, T. DroadNd [K2a;l alsthhi

67.] substantiated the expediency of the
criterion-level approach and emphasized that
the content of the criteria should reflect the
internal structure of competence and ensure its
operationalization. The authors emphasize the
need to select observable and measurable
indicators that represent cognitive, performance,
and personal aspects of preparedness.

that the system of criteria and indicators should
take into account the regulated nature of official
communication, managerial interaction and the
officer's increased responsibility for
communicative decisions.

Taking into account the results of the analysis
conducted in the study, we adhere to the
approach according to which the criteria for the
formation of professional communicative
competence of future officers of the Navy of the
Armed Forces of Ukraine should directly
correlate with its structure, and the system of
indicators  should reflect  diagnostically
significant manifestations of each component.
Such a methodological position ensures internal
consistency of diagnostics and creates a basis
for a substantiated determination of the levels of
formation of the studied competence.

In accordance with the logic of the design
stage and taking into account the structure of
professional communicative competence of
future officers of the Navy of the Armed Forces
of Ukraine, defined in subsection 3.1, criteria
have been formulated and a system of main
indicators has been outlined for each of them.
Their selection was based on the requirement of
content compliance with the component
structure of competence, which ensures its
correct operationalization and subsequent
empirical measurement.

The content of the criteria specifies the

reI nts of ¢ mpe nce (cognitive,
|r2\cﬁ3§ S é dickiova
rﬂ%é IQ?;?AI v rPeﬂect‘?/ r@gul

It

éators ect diagnostically S|gn|f|cant
manifestations of the readiness of future officers
for professional communicative activity in the
naval environment. Their determination was
carried out taking into account observability,
measurability, professional relevance and
compliance with the requirements of service and
combat activity.
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An important condition for the development of
the diagnostic toolkit was the combination of
guantitative and qualitative methods of
collecting empirical data. This approach allows
not only to record the level of formation of
individual skills and qualities, but also to
interpret the features of their manifestation in
typical and complex conditions of professional
activity. For this purpose, a complex of
complementary methods was used: testing,
guestionnaires, expert evaluation, analysis of
the results of educational and professional
activity of cadets, situational modeling and
observation.

The proposed system covers five interrelated
criteria - normative-knowledge, communicative-
activity, psychological-management,
professional-value and communicative-
regulatory. Each of them represents a separate
dimension of the professional communicative
preparedness of a future officer of the Navy of
the Armed Forces of Ukraine and corresponds
in content to the corresponding component of
competence. This approach provides a holistic
coverage of cognitive, activity, personal and
reflective  manifestations of professional
communication.

For each criterion, a system of indicators and
diagnostic indicators of their manifestation is
specified, which creates the necessary
conditions for objective measurement of the
studied competence. The selection of methods
is complex and involves a combination of test,
scoring, expert, behavioral and reflective
procedures. Such methodological integration
increases the validity and reliability of
diagnostics, provides a multidimensional
assessment of the formation of professional
communicative competence, and forms the
basis for further determination of the levels of its
formation within the framework of research and
experimental work.
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Abstract . The article examines the impact of a
full-scale war on the scientific human capital of
Ukraine. The main risks for the scientific sphere
are analyzed, in particular, the forced migration
of scientists, the reduction of the human
resources potential of scientific institutions, the
reduction of research funding, and the increase
in competition for highly qualified personnel on
the international labor market. Modern
mechanisms of state support for science and
international  scientific ~ cooperation  are
considered. Strategic directions for the
preservation and restoration of the scientific
human capital of Ukraine in the context of post-
war development are substantiated. A set of
measures aimed at increasing the stability of the
scientific system and ensuring its
competitiveness is proposed.

Keywords. Gross domestic expenditure on
research and development, human capital,
recovery strategies, scientific potential.

The full-scale war has become an
unprecedented challenge for the scientific
system of Ukraine, causing not only direct
losses of scientific infrastructure, but also a
large-scale reduction in the human capital of
science. The destruction of scientific institutions,
laboratories and research equipment is
accompanied by the forced migration of
scientists, the relocation of higher education
institutions and scientific organizations, as well
as a decrease in the amount of funding for
research and development. Taken together,
these processes create risks of long-term
degradation of the state's scientific potential, a
decrease in the ability to create new knowledge
and a weakening of Ukraine's innovative
competitiveness in the post-war period.

The creation of strategic solutions targeted at
protecting and replenishing scientific talent
capital becomes even more crucial in such
circumstances. Priority areas include expanding
international scientific cooperation, modernizing
and rebuilding research infrastructure,
supporting programs for the return of Ukrainian

scientists from foreign countries, guaranteeing
steady funding for scientific endeavors, and
integrating Ukrainian research space into the
European research space. The restoration of
Ukraine's scientific capacity and the creation of
a innovative post-war development model
depend on the systematic application of such
methods.

The data presented in Table 1 indicate the
formation of a complex of interrelated threats to
Ukraine's scientific potential: reduction of human
resources, destruction of the material and
technical base, and reduction in funding for
research and development. In the context of
post-war reconstruction, this emphasizes the
necessity of creating strategic procedures for
the preservation and restoration of scientific
human capital.

Table 1. Impact of the War on Ukraine's
Scientific and Research Potential

Indicator Value

approximately 107

Researchers forced to relocate
15% of researchers

internally or abroad

29.4% of research
institutions

Research institutions affected
by physical damage

more than 40
institutions

Relocated higher education
and research institutions since
2014

Damaged or destroyed
educational and research
infrastructure facilities

1,443 facilities

more than USD
1.26 billion

Estimated cost of restoring
scientific infrastructure

Financial support for Ukrainian EUR 10 million
researchers under the
MSCA4Ukraine programme

(2025)

Note:

Source: compiled by the author based on
official and analytical data from the State
Statistics Service of Ukraine [1], UNESCO
Institute for Statistics (UIS) [2], the Ministry of
Education and Science of Ukraine, Science at
Risk initiative [3], RDNA reports [4] and the
European Commission (MSCA4Ukraine) [5].

A feature of the current situation is that
Ukraine faces not only the risk of "brain drain”,
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but also the threat of losing the institutional
memory of science due to the destruction of
research teams and infrastructure.

At the same time, to assess long-term trends
in the preservation and reproduction of scientific
human capital, it is necessary to analyze the
dynamics of the number of personnel engaged
in research and  development. The
corresponding results are shown in Fig. 1.
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Figure 1. Dynamics of R&D Personn, 2015 12022
Note:

Source: compiled by the author based on
data from the State Statistics Service of Ukraine
(official statistical publications on research and
development activities, 20107 2023). el in
Ukraine (20107 2023) [1].

The projected convergence of the linear trend
toward a near-zero level of R&D personnel
around 2027 should be interpreted as a
theoretical boundary rather than a realistic
forecast. Nevertheless, it highlights the potential
long-term consequences of sustained negative
dynamics in scientific human capital. Such a
trajectory  reflects cumulative  structural
pressures within the national research system,
including the weakening of institutional capacity,
reduced attractiveness of research careers, and
insufficient renewal of scientific personnel.
According to this viewpoint, the 2027 threshold
serves as an analytical warning signal, marking
the moment at which, in the absence of focused
governmental interventions and systemic
investment in science, the continuity of the
national research system would become
dangerously fragile.

While Fig. 1 illustrates the contraction of
scientific human capital, a comprehensive

understanding of this trend requires an analysis
of the underlying financial conditions of the
research system. In this context, the dynamics
of gross domestic expenditure on research and
development (GERD) are presented in Fig. 2 as
a key explanatory factor of the observed
structural decline.

0,70
0,60
0,50
0,40
0,30 y =-0,031x + 0,5843
0,20 Rz =0,8453
0,10

0,00

% of GDP

201520162017 2018201920202021 2022
Year

Figure 2. Dynamics of gross domestic
expenditure on research and development
(GERD), 20151 2022 (% of GDP)

Note:

Compiled by the author using data from the
State Statistics Service of Ukraine [1] and the
UNESCO Institute for Statistics (UIS) [2] on
gross domestic expenditure on research and
development (GERD), expressed as a
percentage of GDP.

As shown in Fig. 2, gross domestic
expenditure on research and development
(GERD) in Ukraine demonstrates a persistent
downward trend over the analyzed period,
reflecting a gradual weakening of the financial
foundation of the national research system. The
linear trend approximation further indicates a
continued decline in R&D intensity, suggesting
that if current dynamics persist, GERD may
approach a critically low level of approximately
0.2% of GDP around 2027.

Rather than being an exact forecast, this
estimated threshold should be seen as a
structural warning indicator. Reaching this level
would mean that the national research system
would become highly underfunded, severely
limiting its ability to maintain scientific activity,
guarantee the replication of human capital, and
promote innovation-driven development. The
trajectory that has been found in this context
highlights how urgent it is to implement
deliberate policy measures that would stabilize
and restore appropriate levels of support for
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research.

The development of an adaptive model of
scientific governance that combines internal
stability mechanisms with international support
is especially pertinent in the context of a
protracted war and structural decrease of
Ukraine's scientific capabilities. In addition to
protecting science's current human capital, it is
crucial to establish the framework for its growth,
reproduction, and integration into European
research.

One of the most effective tools in this context
is the support programs of the European Union,
in particular MSCA4Ukraine, which have the
potential to transform from an instrument of
individual support for researchers into a
mechanism for institutional renewal of Ukrainian
science. To this end, it is advisable to reorient
part of the program's resources to the creation
of long-term research positions in Ukrainian
universities and scientific institutions, the
development of joint laboratories, as well as the
financing of projects that are directly linked to the
restoration of critical sectors of the economy and
public administration. Another important
direction is to stimulate the mechanisms of
ficirculation of sci
loss of personnel through emigration, which will
allow scientists to maintain contact with the
national system even in the case of temporary
work abroad [5, 6, 7, 10].

An alternative strategic model could be the
formation of mixed research ecosystems, in
which EU funding is combined with national
recovery priorities. This involves supporting
thematic research clusters in the areas of
security, infrastructure recovery, digitalization of
public administration and social sustainability. In
such a model, MSCA4Ukraine performs not only
a compensatory function, but also becomes a
tool for long-term building of scientific potential
integrated into European research policy [7, 8,
9].

Thus, the effective use of international
science support programs requires a transition

ent i

[1]

[2]

[3]

[4]

ok

[6]

[7]

devel

from the |l ogic of firetain
of Arestoration and
which will allow gradually overcoming the

consequences of war losses and forming a
sustainable model of scientific development of
Ukraine in the post-war period.
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Abstract . This study conceptualizes the
transformation of public governance paradigms
through the lens of self-governing community
practices during wartime and post-war
reconstruction. By analyzing the structural
interactions between state authorities and civil
society institutions, the paper explicates a
strategic matrix mapping community
interventions across national security, economic
resilience, and social inclusion. The research
demonstrates that resource scarcity drives a
shift from hierarchical administration toward co-
management models. Ultimately, the integration
of civic monitoring practices into state digital
platforms like the DREAM ecosystem
institutionalizes public accountability, offering a
framework for co-creation and a renewed social
contract.

Keywords. Co-management, public
governance,  self-governing  communities,
strategic co-creation.
1. Introduction

Martial law, as a specific legal regime

governing society and the state in Ukraine,
carries a constitutional status and operates
through defined regulatory instruments: the
centralization and expansion of public
authorities' mandates; the restriction of
constitutional rights, individual freedoms, and
the legitimate interests of corporate entities;

rigorous economic intervention alongside
intensified state oversight; and information
control [1].

Concurrently, under acute state resource
constraints, the wartime environment has forced
unconventional conditions that broaden the
social baseline of public policy. This dynamic
increasingly shifts policy execution toward

structured  co-participation among  state
institutions, local self-government, enterprises,
and civil society networks.

Within this paradigm, the state focuses on
configuring an adaptive, resilient institutional
and legal infrastructure via:

Legislative and regulatory framing i enacting
statutory acts that formalize and sustain civic
interventions (e.g., the Laws of Ukraine "On
Volunteer Activity", "On National Resistance",
"On Charitable Activity and Charitable
Organizations”, "On Cooperation”, and "On
Bodies of Self-Organization of the Population™).

2. Main text

Financial and material backing T embedding
self-governing units into state budgetary
programs, launching targeted funds for
volunteers and voluntary formations of territorial
communities, and developing public-private
partnerships.

Structural coordination 1 institutionalizing
operational linkages connecting civic and
volunteer networks with state defense and
administrative bodies, including the Armed
Forces of Ukraine, the State Emergency
Service, the Ministry of Defense, and regional
administrations.

Operational security for civil actors 7
implementing legal safeguards and protection
mechanisms for civic activists executing
missions within combat zones [2].

Current academic literature delineates two
primary approaches to public governance, both
reflecting a global reconceptualization of the
state's administrative role. The first approach
conceptualizes self-governing frameworks as
polycentric arrangements driven by state
retraction, where traditional hierarchies are
supplanted by overlapping, competitive, and
autonomous decision-making nodes.

The second approach defines public
governance through the redistribution of state
functions, emphasizing the engagement of non-
state actors via voluntary agreements, private
initiatives, and polycentric civic networks, while
the state retains a coordinating role based on the
principles of good governance [3; 4].
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In either context, the ontological essence of
public governance manifests in the continuous
reproduction of collective interests within self-
governing networks aimed at resolving socially
significant issues. The definitive attributes of this
paradigm include voluntariness, situational
mobilization around specific objectives, non-
hierarchical internal coordination, and network-
based interaction.

The theoretical and methodological framing
of public governance within policy execution
remains formative. Consequently, further
research must prioritize a rigorous analysis of
the legislative and regulatory frameworks that
institutionalize public governance within the
policy-making process.

Concurrently, this study evaluates the
institutional capacity of public governance
practices to execute public policy objectives.
Expanding on this trajectory, we examine self-
governing communities as active agents of
public policy implementation, structuring their
operational strategies, analyzing effective
community practices during wartime, and
assessing their potential for post-war
reconstruction.

Empirical indicators  underscore  an
accelerating mobilization within Ukrainian civil
society under martial law. This trend is
evidenced by the registration of 4,365 new civil
society organizations (CSOs) within the first four
months of 2022 alone, with 49% operating at the
local level. Furthermore, the number of officially
registered volunteers expanded by a factor of 21
by the end of 2023, while up to 86% of citizens
engage in volunteer and charitable activities,
and approximately 100,000 individuals have
joined voluntary formations of territorial
communities [5].

Wartime conditions have catalyzed a
systemic institutionalization of self-governing
communities, whose legitimacy is generated via
what Pierre Bourdieu conceptualizes as the
symbolic capital of trust, rendering the self-
organization process an organic imperative for
the community. These self-governing units
consistently demonstrate dense intra-communal
ties at the micro-level, horizontal network
interactions across groups, and established
channels of communication with public
authorities [6].

Co-creationd the process whereby public
and private actors collectively articulate problem
definitions and design innovative solutions to
generate  public  valued is  increasingly
conceptualized as a critical strategic principle of
modern public governance.

This paper defines self-governing
communities as civil society entities
(encompassing social groups, private and social
initiatives, organizations, and informal networks)
that act as proactive socio-economic and
political actors addressing issues of public
significance. Admittedly, this definition is
exceptionally broad and complicates framing
these entities as distinct legal subjects;
nevertheless, this inquiry represents an initial
attempt at a scholarly systematization of the
phenomenon.

The resulting systematization of wartime self-
governing practices forms the basis of the
strategic priority matrix presented below (Table
1).

Table 1. (after the References)

The data in Table 1 indicate that the
operational response to emerging threats
served as the starting point for the functioning of
self-governing communities under wartime
conditions. Nevertheless, the large-scale and
pervasive nature of these self-governing
community practices substantially contributes to
the implementation of strategic public policy
priorities. Furthermore, under the conditions of
war, this model of public governance has
acquired an existential dimension, ensuring the
vitality of society and the state as a whole, while
preserving social capital, culture, education, and
other vital spheres.

The operational mechanisms of self-
governing communities within the scope of
public policy implementation are anchored in the
principles of public participation, collaborative
governance, subsidiarity, and network
governance. Consequently, these mechanisms
enhance the effectiveness of administrative
decisions and foster institutional trust in public
authorities (Table 2).

Table 2. (after the References)

The analyzed primary management
mechanisms and interaction channels between
self-governing  communities and  public
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authorities within the scope of public policy
implementation demonstrate a strengthening of
both the institutional and functional agency, as
well as the capacity of self-governing institutions
as core actors in public governance.

This evolution enhances the effectiveness of
public policy by expanding participatory
mechanisms for self-governing communitiesd
specifically  advisory,  oversight-analytical,
financial, and communicative toolsd thereby
substantially transforming the overarching public
governance model.

A synthesis of these demonstrated
mechanisms allows for the categorization of the
baseline operational characteristics of self-
governing entities within the public governance
framework (Table 3).

Table 3. (after the References)

The provided data indicates that self-
governing communities demonstrate the
ambition to form the institutional foundation of a
new public governance model. This is achieved
through the creation of an open space for
collaborative  action, the adaptation of
management decisions to the actual needs of
the population, and the deployment of modern
technological  solutions for participation,
monitoring, and communication.

Consequently, the analysis of effective public
governance practices within the scope of public
policy implementation demonstrates the efficacy
of strategies and mechanisms employed by self-
governing communities. As actors in public
governance, these entities are capable of
responsibly assuming the integrative and
instrumental functions of the state, while also
swiftly adapting society to operational realities
during wartime.

The accumulated experience of self-
governing communities establishes an empirical
foundation for conceptualizing their potential in
post-war reconstruction. In the logic of the
National Recovery Plan of Ukraine, the ultimate
objective is not merely the rebuilding of the
country, but the renewal of the social contract on
a partnership basisd a goal that resides directly
within the domain of public governance [7].

Based on the research objectives, this study
focuses on the strategic framework outlined by

the Recovery Plan, specifically "Strengthening
Institutional Capacity."

The conceptual essence of this direction
encompasses:

The modernization of
system;

the governance

Governance and

accountability;

transparency

Decentralization and subsidiarity in decision-
making;

Civic engagement in public policy formulation
and oversight;

Human capital development;

The development of digital services and
management standards.

Broadly, the strategic goals of strengthening
institutional capacity serve as systemic variables
within the Plan, securing the institutional
architecture of recovery. Accordingly, integrating
self-governing communities as repositories of
social capital into the capacity-building process
forms a networked governance architecture.
The potential of self-governing communities is
systematized into the following functional
components: operational efficiency, institutional
audit, and innovation dynamics (Table 4).

Table 4. (after the References)

As noted by J. Torfing et al., the transition to
strategic co-creation allows for both the
accumulation of resources and the generation of
new public value through the synergy of public
and private actors. In the Ukrainian context, this
manifests in the formation of an adaptive
governance model, where self-governing
communities emerge as agents of innovation
dynamics and institutional audit. The practical
embodiment of such synergy is the regulatory
integration of civic oversight tools into national
digital systems (specifically, the DREAM
ecosystem), which transforms declarative
citizen participation into a legally significant
element of recovery process management [8].

The future outlook for public governance lies
in strengthening the institutional and functional
agency of self-governing communities, which
emerge as integral participants in the
architecture of public administration.
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Table 1. Core strategies and practices of self

Policy priority

-governing communities within the context of public
policy implementation

Strategies Practices

Territorial defense: voluntary formations of territorial communities 7 securing

National security Local
and defense mobilization and | settlements and supporting the armed forces;
community
security Civic patrols: maintaining public order and countering sabotage threats;
Coordination with security agencies: integrating local initiatives with the National
Police, the State Emergency Service, and military administrations.
Volunteer Material and technical support for the Armed Forces: fundraising, procurement

assistance to
the military and

of equipment, and manufacturing of unmanned aerial vehicles (UAVs) and
military gear;

civilians
Humanitarian assistance: providing food, medical supplies, and essential goods
for both military personnel and civilians;
Evacuation and social adaptation of displaced persons: establishing temporary
shelters, organizing transport logistics, and providing social support networks.
Social policy Social Partnership with public social protection institutions: volunteer initiatives
protection and supporting internally displaced persons (IDPs); civic monitoring of access to
welfare social services;
Social partnership and civic engagement: public-private partnerships in social
service delivery; participation in public advisory councils and the establishment
of co-governance platforms;
Psychosocial support: initiating local psychological assistance programs;
advocating for and promoting healthy lifestyle initiatives; rehabilitation projects
for veterans and war-affected children.
Social Advocacy for the rights of persons with disabilities: designing accessible
integration and environments; enhancing socialization pathways for children with disabilities;
inclusion
Promotion of gender equality;
Fostering social capital: organizing community festivals and youth development
events; establishing vibrant, inclusive public spaces.
Employment Professional reintegration of veterans and IDPs: Job placement and
and human mentorship programs for veterans and IDPs; civic (specialized) educational
capital platforms; fostering women's entrepreneurship and business development.
development
Information policy | Information Countering disinformation: debunking fake news, conducting media literacy and
security and information security awareness campaigns;
strategic

communications

Documentation of war crimes and advocacy: developing grassroots citizen
journalism networks;

Cybersecurity support: building platforms to safeguard personal data and protect
critical digital infrastructure.

Economic policy

Economic
security and
recovery

Housing and infrastructure rehabilitation: grassroots reconstruction initiatives;
co-financing through public grant support networks;

Financial support for businesses: engagement of local cooperatives in food
security programs; mutual assistance networks for entrepreneurs.
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Economic Collaborative planning and implementation of socio-economic strategies:
resilience participation in grant-funded and public programs; consulting services for SMEs;
analytical support for local economic strategies; developing developmental
roadmaps;
Innovative employment initiatives: providing equipment and co-working spaces;
social  entrepreneurship; local business  development;  women's
entrepreneurship; self-help projects; socio-economic cooperatives.
Culture and Cultural Reconstruction of cultural infrastructure: community-led assessment and
education heritage prioritization of sites for preservation and reintegration; expert advisory support;
preservation promoting cultural recovery initiatives;

and the culture
of recovery

Partnership with public cultural authorities: establishing cooperative platforms to
support cultural reconstruction projects; forming joint working groups;
implementing participatory budgeting frameworks.

Cultural
participation

Advocacy for sector reforms: providing analytical and policy support;

Ensuring access to culture in small and remote communities: digitization of
heritage sites and museum collections; establishing ethno-cultural hubs, private
museums, and exhibitions; developing virtual tours;

Creation of memorials and commemorative sites.

Safe
educational
environment

Supporting educational continuity: provisioning technical equipment and
communication tools; retrofitting and equipping bomb shelters;

Learning recovery programs: establishing mentorship networks and remedial
tutoring groups;

Civic-educational-administrative dialogues: restructuring school networks;
facilitating public multi-stakeholder discussions on educational models.

International
policy

International
cooperation

Public diplomacy: joint projects, forums, and academic conferences; organizing
informal expert-level meetings;

Lobbying and advocacy.

Table 2. Mechanisms of self -governing community activities in public policy implementation

Policy priority

Strategies

Practices Mode of Realization

Organizational-

Institutionalizati

Establishing permanent and temporary Public advisory councils,

Institutional on of civic structures for public participation in consultative bodies, and joint
participation governance; commissions
Delegation of Devolution of select state functions to self- | Agreements, collaborative
authority and governing communities for the effective projects, and local initiatives
subsidiarity resolution of socially significant local
issues.
Legal and Legal Defining the legal foundations for Laws, government decrees,
Regulatory regulation of cooperation between public authorities and | and local regulatory acts
public civil society organizations;

participation

Guaranteeing
citizen rights to
participate in
governance

E-petitions, public hearings,
and public information
requests

Ensuring the statutory right of citizens to
influence public policy decisions.
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Public
communication
and
governmental
openness

Information-
Communicative

Civic
monitoring and
feedback loops

Collaborative implementation of projects,
programs, or policies based on the
alignment of stakeholder interests;

Conducting consultations with
representatives of self-governing
communities prior to the adoption of policy
decisions.

Memorandums, grants, co-
funding arrangements, and
public-civic councils;

Public consultations.

Financial-Economic | Participatory

budgeting

State support
for civic
initiatives

Empowering self-governing communities to
participate in the allocation of budgetary
resources;

Financial or material assistance for the
implementation of socially significant
projects.

Participatory budgeting,
participatory planning

Grants, subventions, and
support programs

Educational and
awareness-raising

competence in
the field of
public
governance

Developing knowledge and skills for
participation;

Building the capacity of community opinion
leaders

Training courses, awareness-
raising campaigns, and active
citizenship schools;

Educational programs,
internships, and experience-
sharing initiatives

Table 4. Alignment between the potential of self

-governing communities and the key components of

the national recovery policy for strengthening institutional capacity

Recovery Plan component

Potential of self -governing
communities

Expected institutional effect

Operational efficiency

Enhancing the efficiency of the public
governance system

Presence of horizontal governance
structures, self-organization
practices, rapid resource
mobilization, and collective
decision-making

Reduction of local authorities'
response times to crisis requests;

Optimization of local budget
expenditures through the
mechanism of delegating social
services to certified CSOs.

Rapid redistribution of resources;
Minimization of transaction costs.

Transition from rigid administration
to collaborative management of
recovery resources;

Streamlining and digitization of local
compliance and approval
procedures.

Decentralization and the development
of local governance

Operation of bodies of public self-
organization, local initiatives,
coalitions, and residents'
associations

Deepening the principle of
subsidiarity by granting bodies of
public self-organization the authority
to manage recovery micro-grants;

Integration of volunteer networks
and volunteer formations of
territorial communities (VFTCs) into
municipal community safety
programs.
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Institutional audit

Institutionalization of the principles of
openness, transparency, and
accountability

Public monitoring, volunteer
reporting practices, and an
established culture of public
accountability

Implementation of public expert
oversight tools;

Minimization of corruption risks;

Increased mutual trust between
local self-government bodies and
community residents.

Strengthening of anti-corruption
infrastructure and integrity
mechanisms

Execution of institutional control
functions through the public
monitoring of recovery funds,
transparency in resource allocation,
and volunteer audits.

Institutionalization of volunteer and
civic audit as a mandatory element
of monitoring the use of funds;
implementation of anti-corruption
compliance procedures and ethical
standards in local self-government
bodies.

Implementation of ethical practices.

Formulation of ethical standards in
the management of recovery funds

Innovation dynamics

Institutionalization of public-private
and civic partnerships

Joint volunteer-state-business
projects, charitable foundations, and
civic coalitions

Creation of a networked governance
model for the recovery process;

Regulatory formalization of the
tripartite partnership (government-
business-community) in the
development of local industrial and
social parks.

Implementation of digital
management tools and open data

Diffusion of innovations,
crowdfunding platforms, and cyber-
volunteering

Official integration and legitimization
of data from non-governmental
monitoring platforms into state
registries;

Scaling of e-democracy tools
(electronic hearings, digital
surveys).

Building an economic base through
private-initiative job creation and the
restoration of economic life in de-
occupied territories

Reduction of the unemployment rate
among IDPs (internally displaced
persons) and veterans;

Legalization and institutional
support of social entrepreneurship
and cooperation as the foundation
for community self-sufficiency.
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The Role of Staff Emotional
Intelligence in Enhancing Human
Capital Efficiency
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Abstract . In the contemporary operating
environment of energy companies, workforce
efficiency increasingly relies not only on
professional knowledge and technical skills but
al so on empl oyees?®o
competencies. This article substantiates the role
of emotional intelligence as a factor in
enhancing workforce efficiency and as a
component of human capital within energy
enterprises, and develops an approach for its
assessment. The research methodology
integrates direct, behavioural, and outcome
indicators, constructs an integrated emotional
intelligence index, normalises indicators, applies
weighting coefficients, and employs regression
analysis. The proposed approach was tested
using a simulated example of the Joint Stock
Company O6Energy Croanp.a
results indicate high internal consistency of the
emotional intelligence subscales, hierarchical
differentiation of their levels across employee
groups, and statistically significant correlations
between emotional intelligence and work
performance, the (generalised employee
effectiveness indicator, absenteeism, and error
rates. These findings demonstrate that
emotional intelligence is a measurable
managerial resource that influences the quality
of interactions, process stability, productivity,
and the effective utilisation of human capital
within energy enterprises.

Keywords. emotional intelligence; human
capital; workforce efficiency; energy company;
human resources management; organisational
effectiveness.

1. Introduction

In the contemporary business environment,
the effective utilisation of human capital is
becoming as important as technical and
technological aspects of operations. This is
especially significant for energy companies,
whose activities require a high degree of
responsibility, = complex  production and

management processes, continuous
coordination, regulatory compliance, rapid
adaptation to change, and sustained operational
stability. Under these conditions, workforce
effectiveness depends not only on professional
knowledge and technical skills, but also on
empl oyeesé abilities-
regulate, adapt to stress, resolve conflicts
constructively, and participate in coordinated
teamwork.

In this context, emotional intelligence (EI)
assumes particular importance; in contemporary
academic literature, it is regarded as the

s oapllection of skillgl to recagoizej compsiehend,
own

and regul ate oneobs
others. In human resource management
practices, El is increasingly considered a
resource that impacts work productivity,
communication quality, teamwork, conflict
levels, staff resilience to stress, and the overall
coherence of work processes [1; 2]. For energy
companies, these aspects are particularly
important, as even minor disruptions in
interactions among employees, departments, or
management levels can affect the quality of task
execution, the speed of decision-making, and

n §ha sability of kperational processes.

The current state of research in this domain
demonstrates a persistent interest in emotional
intelligence as a determinant affecting both
individual and organizational effectiveness. The
preponderance of academic investigations
corroborates a statistically significant correlation
between El and various indicators such as work
performance, employee conduct within the
organization, emotional  well-being, and
resilience to stress [1; 2]. Simultaneously, a
distinct domain of research concentrates on the
significance of Emotional Intelligence (El) in
leadership and teamwork. It is associated with
leadership effectiveness, organizational
citizenship behavior, and the attainment of team
objectives [3; 4].

Simultaneously, there continue to be certain
disagreements within the academic community
concerning the interpretation of the construct of
emotional intelligence itself, the methodologies
employed for its measurement, and the degree
to which it impacts performance outcomes. The
debate persists regarding whether EIl should be
regarded chiefly as an ability, a personality trait,
or a hybrid construct integrating emotional,
cognitive, and behavioural elements. Similarly,
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research findings are heavily influenced by
whether self-report scales or more behaviourally
oriented assessment instruments are utilized [5;
6; 7].

Despite the extensive body of research
examining the correlation between emotional
intelligence and behavioural and organisational
outcomes, the practical application of assessing
its impact on enhancing workforce effectiveness
within a specific organisation remains
underdeveloped. Numerous studies have
demonstrated that emotional intelligence
indirectly affects performance outcomes by
increasing labour productivity, enhancing
internal  coordination, minimising  losses
attributable to conflicts, reducing staff turnover,
and improving the quality of interactions
alongside staff stability [8; 9]. Simultaneously, in
practical applications, the shift from the
psychological assessment of emotional
intelligence (El) to its managerial interpretation
is often hindered by the widespread use of self-
report scales, the risk of common method bias,
and the lack of models that explicitly link EI to
guantifiable operational metrics.

For an energy company, this issue is
particularly significant in practice. The emotional
intelligence of employees and managers affects
not only the socio-psychological atmosphere
within the team but also the quality of
professional skills, the speed and accuracy of
internal communication, willingness for training
and retraining, the effectiveness of teamwork,
conflict reduction, and staff resilience under high
pressure. In this context, El should be seen as a
component of human capital that boosts the
devel o pment of empl oyee
increase workforce productivity. It is especially
important that its impact is not seen in isolation,
but through a system of behavioural and
operational indicators that can be recorded,
evaluated, and incorporated into HR
management practices [10; 11].

Despite the existing findings, there remain at
least three unresolved issues. Firstly, the
studies lack a universal framework for aligning
Emotional Intelligence (ElI) measurements with
specific indicators of work performance and
organisational effectiveness. Secondly, models
that enable the distinction of the effect of El from
other factorsd particularly professional
competencies, cognitive abilities, and the
organisational environmentd have not been

sufficiently developed. Thirdly, there is a
deficiency of applied methodologies that
facilitate the use of El as a practical tool for
enhancing workforce effectiveness, not merely
in theory, but through specific, measurable
indicators and assessment procedures within
the human resource management system.

In this regard, the aim of this study is to
substantiate the role of emotional intelligence as
a factor in enhancing workforce efficiency and
as a component of human capital within an
energy enterprise, as well as to develop an
approach to its assessment based on direct,
behavioural, and performance indicators. The
main conclusion of the study is that emotional
intelligence should be regarded as a
measurable managerial resource that influences
the quality of interaction, the stability of
processes, labour productivity, and the effective
use of human capital within the enterprise.

2. Materials and methods

The research methodology is founded on the
premise that the practical significance of staff
emotional intelligenced as a component of
human capital and a factor in improving
workforce efficiencyd is only realised when it is
operationalized. This entails its transformation
into a system of explicitly defined, measurable
indicators that can be systematically recorded,
compared over time, and correlated with the
operational and organizational outcomes of the
enterprise. Scientific research underscores that
emotional intelligence (El) is a multidimensional
construct; therefore, its assessment should not
comprise a single generalized characteristic, but

s &athey la pystenms of cpmp®nenisd sughsas selh-

awareness, self-regulation, empathy, interaction
management, and othersd that influence
employee  behavior and  organizational
performance [12; 13].

The study employs a multi-level assessment
approach, under which the indicators are
grouped into three interrelated categories:

1. direct El indicators that measure
empl oyeesb®b emotional
competencies;

2. behavioural indicators in the workplace
that reflect manifestations of emotional
intelligence in professional interactions;
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3. performance indicators that measure the
impact of EI through operational and
organisational KPIs.

This approach is consistent with empirical
evidence suggesting that El exerts its influence
not directly, but through a cascade of
behavioural and organisational variables that
shape its measurable contribution to labour
productivity, the quality of interactions, staff
retention and t he

qguestionnaires suitable for group use in an
organisational context can serve as basic
measurement tools. In this study, the following
are methodologically relevant:

 The Schutte Self-Report Emotional
Intelligence  Test (SSEIT), which
provides a comprehensive assessment
of emotional intelligence and is suitable

or g a n forgypanglys of stafid€). ¢ r 51 |

performance [14]. 1 The Wong and Law Emotional
Intelligence Scale (WLEIS), which

The empirical validation of the approach is assesses El across four applied

carried out on a simulated dataset compiled .

from materials provided by the Joint Stock components: _ .

Company 6Energy Company of® ¥xFassHeBY Orh§&s

article employs a model designed to by assessing other

demonstrate the logic behind indicator c) using emotions to achieve a result;

construction, the El composite index, and the
statistical verification of the relationship between
emotional intelligence and workforce
performance indicators. This approach allows
for t he demonstration
practical application without disclosing sensitive
corporate data.

Three types of information are used to build
the model:

1 El standardised assessment results;

1 behavioural and competency-based staff
assessments;

1 operational and
performance indicators.

organisational

Data sources may include staff surveys, 360-
degree feedback results, performance review
data, internal HR analytics, ERP/HRM systems
and t he companyo6s
Should the methodology subsequently be
applied to real corporate data, any restrictions
on access to the source information must be
explicitly stated in the manuscript when the
article is submitted. In the present study, the
dataset is simulated and therefore does not
require citing registration numbers for external
public databases.

Direct indicators of emotional intelligence

Direct indicators focus on assessing El as a
set of abilites or competencies. In
organisational research practice, standardised
scales adapted for the workplace are the most
common. Self-report standardised

d) emotional regulation [7].

The application of these tools Yyields
individual and collective emotional intelligence
(ENf profiles  Thest h prdfied o fgilitate
comparisons among employees, departments,
professional roles, and management levels, and
enable the analysis of changes in performance
metrics before and after the implementation of a
staff development programme.

To reduce the risk of self-reporting bias, EQ
guestionnaire  assessments  should be
supplemented with behavioural indicators using
the 360° approach, which includes evaluations
by managers, colleagues, subordinates, and
self-assessment. Empirical evidence indicates
that emotional competencies, when measured
as behavioural manifestations, can predict the
performance of managers and teams [15; 16].

ma n a g ¢gficittermd. felRVArt ndicators may

include the ability to manage emotional tension
within a team, maintain constructive behaviour
under pressure, resolve conflicts without
escalation, and sustain effective collaboration
during periods of change. These indicators can
then be compared with departmental key
performance indicators (KPIs), performance
review outcomes, and other organisational
metrics.

Behavioural indicators of emotional

intelligence within an organisation

Behavioural indicators play a critical role
because they represent the mechanisms
through which emotional intelligence (EI)
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translates into performance outcomes. Meta-
analyses demonstrate that El is associated with
job performance metrics and behaviours that
enhance organisational effectiveness [1; 18].

The study identified
behavioural indicators:

three groups of

1. Indicators of self-regulation and stress
resilience include the frequency of emotional
outbursts or conflict escalations, the number of

disciplinary incidents  and behavioural
complaints, assessments of constructive
behaviour during stressful situations in

performance appraisals, and absences or
lateness as indirect markers of burnout or low
self-regulation. Empirical research confirms the
relationship between emotional intelligence and
employee resilience, as well as the impact of
stress on behavioural outcomes [2].

2. Key indicators of social interaction and
team effectiveness comprise the frequency and
effectiveness of team meetings, the extent of
cross-functional  conflict,  evaluations  of
communication quality by neighbouring
departments, and the frequency with which
managers are required to mediate conflicts.

Empirical research demonstrates that a
manager 6s emotional
subordinate  behaviour and performance

outcomes through the quality of interactions, as
evidenced by these teamwork indicators [3].

3. Indicators of professional interaction and
task performance, which reflect the number of

communication breakdowns during task
execution, repeated coordination or delays
arising from ineffective interaction; an

assessment of the quality of internal service
between departments; and the consistency of
task execution under stressful or changing
conditions. For specific functional areas
involving  external interaction, additional
indicators may be applied, such as the number
of complaints, repeat enquiries due to conflicts,
service quality assessments, and customer or
partner retention rates. It has been empirically
confirmed that EI can predict employee
performance in areas where interaction,
communication and service quality are important
[18].

2.4. Performance indicators and operational
KPIs

Gi ven t hat a
dictated by operational efficiency and the caliber
of human capital utilization, it is prudent, in a
practical framework for evaluating Emotional
Intelligence (El), to differentiate operational Key
Performance Indicators (KPIs) as intermediate

variables from organisational effectiveness
indicators as ultimate outcomes. This
methodology  exemplifies the cascading

influence of El on overall performance. [5; 17].

Operational metrics are most sensitive to
changes in employee behavior and the quality of
team interactions, so they should be the first
step in assessing the impact of EI. Unlike
financial metrics, which reflect aggregate results
with a time lag and depend on many external
factors, operational KPIs respond more quickly
to  management interventions  (training,
coaching, changes in leadership style) and allow
for regular monitoring of dynamics. It is through
metrics such as productivity, errors, process
speed, turnover, absenteeism, and conflict that
El is translated into costs and productivity, and
therefore indirectly affects profitability. A list of
key operational KPIs that are appropriate to use
as intermediate variables in a practical model is
provided in Table 1.

i nt elThble §. GafleftiR Refefeficds)e Ct s

From a scientific perspective, these variables
follow logically from the results of meta-analyses
on the relationship of EI with productivity,
employee behavior, and organizational
outcomes [1; 2]. It is advisable to form financial
indicators in two dimensions: general profitability
indicators and profitability per staff (per 1
worker), which is presented in Fig. 1.

| FINANCIAL INDICATORS I
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Figure 1. Financial indicators for assessing
profitability

Source: formed by the authors based on [1; 2]

I t i s -ciiepnetorpilced f i
most useful for this topic, as they allow us to link
El not to abstract
measurable contribution of personnel to profit.
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Below is a generalized system of indicators
that can be the basis for a corporate assessment
panel (Table 2).

Table 2. (after the References)

The proposed system of indicators allows us
to move from a general statement about the
Ausefulness of EI O to
mechanism, as depicted in Fig. 2.

a

El of personnel (scales/competencies)

n S

Behavior at work

<

Operational KPIs

a0

Financial result (profit, margin, profit per employee).

Figure 2. Cascade model of the influence of
emotional intelligence of personnel on the
financial result of the company

Source: formed by the authors based on [1; 2]

This approach is consistent with empirical
findings on the relationship between El and work
performance, employee behavior, and
organizational outcomes, as well as with the
scientific logic of the cascading effects of El [1;
5].

Construction of the El composite index

To move from theoretical statements about
the significance of emotional intelligence of
personnel to verifiable empirical conclusions, it
is advisable to apply a two-step evaluation logic:

1. Construction of an integral index of EI of
personnel based on practical indicators and

measurement scales (questionnaires,
behavioral = assessments, or combined
approaches).

2. Quantitative verification of the impact of El
on profitability indicators through regression
models with control of key factors that can
simultaneously affect the financial results of the
enterprise.

This construction is consistent with the
scientific position that El is statistically related to
labor productivity and behavioral manifestations
in the workplace, and therefore can act as a

factor of productivity and financial results
through a set of intermediate mechanisms [1;5].

In practical El research, the use of
standardized scales is widespread, in particular:

1. WLEIS (Wong and Law Emotional

Intelligence Scale), which includes 4 blocks:
managerially measur abl
a) assessment of one's own emotions;

e

b) assessment of the emotions of others;
c) use of emotions to support activities;

d) regulation of emotions [7].

2. Trait El (mostly a survey concept of "rice"
El) as an approach to measuring self-perceived
emotional abilities within established personality
taxonomies [13].

Within the framework of this article, it is
advisable to apply a structured ElI model with
sub-indicators, since it is more suitable for
constructing an index and subsequent statistical
testing. For example, for each employee, the
average values are determined for four EIl
dimensions (for example, in the WLEIS logic):

. 00 (bﬁs E EUO (bFo E ,5'0'0 ‘bFU e} SO'O
WRoOE

where c® the mean value of the relevant set
of statements (Likert 11 5 or 11 7).

Cr o n b aldshudesl to assess the internal
consistency of scales [19]:

Q
“-"Q p

B
p

where '@ number of items in the block, , 8

point variance, , 0 variance of the total block
score.

The parameters are normalised prior to
aggregation. The primary method is min-max
normalisation to an interval [0;1]:

E o
1

E

o

I A

where @8 L dzOYJ @il " H " dzH € Ols st
HA&zV f Oy od I &I, | Adbd
minimum/maximum of the sample.
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An alternative approach involves
standardisation through z-score:
O — 3

where‘ 0 average,, 0 standard deviation.

The rationale behind this dual approach lies
in the fact that the choice of normalisation
method can significantly influence the ranking
and interpretation of the results [20; 21; 22].

For weighting factors 0 & the weight of its
sub-indicator is determined by the limits:

0 Th 0 P (4)

The basic specification is based on
weighting:

o - (5)

However, a data-driven approach is also

permissible, in which weights are determined on
the basis of factor loadings or an analysis of the
importance of variables [21; 23].

The El index for employee i is calculated as:
00 0 ta (6)

6)At the level of a department or company, an
aggregate index is used:

g0 — (7)
where ®d an empl oyeeds
(e.g. 1 for equal weighting; or FTE; or weighting
based on job role 3 managers/key functions).

Impact matrix and econometric model

To prevent the oversimplification of the
situation, wherein El is presumed to be the direct
determinant of an
performance, an impact matrix is introduced to
elucidate the operational and behavioural
pathways through which individual components
of ElI are translated into organisational
outcomes. If the componenTo prevent the
oversimplification of the situation, wherein El is
presumed to be the direct determinant of an
organi sationo6s ul ti

matrix is introduced to elucidate the operational
and behavioural pathways through which
individual components of El are translated into
organisational outcomes. If the components of
El constitute a setts of El constitute a set O

QM Q , and intermediate KPIs 8 a set U
QM AQ , then the influence matrix takes the
form:
0 “ HQN OhOy O (8)
where* & the degree of influence of the El

component on a specific KPI, as estimated
empirically or determined by experts.

Within the framework of the proposed
concept, the emotional intelligence of personnel
i S considered not as
competence, but as a factor capable of
launching quite specific cause-and-effect chains
in the organization. Its influence is manifested
through behavioral mechanisms that reduce
losses (conflicts, burnout, error, staff turnover)
and enhance sources of value creation (quality

of interaction, service, customer loyalty,
productivity). In order to make these
mechanisms transparent for managerial

analysis, it is advisable to present them in the
form of
individual components of El to operational
consequences and, ultimately, financial results

(Fig 3).

| Factors affecting operating and financial results I

I Emotion requlation Assessing the emotions of others l Using emotions I

Reducing conflicts and burnout | Motivati onal effectiveness
Better team interaction and service

«

(

d

"
Lower sel

mat e

| Less fluidity Productivity / "
roductivity / innovation
Higher customer loyalty y
. I4 L‘ .
tior costs |
| Revenue/margin growth | Saving time/resources

| Stability of operations I

Figure 3. Cascade model of the influence of
emotional intelligence of personnel on the
financial result of the company

0 r g a nSpugeafqrmeddynthg asithors basedton [InPh t e

Figure 3 visually depicts empirically similar
relationships, supported by generalizable
evidence of the impact of EI on employee
performance [1; 5].

For quantitative testing of the hypothesis, a
basic relgr?ssion deggn is proposed a model
pe or |
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(cross-sectional or panel). Let Profit_(f,t) be the
profitability index of firm f in period t:
0 QQQWRQE ® 1 00

f
B EE AYRE ] to-n )
where O"0D'@i ;0 the overall El index for
staff (or selected groups of staff); 6 € € o {8
control  variables that may influence
performance outcomes (company size, labour
productivity, capital intensity, proportion of
administrative costs, workload intensity, specific
characteristics of departments, etc.);] 0
industry-specific fixed effects; T 8 fixed-effects
models (for the panel); -8 random error.

Within the scope of this study, the dependent
variable should reflect not only the financial
outcome but, above all, the effectiveness of
human capital utilisation.

Reliability, measurement limitations and
verification of the stability of results

As El is often assessed using questionnaires,
there is a risk of bias due to potential
methodological errors. It is therefore advisable
to combine self-reported El assessments with
behavioural indicators, employee performance
data, HR analytics and operational efficiency
metrics [24; 25].

To verify the robustness of the results
obtained, alternative specifications of the El
index are proposed, in particular:

1 adjustment of weighting factors;

1 change in the normalisation method,;

T sensitivity analysis with respect to the
thresholds of minimum and maximum

values;

1 the use of alternative performance
metrics;

1 enabling or disabling individual EI sub-
indicators.

Consequently, the development of the

Emotional Intelligence (EI) composite index and
its subsequent integration into the regression
model establish an analytical framework for the
guantitative examination of the contribution of
emotional intelligence to enhancing workforce
efficiency within an organization. The proposed
methodology facilitates the combination of

psychological, behavioural, and operational
dimensions within a unified assessment system,
thereby rendering the research findings
applicable for practical implementation within
the human resources management system of an
energy company.

3. Results

This section presents the results of a
guantitative analysis carried out using a
simulated dataset compiled from materials
provided by the Joint
Company of Ukr ai neo.
demonstrate how the proposed methodology
can be applied to assess the relationship
between staff emotional intelligence and
workforce  performance indicators. The
simulated workforce structure comprises 167
employees: 140 production staff, 20 middle
management, and 7 senior management. To
assess emotional intelligence, an approach
similar to the WLEIS framework was applied,
which analyses it through four components: self-
awareness, under st andi
using emotions to achieve goals, and emotional
self-regulation. The scores obtained were
compared with a set of operational indicators
characterising workforce effectiveness,
including performance, disciplinary stability,
error rates and other parameters of
organisational effectiveness.

The initial phase of the analysis entailed
evaluating the validity of the emotional
inteligence  measurement. The internal
consistency of all El subscales was
demonstrated to be
coefficients ranged from 0.811 to 0.869 (Table
3). This signifies adequate reliability of the
measurement instrument employed and permits
the utilisation of individual EI components and
their aggregate score in subsequent statistical
analyses.

Table 3. Reliability indices for the El subscales
(Cronbachés al pha)

Subscale Cronbachods ¢

SEA 0.854
OEA 0.863
UOE 0.869
ROE 0.811

Source: formed by the authors based on [1; 2]
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In practical terms, this means that emotional
intelligence, within the framework of the
proposed model, can be used as a sufficiently
stable psychometric construct for analytical
comparisons between groups of employees and
for constructing a comprehensive El index.

The next step involved comparing the
average El scores across groups of employees
at different job levels. The results show a clear
upward trend in emotional intelligence as the
managerial level increases (Table 4).

Table 4. (after the References)

The lowest mean EI index values were
recorded among produc
4.15 on a scale of 1i 7), higher values among
mi ddl e managers (& 4.
among senior managers
variance confirmed the statistical significance of
these differences (p < 0.001). The results
indicate that an increase in managerial
responsibility is accompanied by a rise in
emotional intelligence, which corresponds to the
functional requirements of roles involving
coordination, influencing people, and decision-
making in complex conditions. At the same time,
even at this stage, a link can be observed
between higher ElI and better performance
indicators, as well as the overall indicator of work
efficiency (Fig. 4).

o =2 nNnow Ao o

Production staff Middle man-agement ~ Senior man-agement

Figure 4. Average El score by job level *

* Source: compiled by the authors

The fact that El levels differ between groups
does not directly answer whether these
differences are substantively linked to work
performance. Therefore, the next step was to
perform a correlation analysis between the
combined EI indicator and key operational
metrics. The correlation results revealed that the
combined EI_mean has a strong positive
correlation with the generalised performance
indicator per empl oyee
with the performance i

This suggests that employees with higher
emotional intelligence not only exhibit better
behavioural traits but also demonstrate greater
individual effectiveness within the organisation.

Concurrently, significant negative
correlations were identified between Emotional
Intelligence (El) and variables that may be
construed as sources of efficiency losses. As the
El score increases, there is a corresponding
decrease in
0.001), along with a
=10.64; p < 0.001). The observed relationships
align with the cascade effect theory: a higher
level of emotional intelligence correlates with

t ienhancedS l%ehayiqural ét@)‘lity, rcriliscié)lirrge, %nd

at%rrl}iveness ?o processes, ¢31§wel'le as reduced
o aisgd

roductivi d iminishe
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Figure 5. Relationship between El and the
overall performance indicator for employees of
JSC O6Energy

* Source: compiled by the authors

A regression analysis was performed to
ascertain whether the impact of El remained
statistically significant after accounting for
additional variables. The dependent variable
was the comprehensive employee performance
indicator, while the primary independent variable
was the El_mean composite score. The model
further incorporated the following control
variables: length of service and job level. The
findings are illustrated in Table 5.

Table 5. (after the References)

The results show that emotional intelligence
(El) is a statistically significant positive predictor
of employee performance (p < 0.001), even after

C()nrtrolligg f%' I.eng;g of seE)vice gnd(fm%o%nleoyt
Sdte%<tlts' 0 e8rt§o_delo<s0
h'i"gh 6%)a This ‘confirrhs that emotional
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intelligence cannot be reduced solely to the
influence of experience or job status: it
maintains its own contribution to explaining
differences in work performance. Therefore, El
can be considered an additional resource that
enhances an
better results within their professional activities.

Further insight is provided by analysing not
only the direct impact of El on performance, but
also the presence of a mediating mechanism via
operational KPIs. To this end, indicators of
performance, absenteeism and errors were
included in the regression model. After adding
these variables, the El coefficient decreases but
remains statistically significant. This result
indicates a dual nature of the effect: on the one
hand, part of the EI effect flows through
operational channels: employees with higher El
demonstrate greater stability, discipline and
quality of task performance, which directly
increases labour productivity. On the other
hand, the fact that El remains significant after
controlling for these KPIs suggests the presence
of additional channels of influence not fully
captured by standard operational indicators.
Such channels include team effects, influence
on the psychological climate, the ability to
resolve conflicts constructively, the quality of
interaction between departments, and an
indirect influence on the speed of decision-
making and the coordination of managerial
actions.

The results obtained permit several general
conclusions to be drawn. First, emotional
intelligence is a quantifiable, statistically
validated concept that can be utilised in
personnel analysis. Second, El varies across job
levels, offering a foundation for customized
management  decisions  concerning the
development of competencies among various
employee groups. Third, El exhibits a systematic
association with workforce performance through
operational and behavioural indicators, such as
reductions in errors and losses, and increases in
productivity and job stability. Fourth, regression
models  indicate that ElI  contributes
independently to enhanced performance, a
relationship that remains significant even after
accounting for baseline variables such as length
of service and job level. Collectively, these
findings support the notion of El as a controllable
intangible resource of the organisation, whose
integration into HR practices can aid in

e mp tooachdeged s

optimising human capital utilisation and
enhancing overall organisational performance.

4. Discussion

The, findings 'gpdicate that staff emotional
intelligence is a practical factor associated with
workforce  efficiency and  organisational
performance in an energy company. This
conclusion aligns with previous studies that
identify emotional intelligence (EI) as a predictor
of job performance, behavioural stability,
interaction quality, and organisational
citizenship behaviour. Unlike earlier research
that primarily examined the general relationship
between EI and individual or behavioural
outcomes, the present results enable
interpretation of this link through specific
operational and organisational indicators. This
distinction is particularly relevant given the
studyoés working
emotional intelligence influences performance
indirectly through intermediate mechanisms
such as the quality of interaction, disciplinary

stability, error reduction, and improved
execution of work functions.

A primary finding is that emotional
intelligence levels exhibit hierarchical

differentiation across job groups. The observed
increase in average El scores from production
staff to senior managers is consistent with
previous research highlighting the critical role of
El in contexts where performance depends on
coordination, leadership, influence, and
decision-making under complex conditions. This
supports the view that greater responsibility and
more complex managerial functions require
enhanced social-emotional competencies.
Additionally, this finding expands practical
understanding by indicating that exclusive focus
on EIl development for managers may overlook
the largest staff groups, where risks of conflict,
communication breakdowns, behavioural
instability, and loss of coordination are most
prevalent.

A second key finding addresses the
relationship between emotional intelligence and
operational indicators. Positive correlations
between the integrated El score, the work
performance index, and the generalised
employee effectiveness score corroborate
previous meta-analytical studies demonstrating
a stable association between EI and work
performance. Negative correlations  with
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absenteeism and error rates are particularly
noteworthy, as they suggest that emotional
intelligence contributes not only to positive
outcomes but also to loss reduction. In a broader
context, these results imply that EI may enhance
organisational resilience by stabilising daily
operations, reducing friction, and optimising the
utilisation of human capital. Regression analysis
further reveals that emotional intelligence
remains statistically significant after controlling
for variables such as length of service and job
level, indicating its independent contribution to
employee performance. This finding is important
in light of debates over whether El's effect is
attributable to experience, professional maturity,
or job status. The results support the
interpretation that El is an independent resource
distinct from other employee characteristics.
Additionally, the reduction in the El coefficient
after including intermediate  operational
indicators supports the hypothesis of a cascade
mechanism, whereby part of El's influence
operates through behavioural and process
variables, while another part may relate to less
formal aspects of organisational interaction,
such as psychological climate, informal
coordination, conflict management, or
adaptation to change.

A broader interpretation of the results
positions emotional intelligence as a critical
component of human capital, essential for both
individual employees and overall organisational
functioning. This is especially pertinent in the
energy sector, where efficiency depends on
process continuity, coordinated actions, precise
communication, adherence to procedures, and
the capacity to operate under high responsibility.
In this context, EI emerges as a resource that
enhances individual productivity, organisational
resilience, adaptability, and interdepartmental
interaction.  Consequently, the practical
significance of these findings extends beyond
human resources analysis to inform a wider
array of management decisions, including staff
development, risk assessment in workplace
interactions, and organisational process
improvement. However, these results should be
considered alongsi de
The dataset employed is simulated, so the
observed relationships illustrate methodological
logic and expected dependencies but require
validation with real corporate data. Additionally,
reliance on survey methods to measure El
introduces risks of self-report bias, social
desirability bias, and common-method bias.

Future research should therefore integrate scale
assessments with behavioural indicators, 360-
degree feedback, and operational system data.

Furthermore, even when models
demonstrate high explanatory power, company
performance is influenced by numerous external
and internal factors. As a result, causal
conclusions require confirmation through more
complex empirical studies, such as panel
observations, time-series comparisons, and
extended performance analyses.

Future research should proceed along
several directions. First, empirical testing of the
proposed model with real-world data from
energy companies is necessary, incorporating a
broader range of control variables and multiple
time periods. Analysing which specific
components of emotional intelligence are most
strongly linked to outcomes such as productivity,
interaction quality, error rates, or staff stability
would be valuable. Additionally, evaluating the
effectiveness  of  emotional intelligence
development programmes using a before-and-
after design would facilitate assessment of the
practical impact of managerial interventions. It is
also recommended to investigate the broader

role of El in human capital development,
organisational resilience, and enterprise
adaptation  within  complex, technology-

intensive, and high-stress environments.

In summary, the research findings confirm
that staff emotional intelligence is a key factor in
enhancing workforce effectiveness by improving
work performance, reducing losses, stabilising
employee behaviour, and enhancing the quality
of organisational interaction. These conclusions
are consistent with previous scientific research
and extend existing knowledge by providing the

first practical attempt to link emotional
intelligence  with specific, measurable
operational indicators. The primary

interpretative value of these results lies in their

implications  for  future  research and
management practice.

. Conclusion . o .
%e s?uayos i mitati

The approach proposed in this article for
assessing personnel emotional intelligence as a
tool for profit growth was tested using a
simulated example of the company "KhAS." The
results demonstrated that emotional intelligence
can be formalized through a system of practical
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indicators, aggregated into an integral metric,
and quantitatively linked to the company's key
operational and financial metrics. This creates a
methodological basis for moving from general
statements about the importance of El to the
management level, where it can be assessed as
a factor in performance and profitability.

Calculations confirmed the high quality of the
El measurement instrument: the internal
consistency of the subscales is stable
(Cronbach's alpha 0.8110.87), allowing the
survey results to be used for analytical
comparisons and index construction. Within the
simulated organizational structure, a clear
hierarchical  differentiation of  emotional
intelligence was identified. The average El level
for production personnel was 4.15 (on a scale of
1-7), 4.86 for mid-level administrative staff, and
5.63 for senior managers. Accordingly, the
company potentially faces an ‘"uneven"
distribution of emotional competencies across
employee groups, which is an important signal
for HR policy: developing El makes sense not
only as an element of management training but
also as a tool for stabilizing and improving the
quality of processes in numerically dominant
production teams.

Correlationship  analysis revealed the
systemic nature of ElI's influence on key
performance indicators. The integral EI_mean
has a strong positive correlation with labor
productivity (r a o0.
financial indicator of the employee's conditional
"income <contribution"
parallel, a negative relationship was recorded
between El and variables that generate direct or
hidden costs in a real company: absenteeism
decreases wi t h i 110.d8; p &
0.001), and the error/defect rate also shows a
decl i rie.64pr<). & practical terms, this
means that emotional intelligence can be
considered a factor influencing profits through
two groups of mechanisms: increased
productivity and a simultaneous reduction in
losses associated with poor performance,
behavioral instability, or organizational friction in
processes.

Regression testing confirmed that emotional
intelligence retains its contribution to explaining
profitability even after accounting for controls. In

S

a model where the income contribution was
explained by El, tenure, and job title, the EIl
coefficient remained statistically significant (p <
0.001), and the overall explanatory power of the
mo d e | is high (R] a
conclude that EI does not This is limited to the
effect of experience or job status and can be
viewed as an independent resource that
enhances employee performance within their
roles. Adding operational characteristics to the
model reduces the magnitude of the El effect,
confirming the cascading logic of action: part of
the economic effect of emotional intelligence is
realized through intermediate KPIsd efficiency,
discipline, and task performance quality. At the
same time, the continued significance of El in
the expanded specifications points to possible
additional channels of influence, in particular
through teamwork, conflict management, and
communication quality, which are not always
fully captured by standard operational
performance indicators.

Thus, the results demonstrate that personnel
emotional intelligence can be included in a
profitability =~ management system as a
measurable factor influencing productivity,
guality, and process stability. The practical value
of the proposed approach lies in the ability to
create an "impact matrix" of El on financial
performance, where each EI component is
correlated with specific operational KPIs and
financial metrics. This opens the possibility faor

83 ‘comPanies no? onl9 £ hskesse Lurrdht 1dvd]

of El jn personnel but also to desié;n and

—~

adaptation programs, and other measures.
Activities, management interventions, and HR
decisions _over time. .
i ng El T r a
A promising direction for further work is the
application of real-world corporate data with an
expanded set of control variables, the use of
panel measurements over time, and the
combination of El survey assessments with 360-
degree assessments and actual
CRM/ERP/HRM data. This will allow us to refine
the magnitude of effects, identify the most
profitable EI components for different job
groups, and strengthen the evidence base for
implementing El as an element of a company's
economically oriented HR strategy.

measufe tﬂe‘ ﬁngafct df traﬁning0 pr g?al%g,'
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Table 1. Operational KPIs sensitive to the level of emotional intelligence (EI) *

KPIs (example)

Labor productivity (output

What does it
measure?

Productivity per

How is it related to EI?

El affects self-organization,

Why is it important for the
bottom line?

Productivity gains reduce costs

/ volume of tasks per employee motivation, team interaction | and increase output/revenue

employee)

Quality and errors (defect | Number and El reduces conflict, Less defects Y |

rate, rework, complaints) frequency of increases attentiveness and | returns/compensations
errors/defects responsibility

Process/case processing
time (AHT in the service,
order fulfillment speed)

Speed of operations
or service

El improves
communication, reduces
escalations, accelerates
agreement

Faster executio
spent, higher throughput

n

Turnover rate and
employee replacement
cost

Frequency of layoffs
and replacement
costs

El affects the climate in the
team, loyalty, quality of
leadership

Less turnover Y
hiring/adaptation costs, more
consistent productivity

Absenteeism (absence
from work, sick leave)

Frequency of
employee absence

El is associated with stress
resistance and prevention
of burnout

Less absences Y
and replacement costs

Internal conflict ratio
(number of cases /
resolution time)

Frequency of
conflicts and speed
of their resolution

El directly affects the
constructiveness of
interaction and de-
escalation

Less conflicts
wasted, lower indirect costs,
higher team efficiency

)

* Source: compiled by the authors based on [5].

Table 2. Generalized system of indicators for a corporate assessment panel *

Evaluation Level

Indicator group

Examples of practical indicators

Data source

El (Direct El scales WLEIS (4 components), SSEIT (integral Employee survey
Measurement) score)
El (Behavioral 360°/ self-regulation, empathy, conflict 360°, performance review
Evaluation) competences management, constructiveness under
pressure

Customer Level Service/sales CSAT/NPS, complaints, repeat purchases, CRM, customer survey

quality conversion
Financial Level Profitability operating margin, net profit, profit/employee, financial reporting,

revenue/employee management accounting

* Source: Created by the authors

140



Hands -on Science. Science Education. Resilience in challenging times

Table 4. Summary of average El scores and results (by job grade)

Number of Average El Average Average productivity
employees performance per employee
(thousand UAH)
Production staff 140 4.15 61.45 186.81
El (Behavioral Evaluation) 20 4.86 76.70 295.00
Customer Level 7 5.63 94.91 447.31

* Source: compiled by the authors

Table 5. Results of the regression model *

Variable Coeffici Std. error t-statistics

Constanta -13.672 19.091 -0.72 0.4749
El_mean 46.321 4.621 10.02 0.0000
Years of experience 1.097 0.387 2.83 0.0052
Job level (07 2) 84.767 4.740 17.88 0.0000

* Source: compiled by the authors
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Abstract . Digital transformation and dynamic
changes in the labour market are influencing the
competencies required of contemporary
leaders. The aim of this paper is to identify the
key future competencies of Generation Z
women preparing for leadership roles. The study
is based on original research, including a survey
conducted among 50 young women and 7 in-
depth interviews. The findings indicate that
communication, emotional intelligence,
resilience, creativity, adaptability, and digital
competencies are considered the most
important future skills. The participants perceive
leadership as a process based on authenticity,
collaboration, and social responsibility.

Keywords. digital transformation, female
leadership, future competencies, Generation Z,
leadership development.

1. Introduction

Ongoing digital transformation and the rapid
development of new technologies are changing
the way contemporary societies, organisations,
and labour markets operate. Increasing
importance is being placed on competencies
that enable individuals to function effectively in a
VUCA environment, characterised by volatility,
uncertainty, complexity and ambiguity [1]. Under
such conditions, future leaders are expected not
only to possess technological competencies but
also communication  skills, adaptability,
creativity, and emotional intelligence.

An important group operating within the
digital reality is Generation Z, whose members
have grown up surrounded by modern
technologies from an early age. Women
belonging to this generation are increasingly
engaging in social, educational, and leadership
activities, shaping new leadership models based
on collaboration, authenticity, and social
responsibility.

The aim of this paper is to identify the future

competencies  considered  essential by
Generation Z female leaders in the context of
digital transformation. The paper is based on a
review of the relevant literature and the results
of original research conducted among young
women belonging to Generation Z.

2. The New Leadership Paradigm

Generation Z is entering the workforce with
values and expectations that greatly differentiate
them from previous generations. Young women
of this generation are taking on leadership roles
and leading from a different place, reshaping
leadership in a way that is historically
unprecedented and challenging traditional
leadership norms. Studies show that the most
important value for the Generation Z workforce
is self-fulfilment, followed by positive labor
relations, ethics, respect for employees,
personal growth and trust. In their dreams and
aspirations, rather, happiness, family, personal
passions, environmental responsibility and
freedom were the guiding themes [2]. Women of
Generation Z expect more from work than
financial security. They want meaningful work,
they want to have an impact on the world in a
positive way, and they want to work in
organizations where the culture aligns with their
personal values. Work is now more often seen
as a place for personal growth and
development, rather than just a material source.
To have a good work life balance, to be able to
keep learning and so forth, are also seen as
i mportant parts of
professional life. As Generation Z makes its way
into the workforce, new leadership styles are
emerging that focus on teamwork, adaptability,
and mutual values. Modern leadership theories
such as servant and transformational leadership
are conducive to the development of young
female leaders [3]. In an era of evolving
employee expectations, young women assert
themselves as leaders through the power of
authenticity, empathy, transparent
communication, and social responsibility.
Consequently, there is a new leadership model
emerging - one that is more transparent,
sustainable and purpose-driven, and focused on
collaboration and positive social impact.

3. Key Future Competencies in the Era
of Digital Transformation

Despite the growing professional activity of
women and their high career aspirations,
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numerous barriers still hinder their advancement
to leadership positions. Women are more likely
than men to encounter gender stereotypes, the
ngl ass ceilingo
related to balancing professional and family
responsibilities [4]. Data presented by the United
Nations Global Compact Network Poland [5]
indicate that women remain underrepresented in
top management structures despite possessing
gualifications and competencies comparable to
those of men. The report also highlights
persistent gender pay inequalities and barriers

i miting womenoés
positions.
At the same time, contemporary

organisations increasingly recognise the value
of diversity in management processes and the
role of women in building innovative and
effective teams. In the context of rapid social and
technological change, there is a growing
demand for competencies that enable
individuals to function effectively in complex and
unpredictable work environments. These
competencies include communication skills,
emotional intelligence, resilience, creativity,
adaptability, and digital literacy.

Female leadership styles are more frequently
based on supportive behaviours, trust-building,
and t he devel opment
potential, making them particularly effective in
environments that require collaboration and
adaptability [6]. Contemporary female leaders
increasingly combine strong interpersonal
competencies with the ability to adapt to social

and technological change, responding
effectively to the challenges of digital
transformation.

The rapid development of digitalisation,
automation, and artificial intelligence is
transforming expectations towards

organisational leaders operating in the BANI
reality. Contemporary leadership requires not
only traditional managerial skills but also
adaptability, analytical thinking, and the ability to

integrate technological and social
competencies. In this context, increasing
attention is being paid to so-called future

competencies, understood as the knowledge,
skills, and attitudes that enable individuals to
function effectively in a rapidly changing work
environment.

The importance of future competencies is
highlighted by numerous reports and analyses
concerning the contemporary labour market. In

p h e n o mthenface of rapad iedhnolodical chiarge ane the

growing role of artificial intelligence,
organisations increasingly seek employees and
leaders who can operate effectively under
conditions of uncertainty, acquire new
knowledge quickly, and adapt to changing
circumstances.

According to the Future of Jobs Report key

-makioge s fyture campetgngigsiinglyde analytical thinking,

resilience, flexibility, leadership and social
influence, technological literacy, knowledge of
artificial intelligence and data analytics, as well
as creative thinking [7]. These competencies are
important not only in professional settings but
also in everyday life, as they enable individuals
to respond effectively to change, solve
problems, and make informed decisions in
uncertain conditions.

Contemporary organisations increasingly
seek individuals who can combine technological
expertise  with  social and emotional
competencies. The development of future
competencies supports innovation, enhances
organisational effectiveness, and facilitates
successful teamwork. These competencies are

opfrticularly inportantfer mdivedwals preparing to
assume leadership roles, as they enable not
only effective change management but also the
ability to inspire others, build engagement, and
create an environment that fosters collaboration
and development.

4. Research Methodology

To gain a deeper understanding of the
competencies considered essential for future
female leaders representing Generation Z, an
empirical study was conducted. The study
aimed to explore the opinions and experiences
of young women regarding leadership
competencies in the context of ongoing digital
transformation and rapid technological change.

A mixed-method approach combining
guantitative and qualitative research methods
was applied. Data were collected through an
online survey conducted among 50 women aged
181 25 belonging to Generation Z. Additionally,
seven semi-structured interviews were carried
out with respondents actively engaged in
educational, social, or leadership-related
activities. The study was conducted in June
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2025. Participants were recruited through
mentoring programmes dedicated to developing
leadership potential among young women, as
well as through university networks and social
media platforms. The respondents were
characterised by leadership aspirations and
active involvement in educational, social, and
professional development activities. The survey
consisted of 15 closed and semi-open questions
regarding leadership competencies and future
career expectations.

The main research question was: What
competencies are perceived as the most
important for future female leaders in the era of
digital transformation? Survey data were
analysed using descriptive statistics, while
interview responses were examined through
thematic analysis in order to identify the most
frequently occurring themes and opinions.

5. Results

The conducted study made it possible to
identify the competencies that young women
representing Generation Z consider particularly
important for future leadership roles. The

findings indicate that communication, team
management, strategic thinking, emotional
intelligence, creativity, and resilience are

perceived as the most important competencies.
Respondents emphasised that effective
leadership requires not only professional
knowledge and expertise but also the ability to
build relationships, inspire others, and respond
effectively to rapidly changing circumstances.
These findings suggest that, despite the growing
importance of new technologies, social and
interpersonal competencies remain  the
foundation of effective leadership.

Particular  attention was given to
competencies that enable effective functioning
in environments characterised by uncertainty
and constant change. Respondents highlighted

adaptability, openness to learning, and
willingness to collaborate with  people
representing  diverse  experiences  and

perspectives. According to the participants,
future female leaders should be able to combine
technological knowledge with well-developed
social and emotional competencies, allowing

them to respond more effectively to the
challenges associated with digital
transformation.

The study also demonstrated the important
role of values in shaping contemporary
leadership. Responsibility, cooperation, trust,
honesty, and empathy were identified as the
most important leadership values. The findings
suggest that Generation Z women perceive
effective leadership as being based on
partnership, ethical behaviour, and team
engagement in achieving shared goals.

The results indicate that although digital
competencies are becoming increasingly
i mportant in todayos
replace human-centred competencies. Future
female leaders should strive to maintain a
balance between technological knowledge and
emotional intelligence, communication skills,
and the ability to build lasting relationships. This
means that effective leadership in the era of
digital transformation requires the integration of
technological, social, and emotional
competencies.

6. Conclusions

The conducted study provided a deeper
understanding of how Generation Z women
perceive leadership and identified the
competencies and values they consider
particularly important in the context of future
professional challenges. The findings indicate
that contemporary leadership is no longer
associated solely with expert knowledge or
decision-making abilities. Increasing importance
is attached to the ability to build relationships,
communicate  effectively, and  function
successfully in an environment characterised by
rapid social and technological change.

The study also revealed that Generation Z
women place great importance on values that
form the foundation of responsible and ethical
leadership. Cooperation, responsibility, trust,
honesty, and empathy were identified as
particularly significant. The findings suggest that
future female leaders perceive their role
primarily as supporting team members, fostering
engagement, and creating an environment
conducive to development and collaboration.

The results further demonstrate that, in the
view of Generation Z women, effective
leadership is closely linked to the ability to
navigate an increasingly complex and uncertain
environment. Future leaders are expected not
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only to understand ongoing technological
developments but also to collaborate effectively
with others, build trust, and motivate people
towards shared goals. It is this combination of
capabilities that forms the foundation of
successful leadership in the era of digital
transformation.

The findings may provide valuable insights
for organisations, educational institutions, and
leadership development programmes that
support young women preparing for leadership
roles. They highlight the importance of creating
environments that foster the development of
both professional and interpersonal
competencies, which will play a crucial role in
shaping the next generation of female leaders
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Abstract .

Background: Type 2 diabetes mellitus (T2DM) is
a worldwide burdensome disease. However,
data on direct and indirect costs of its
management and care are an urgent need.

Objective: This prospective tertiary care study
aimed to assess the total direct and indirect
costs of long-term diabetes care in tertiary care.

Methods: A total of 320 participants with T2DM
fulfilling the American Diabetes Association
screening and diagnostic guidelines were
recruited for cost assessment. Group | (n=160)
received education and empowerment in
addition to standard treatment, while Group II
(n=160) received only standard treatment.
Direct and indirect costs, including medication,
laboratory investigations, specialized treatment
costs, leave and travel costs, were recorded in
both groups and followed 4 times per year for up
to 1 year.

Results: Direct costs were reduced by 55%
compared to just 11% in the control group
(p<0.001), with medication costs decreasing by
89.9% versus 31.5% in controls (p<0.001).
Importantly, these substantial cost reductions
were achieved while maintaining equivalent
glycemic control, with nearly identical HbAlc
levels between groups (7.69% vs 7.68%;
p=0.886). The intervention's effectiveness
increased progressively over Time, reaching an
odds ratio of 9.75 for cost reduction at 24 months
(p<0.001), with even more pronounced benefits
observed in well-controlled patients
(HbA1c<7%) who showed an odds ratio of 12.5
for cost reduction.

Conclusions: The findings reveal that education
and empowerment hold significant promise for
reducing diabetes-related costs  without
sacrificing quality, underscoring their relevance
to healthcare strategies and resource allocation
for managing chronic conditions.

1. Introduction

Diabetes mellitus remains one of the most
serious public health issues in North India, with
high prevalence rates in some states such as
Punjab, Delhi, Haryana, and Uttar Pradesh. The
prevalence of diabetes in Punjab stands at
16.3%, whereas Delhi registers 14.2%, far
higher than the national average of 11.4%,
according to ICMR-INDIAB. In North India alone,
the IDF reports that about 25% of India's 77
million diabetic patients live there, and the
number is expected to double by 2045 (3). It is
estimated that 50-60% of all cases go
undetected in rural settings due to a lack of
screening facilities (4).

Lifelong management of type 2 diabetes
mellitus (T2DM) is required, and poor control of
glycemia results in serious complications like
diabetic  nephropathy, retinopathy, and
cardiovascular diseases, raising medical costs.
In Punjab and Haryana, diabetes is the major
cause of CKD, accounting for 45% of the total
cases undergoing dialysis (5). The cost of
hemodialysis per session was found to be

4, 148, decreasing to
capacity (6). For each hemodialysis session,
patients had fsoparpd yheir
personal expenses. This shows the economic
aspects of diabetes, with varying costs for
healthcare organizations and high costs borne
by patients. Economic burden of diabetes on the
North Indian population is huge, with a yearly
medical cos t
Complications double or triple expenses, for
exampl e, di abet i c i3 laklost
per hospitalization

(8). Even though the Indian government had
several schemes, including Ayushman Bharat
PMJAY, which covered hospitalization for
diabetes-related complications, most outpatient
costs, such as medications, diagnostic
procedures, and consultations, remained out-of-
pocket. Out-of-pocket expenditure is
responsible for about 70% of the cost incurred in
managing diabetes in Uttar Pradesh, which
leads to approximately 5-7% of households
falling into poverty annually (9). The healthcare
system in Northern India has been experiencing
various problems regarding the management of
diabetes due to issues such as fragmented
delivery of care, differences between rural and
urban settings, and a lack of sufficient insurance
coverage. In India, diabetes patients go through

146

exceedi-h0,0005%70)., 000

ul c



Hands -on Science. Science Education. Resilience in challenging times

uncoordinated referrals from governmental
hospitals to multispecialty chain hospitals, and
finally to private clinics, where patients undergo
repetitive diagnostic procedures. Urban centers
like Delhi and Chandigarh offer greater
advantages to diabetes patients than rural areas
in Uttar Pradesh and Bihar, due to limited
supplies of insulin and glucose monitors.
Furthermore, out-of-pocket expenses play an
important role in diabetes treatment, since state
insurance policies such as the Bhagat Puran
Singh Sehat Bima Yojana in Punjab and the
Chirayu-Ayushman Yojana in Haryana provide
hospitalization coverage but not for medicines or
outpatient monitoring. For example, despite the
availability of free dialysis services in Haryana,
ignorance among the potential patients is such
that 70% of the eligible population remains
uninsured. The lack of an effective
telecommunication system linking hospitals,
physicians, laboratories, and other entities
further complicates the process, and patients
end up visiting multiple facilities for treatment.
This results in late diagnosis, increased
complications, and high medical costs,
especially for low-income families.

2. Research design and methods
2.1. Study Design

A total of 320 patients with T2DM from one
tertiary care center in North India participated in
our financial evaluation. Our longitudinal
observational study was conducted at a tertiary
care hospital in North India. Participant
recruitment involved the use of the following
inclusion criteria:

(i) age 25-65 years regardless of gender; (ii)
recently (<6 months) diagnosed with type 2
diabetes mellitus (T2DM) using glycaemia

criteria that included
mmol/L), 2-hr PG 0200 mg/ dL
after 75. g OGTT, Hb A1 cmmdsnol)s 9
on an NGSP-certified method, or random PG
0200 mg/dL (11.1

typical hyperglycemic symptoms; (ii) no
requirement for insulin therapy (latent

autoimmune diabetes and severe T2DM
excluded); and (iv) ability to give informed
consent and follow the study protocol.

Criteria for exclusion included:

(i) presence of type 1 or gestational diabetes
mellitus, or duration of type 2 diabetes mellitus
of more than six months.

(i) use of insulin therapy.

(iii) renal impairment (estimated glomerular
filtration rate <30 mL/min/1.73 m2).

(iv) active cancer condition/treatment.

(v) comorbidity with psychiatric conditions.
(vi) pregnancy or lactation.

(vii) substance abuse.

(viii) development of microvascular
complications; and

(iX) non-compliance with study visits.

The strict screening process helped establish
methodological consistency by accounting for
potential confounders in the cost-effectiveness
analysis.

2.2. Education and empowerment
implementation strategy

As part of the intervention protocol for the
enrolled participants, a detailed educational
curriculum was designed that consisted of
weekly 2-hour classes. The content covered
many aspects of diabetes management,
including awareness about the disease,
individual counseling, the basics of diabetes
pathology, psychosocial complications of the
disease, complications of diabetes, blood sugar
monitoring techniques, behavioral motivation
techniques, meal preparation methods, physical
activity guidelines, and quality of life
impr(ﬂv%meer}t, as Bu&ineg) !an';l re\r/Ti1ou§ s&ugy

)1 n Qeaignirm m% qegiagopy, the imgportance

ioq% support mechanisms was highlighted
and achieved through certified diabetes

mmo | /edugators usiggonaultipdet teaghing jechnigues.

Linguistic adaptations were made to the
curriculum, including printed materials,
animated videos, audio-visual presentations,
interactive sessions, individual coaching, short
educational videos, knowledge assessment
sessions, simulation exercises, macronutrient
identification sessions, and practical sessions.
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Diabetes educators concurrently conducted

empowerment through patient-oriented
approaches that addressed  cognitive,
biophysical, psychological, and sociological

aspects. The approach underscored the need to
treat individuals' value systems, personal
beliefs, and subjective views with respect; in
addition, a strengths-focused therapy was used
rather than deficit-based counseling
approaches. The collaborative process for
setting glycemic control targets was developed
through shared decision-making, with flexibility
to consider patients' behavioral traits and to
develop a consensual approach. Participants
were motivated to develop self-responsibility by
attending empowerment sessions regularly, with
facilitation strategies such as problem-solving,

emotional expression, seeking solutions,
consequence assessment, and decision-
making.

2.3. Data Collection

Data collection was conducted at baseline, 3,
6, 18, and 24 months, with the outcome
variables being total cost of care, composed of
drug costs, laboratory charges, equipment
costs, and transport charges, and clinical
efficacy as reflected by HbA1C level. Economic
analysis was performed on each cost
separately, whereas clinical efficacy was
determined by analyzing glycemic patterns.
Standardized surveys were used to collect
comprehensive baseline and endline
information on several variables, including
socio-economic  profile,  sociodemographic
variables, history of diabetes (both individual
and family history), comorbidities, compliance
behavior, and determinants of non-compliance.
HbAlc levels were used to determine glycemic
control, measured every 3 months after
participants completed the educational and
empowerment programs. This approach utilized
the concept of economic evaluation, which
entails a comprehensive analysis of both direct
and indirect costs associated with health
outcomes derived from interventions.

2.4. Statistical analysis

Results will be presented using appropriate
descriptive  statistics: normally distributed
variables will be reported as means +* SD

(confidence interval), non-normally distributed
variables will be reported as medians and
interquartile ranges, and categorical data will be
reported as frequencies and percentages.
Considering the right-skewed nature of the cost-
related data, nonparametric approaches were
used in the analysis. Group-wise differences
were determined using the Wilcoxon rank-sum
test, and relationships between variables were
tested using Spearman's rank correlation test.
Confidence intervals will be constructed using
the bootstrap method. The statistical analysis
will be two-sided with an alpha level of 0.05.
Statistical software: IBM SPSS Statistics.

3. Results

Participants' age distribution is skewed to the
right, with a Skewness of 2.090 and a Kurtosis
of 4.95. This is further supported by the Shapiro-
Wilk test, which yields a p-value of 0.0416 and
rejects the null hypothesis of normality. As
presented in Table 1, the mean ages of patients
were 48.49 + 6.67 years, and those of control
subjects were 49.26 + 7.00 years. The median
ages of patients and controls were 48 (IQR: 8.5)
and 48.5 (IQR: 10), respectively, showing no
difference in the age distribution between the
two groups. Table 1 presents frequencies of
different demographic and clinical variables. For
example, the majority of participants from both
groups are under the age of 50 (72% patients
and 67% controls) (Table 1). Male gender is
common in both groups (62% patients and 71%
controls) (Table 1). The majority of participants
earn less than 30,000 INR per month (72%
patients, 69% controls) and consume less than
1400 kcal/day (81% patients, 88% controls). A
family history of diabetes is rare (15% of
patients, 11% of controls), while dietary history
is very common (83% of patients, 91% of
controls). The Manni Whitney U test was
performed on Table 2 to compare continuous
variables between case and control groups.

From the results, there is no statistical
difference between the groups for most factors,
including age, weight, BMI, systolic and diastolic
blood pressures, fasting blood sugar (FBS),
postprandial blood sugar (PPBS), HbAlc,
monthly income, and transport expenses (p >
0.05). This implies that both groups were nearly
identical in terms of their characteristics.
Nonetheless, a significant difference was found
in height (p < 0.001). Specifically, the median
height of participants in the case group is
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statistically greater than that of participants in
the control group.

For instance, in Table 3, the baseline cases
were compared with the control. The findings
indicated that there were no statistically
significant differences in baseline characteristics
between the Patient and Control groups (all p-
values > 0.05), implying equality in baseline
status. On the other hand, Table 4 shows a
statistically significant difference in direct costs
between the groups across all months (6, 12, 18,
and 24; p < 0.05), indicating that the intervention
minimized health care expenditures. From Table
5, there were statistically significant differences
between the groups in indirect costs (p < 0.05).
For the analysis of the odds ratio for the study
variables between cases and controls, the
analysis was performed as shown in Table 6, at
Baseline (No Difference), OR = 1.12 (95% CI:
0.75i 1.68, p=0.58), where there is no significant
difference in cost reduction between the groups,
as their baseline is the same. However, after six
months of education and empowerment [OR:
2.31 (95% CI: 1.52i 3.52, p<0.001)], there is a
significant improvement, indicating that patients
in the case group are 2.3 times more likely to
have reduced costs than those in the control
group. Similarly, after 12 months, a greater
effect on OR has been observed [OR = 4.25
(95% CI: 2.71i 6.67, p<0.001)], indicating that
cases are 4.25 times more likely to have
reduced healthcare costs than those in the
control group. Furthermore, after 18 months and
24 months, maximum results in terms of OR are
observed [OR = 6.50 (18 months), OR=9.75 (24
months), p<0.001], which means that cases are
almost 10 times more effective in reducing
healthcare costs as compared to those in the
control group. The Odds ratio analysis for
HbAlc comparing cases to controls is shown in
Table 7. It was revealed that relative to baseline,
HbAlc (<7%) had a Strong effect at 6 and 24
months, with odds ratios of 2.33 (p = 0.002) and
12.5 (p < 0.001), respectively. In summary, the
intervention was very effective in minimizing the
cost for well-controlled patients, with an
increasing effect over Time. However, for HbAlc
l evels (.7%), the odd
months were 2.28 (p = 0.003) and 7.50 (p <
0.001), respectively, indicating moderate
effectiveness compared with well-controlled
patients.

In Table 8, a test on adjusted odds ratios
(aOR) for cost reduction (multivariate logistic

regression) showed that there is a significant
association between intervention and the cost
predictors, such that aOR = 3.42 (95%ClI: 2.56-
457, p<0.001). It indicates that intervention
significantly increases the odds of cost reduction
(by 3.42 times) among patients with high HbAlc.
In addition, the education/empowerment
program lowers costs independently of other
factors. Moreover, regarding HbAlc, aOR =1.85
(95% CI: 1.32i 2.59, p<0.001). This means that
well-controlled patients (HbAlc < 7%) have 1.85
times the odds of cost reduction than poorly
controlled patients.

4. Discussion

The results of the present study show the
efficacy of Education and Empowerment in
lowering healthcare costs for patients with
T2DM without affecting their glycemic status. It
is in line with previous studies, which show that
the use of patient-centered strategies can
benefit the economy and clinical performance.
The age distribution among subjects showed
positive skewness (2.090) and high kurtosis
(4.95), indicating a lack of normality. It correlates
with the epidemiology of T2DM, where its
prevalence increases with age but can also be
associated with demographics due to genetic
and lifestyle-related risks (11). The patient and
control age means (48.49 + 6.67 years and
49.26 + 7.00 years, respectively) were similar,
confirming that both groups were equally
matched at the start of the experiment (Table 3).
This observation was consistent with that of Al
et al. (2019) (12), who highlighted that age
matching was essential in diabetes interventions
to eliminate confounding factors. It should be
noted that most patients and controls in the
sample were younger than 50 years old (72%
and 67%, respectively; Table 1), which is
characteristic of young-onset age in most
communities (especially in South Asia) (13). A
preponderance of males was evident in the
sample population (62% patients, 71% controls;
Table 1).

For most participants, monthly income was

less dhan P00 dndian Rppges QNRY (729 ¢ 1

patients, 69% controls; Table 1), in line with
other research associating low socio-economic
status with a higher likelihood of T2DM owing to
a lack of healthy food intake and access to
health services (15). A significant proportion of
individuals consuming fewer than 1400 kcal/day
(81% of patients, 88% of controls) could indicate
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dietary patterns that increase the risk of diabetes
due to malnutrition, especially common among
people of lower economic status (16). A family
history of diabetes was rare (15% of patients,
11% of controls), unlike the literature, which
reports high familial aggregation among cases
of T2DM (17). Nevertheless, a dietetic history
was high (83% of patients, 91% of controls) due
to previous dietary counseling. There was a
statistically significant difference in height
among the two groups (p < 0.0001). But weight,
BMI, and BP were not different, suggesting that
none of these variables affected the
intervention's effect. The majority of subjects
had high levels of FBS (above 100 mg/dL; 87%
patients, 83% controls) and PP (above 200
mg/dL; 93% patients, 88% controls). This
suggests that poor glycemic control was present
in most subjects at baseline, consistent with
previous studies reporting inadequate diabetes
care in resource-constrained areas (19). In the
intervention group, significant cost reduction
was observed after 24 months. Costs decreased
by 55% for patients compared with 11% for
controls, with the largest difference observed in
month 18 (d = -1.971). Expenditure on
medication decreased by 89.9% in the
intervention group compared to 31.5% in the
control group, likely due to better adherence and
the use of cheaper medicines. Shrivastava et al.
(21) reported similar outcomes, finding that
structured diabetes education decreased insulin
dependence among patients with diabetes. In
addition, laboratory test costs decreased
considerably (by 71.6%) in the intervention
group compared with 63.7% in the control group;
this may be explained by fewer tests being
performed, as shown in cost-efficient diabetes
programs (22). The likelihood of saving money
increased throughout the experiment, reaching
its maximum at 24 months (OR = 9.75).
Similarly, such outcomes have been observed in
the Diabetes Prevention Program, where
lifestyle interventions were found to significantly
reduce medical expenses compared with
standard therapy (23). Moreover, subgroup
analysis based on HbAlc has shown the
greatest effect in people with well-controlled
diabetes (HbAlc < 7%), with an OR of 12.5 at
24 months (24). Adjusted analyses confirmed
the intervention's independent impact (aOR =
3.42), consistent with studies emphasizing
empowerment as a key driver of cost reduction
(25). Despite significant cost reductions, HbAlc
levels remained similar between groups (7.69%
vs. 7.68%), suggesting that the intervention

improved efficiency without compromising
outcomes. This contrasts with studies in which
cost-cutting led to poorer control (26) but aligns
with programs that integrate education and self-
management (27). The weak correlation
between cost reduction and HbAlc change
implies that factors beyond glycemic control,
such as reduced hospital visits or optimized
medication use, drove savings. This finding
supports Wagner's Chronic Care Model, which
emphasizes system-level improvements (28).
The intervention's benefits were consistent
across income levels, genders, and ages,
reinforcing its broad applicability. This contrasts
with studies where socio-economic status
influenced intervention success (29) but aligns
with universal diabetes education models (30).
The net savings of INR 333.96 per patient
highlight the intervention's cost-effectiveness,
comparable to savings reported in the UK
Prospective Diabetes Study (31). Scaling such
programs could alleviate financial burdens on
healthcare systems, particularly in low-resource
settings (32).

5. Conclusion

The above study clearly shows that
incorporating educational and empowering
measures into traditional diabetes treatment has
a significant positive impact on reducing
healthcare costs without compromising glycemic
control. This is especially useful given the need
to develop innovative ways to address the
problems faced by the health care system in
North India, including high out-of-pocket costs.
Such an approach can prove highly beneficial
not only from a medical perspective but also by
making healthcare provision more affordable.
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Table 1. Baseline characteristics of study participants

Variable

Control

(n, %)

Chi-
square

P-value*

Age (<50/ >50) 32 (32.0%) / 28 (28.0%) / 0.2143 0.6434
68 (68.0%) 72 (72.0%)

Sex (M/F) 61 (61.0%) / 53 (53.0%) / 0.9996 0.3174
39 (39.0%) 47 (47.0%)

Monthly Income (<30000 / >30000) | 66 (66.0%) / 63 (63.0%) / 0.0873 0.7676
34 (34.0%) 37 (37.0%)

Diet (<1400 / >1400) 48 (48.0%) / 59 (59.0%) / 2.0098 0.1563
52 (52.0%) 41 (41.0%)

Family History (Yes / No) 41 (41.0%) / 47 (47.0%) / 0.5073 0.4763
59 (59.0%) 53 (53.0%)

Dietetic History (Yes / No) 20 (20.0%) / 34 (34.0%) / 4.2872 0.0384*
80 (80.0%) 66 (66.0%)

Height (<150 / >150) 21 (21.0%) / 56 (56.00) / 24.4114 <0.0001*
79 (79.0%) 44 (44.0%)

Weight (<60 / >60) 54 (54.0%) / 53 (53.0%) / 0.0000 1.0000
46 (46.0%) 47 (47.0%)

BMI (<23 / >23) 18 (18.0%) / 30 (30.0%) / 3.3169 0.0686
82 (82.0%) 70 (70.0%)

SBP (<130/>130) 57 (57.0%) / 69 (69.0%) / 2.5955 0.1072
43 (43.0%) 31 (31.0%)

DBP (<80 / >80) 56 (56.0%) / 50 (50.0%) / 0.5018 0.4787
44 (44.0%) 50 (50.0%)

FBS (<100 / >100) 49 (49.0%) / 54 (54.0%) / 0.3203 0.5714
51 (51.0%) 46 (46.0%)

PP (<200 / >200) 60 (60.0%) / 65 (65.0%) / 0.3413 0.5591
40 (40.0%) 35 (35.0%)

HbALC (<7 />7) 52 (52.0%) / 50 (50.0%) / 0.0200 0.8875
48 (48.0%) 50 (50.0%)

Travel Costs (<300 / >300) 54 (54.0%) / 53 (53.0%) / 0.0000 1.0000
46 (46.0%) 47 (47.0%)

Table 2. Baseline comparison of study groups using the Mann

T Whitney U Test

Variable Cases Control P- Interpretation
(Median [IQR]) (Median [IQR]) value value*
Age (years) 54 [48i 61] 55 [49i1 62] 4803.0 0.522 Not Significant
Height (cm) 158 [154i 162] 152 [148i 157] 3100.5 <0.001* Significant (Height differs by group)
Weight (kg) 64 [59i1 70] 65 [58i 69] 4897.5 0.623 Not Significant
BMI (kg/m?) 25.3[23.2i 27.8] 25.7 [23.5i 28.0] 4932.0 0.703 Not Significant
SBP (mmHg) 128 [120i 135] 130 [122i 138] 4602.5 0.221 Not Significant
DBP (mmHg) 82 [76i 86] 84 [78i 88] 4755.0 0.401 Not Significant
FBS (mg/dL) 105 [96i 116] 108 [98i 118] 4700.0 0.331 Not Significant
PPBS (mg/dL) 175 [160i 190] 180 [165i 195] 4748.0 0.385 Not Significant
HbA1c (%) 6.9 [6.41 7.5] 7.1[6.51 7.6] 4850.0 0.551 Not Significant
Monthly 26000 [180007 27000 [190007 4925.0 0.690 Not Significant
Income 35000] 36000]
Travel Costs () 250 [180i1 350] 260 [190i 340] 4875.5 0.582 Not Significant

* Manni Whitney U Test; p value <0.05 considered to be significant
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Table 3. Baseline Characteristics of Cases and Controls

Variable Cases (Mean + SD) Controls (Mean + SD) p-value (t-test) *
Age 48.2+85 453+7.38 0.12
BMI 23.4+£12 23.1+14 0.45
SBP (mmHg) 130.5+6.8 129.8+7.2 0.67
DBP (mmHg) 80.3+35 79.9+38 0.55
FBS (mg/dL) 145.2 +15.6 143.8+16.2 0.71
HbA1C (%) 7.1+0.8 7.0+0.9 0.62

* St u dfetest; pwalue <0.05 considered to be significant

Table 4. Baseline Characteristics of Patients and Control Groups in terms of Direct Costs (INR)

Over Time
Time Period Cases (Mean * SD) Controls (Mean + SD) p-value (t-test)
Baseline 4243 + 1205 4123 + 1150 0.34
6 months 3566 + 980 3845 + 1050 0.02*
12 months 2993 + 650 3410 + 920 <0.001*
18 months 2380 + 420 3030 + 850 <0.001*
24 months 1930 + 310 2625 + 800 <0.001*

* St u d etest; pvalue Q05 considered to be significant

Table 5. Baseline Characteristics of Patients and Control Groups in terms of Indirect Costs
(Travel and Parking)

Cost Type Cases (Mean * SD) Controls (Mean + SD) p-value (t-test)
Travel costs 250 + 67 392+ 82 <0.001*
Parking fees 94+ 14 127 £ 19 <0.001*

* St u dfetest; pwalue <0.05 considered to be significant

Table 6. Odds ratio analysis for the total cost variables of cases versus controls

Time Period Cases Controls Odds Ratio 95% ClI

(Reduced Costs) (Reduced Costs) (OR)
Baseline 45% (n=72) 42% (n=67) 1.12 [0.75i 1.68] 0.58
6 months 68% (n=109) 48% (n=77) 2.31 [1.52i 3.52] <0.001
12 months 82% (n=131) 51% (n=82) 4.25 [2.711 6.67] <0.001
18 months 88% (n=141) 53% (n=85) 6.50 [3.89i 10.9] <0.001
24 months 92% (n=147) 55% (n=88) 9.75 [5.42i 17.5] <0.001
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Table 7. Odds ratio analysis for the HbAlc variables of cases and controls

HbAlc Group  Time Period Cases Controls Odds 95% Cl p-value
(Reduced Costs) (Reduced Costs) Ratio (OR)
HbAlc <7% | Baseline 48% (n=38) 45% (n=36) 114 [0.68i 1.91] 0.62
6 months 70% (n=56) 50% (n=40) 2.33 [1.38i 3.94] 0.002
12 months 85% (n=68) 52% (n=42) 5.14 [2.72i9.71] <0.001
24 months 94% (n=75) 56% (n=45) 12,5 [5.26i 29.4] <0.001
HbAlc O7% | Baseline 43% (n=34) 40% (n=32) 1.13 [0.65i 1.97] 0.67
6 months 66% (n=53) 46% (n=37) 2.28 [1.33i3.91] 0.003
12 months 79% (n=63) 50% (n=40) 3.75 [2.10i 6.67] <0.001
24 months 90% (n=72) 54% (n=43) 7.50 [3.85i 14.6] <0.001
Table 8. Adjusted Odds Ratios (aOR) for Cost Reduction (Multivariable Logistic Regression)
Cases Intervention (vs. Non-Intervention) 3.42 [2.561 4.57]| <0.001
HbAlc Level <7% (vs. O 7 %) 1.85 [1.321 2.59]| <0.001

155



Hands -on Science. Science Education. Resilience in challenging times

The Effect of Natural and Chemical
Food Preservatives: Comparative
Analysis for Safe Food
Preservation and STEM
Educational Application

loss of perishable commoditiesd specifically
fruits and vegetablesd presents not only a
monumental macroeconomic challenge but also
a vector for severe public health hazards, such
as outbreaks induced by Clostridium botulinum
(Teshome et al., 2022, p. 4). Raw foods undergo
deterioration  during harvest, production,
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Abstract . Food safety and shelf-life extension
are crucial parameters in public health and
global food logistics. This study evaluates the
comparative  antimicrobial and  oxidative
mitigating efficiencies of natural preservatives
(salt, sugar, vinegar, lemon juice, and honey)
against industrial chemical preservatives
(benzoate, nitrite, and sulfur dioxide).
Quantitative experimental data indicates that
while chemical agents achieve the Ilowest
degradation indices (sulfur dioxide 12%,
benzoate 15%, nitrite 18%), honey (20%)
displays a highly competitive preservation
efficacy. The marginal 2% efficiency variance
between sodium nitrite and honey introduces an
industrial paradox, which is deconstructed
through techno-economic, organoleptic, and
regulatory  perspectives.  This  research
demonstrates that natural preservatives,
particularly honey, can serve as viable
alternatives when properly understood within
their biochemical and practical constraints.
Furthermore, this study presents a
comprehensive model for integrating scientific
data into secondary-level STEM education,
supporting the development of sustainable
consumption habits and informed decision-
making regarding food safety.

Keywords. Antimicrobial  activity, food
preservation, food safety, honey, natural
preservatives, chemical preservatives, STEM
education, sustainable food systems.

1. Introduction

The primary objective of food preservation is
to inhibit the metabolic activity of foodborne
pathogens, spoilage microorganisms, and
endogenous enzymatic reactions that degrade
the structural, nutritional, and organoleptic
properties of raw food materials. In globalized
logistics and supply chains, the post-harvest

due to environmental factors such as
microorganisms, oxygen, enzymes, light,
temperature, and humidity. "Without special
precautions, all fresh foods undergo degradation
processes initiated by microbial enzymes
present within or around them" (Teshome et al.,
2022, p. 2). Among all food categories, fruits and
vegetables are the most perishable and
experience the highest spoilage rates.

Sustainability and food safety integration
represent  core baseline requirements
determining the future success and stability of
global public health frameworks. To counteract
these biological vectors, industrial food
processing frameworks rely heavily on chemical
additive technological applications.
Concurrently, contemporary consumer
behavioral paradigms exhibit an accelerating
preference toward "clean-label" configurations,
largely driven by perceived health risks
associated with synthetic xenobiotics (U.S. Food
and Drug Administration [FDA], 2024). "Food-
borne illnesses are a significant concern for
consumers, the food industry, and food safety
authorities" (WHO, 2023, p. 1).

International regulatory consortia, including
the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) and the European Food
Safety Authority (EFSA), meticulously modulate
the Acceptable Daily Intake (ADI) baselines to
prevent chronic toxicological pathologies
(European Food Safety Authority [EFSA], 2026;
World Health Organization [WHO], 2023).
However, the metabolic transformation of
certain syntheticsd such as the endogenous
reduction of nitrites into carcinogenic
nitrosamines within the gastric environmentd
justifies the empirical exploration of natural
biomolecules as viable substitutes. "Excessive
nitrite intake from animal sources has been
linked to an increased risk of thyroid cancer,
particularly among women" (Sokal-Dembowska
et al., 2025, p. 89). This paper provides a
systematic, data-driven analysis of natural and
chemical preservative dynamics, deconstructs
the biochemical exceptionalism of honey, and
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addresses the industrial constraints that govern
the efficiency thresholds between natural
biopolymers and synthetic chemical agents.

2. Theoretical Framework and Chemical
Mechanisms

2.1. Dynamic Systems of Chemical
Preservatives

Synthetic food preservatives operate via
precise, predictable intracellular disruption
pathways. Sodium benzoate, a widely utilized
aromatic carboxylic acid derivative, functions
optimally under acidic conditions where its un-
dissociated form readily penetrates microbial
cell membranes, disrupting cytoplasmic pH
homeostasis and inhibiting essential enzymatic
functions (FDA, 2024). Sulfur dioxide (SO2)
exhibits a dual-action profile, serving as both a
powerful reducing agent that thwarts oxidative
enzymatic browning and an antimicrobial agent
that splits disulfide bonds in functional cellular
proteins (EFSA, 2026). Sodium nitrite (NaNOZ2)
represents the absolute benchmark for curing
protocols within lipid-protein matrices, acting as
a definitive inhibitor against Clostridium
botulinum spore germination. The critical
toxicological caveat, however, rests on its
structural reactivity; under thermal stress or
acidic gastric conditions, nitrites interact with
secondary amines to  synthesize  N-
nitrosamines, which possess documented
mutagenic properties (Teshome et al., 2022).

2.2. The Biochemical Architecture of the
Honey Anomaly

Natural antimicrobials derive predominantly
from plant secondary metabolites, organic acids,
or animal-derived defensive enzymes. While
simple NaCl (salt) and sucrose (sugar) preserve
substrates primarily by inducing high osmotic
pressure and lowering water activity (aw), honey
leverages a unique, multidimensional matrix of
biochemical parameters that renders it
biologically immune to decomposition:

Hyper-Os mot i ¢
Honey is a supersaturated carbohydrate
solution  containing  approximately  80%
monosaccharides (fructose and glucose) and
less than 18% water. This extreme configuration
exerts a severe osmotic pull on any contacting
microbial cell, drawing out cellular moisture and

causing immediate plasmolysis (Teshome et al.,
2022).

Endogenous Hydrogen Peroxide Production:
Upon mild dilution, the honeybee-derived
enzyme glucose oxidase actively catalyzes the
conver si-D-glucosef intobD-glucono-u-
lactone and hydrogen peroxide (H202). The
continuous, low-level generation of H202 acts
as a potent, broad-spectrum antiseptic agent
without modifying the baseline safety of the
food.

Sub-neutral Acidity Profile: The enzymatic
accumulation of gluconic acid, supplemented by
trace amounts of citric, malic, and succinic
acids, drives the pH of honey down to a highly
restrictive range between 3.2 and 4.5, which is
fundamentally inhospitable to typical bacterial
proliferation.

Non-Peroxide Phytochemical Factors: Honey
incorporates  variable  concentrations  of
polyphenols, flavonoids (such as pinocembrin,
chrysin, and quercetin), and lysozymes that
disrupt bacterial cell wall mechanics.

3. Methodology and Experimental
Parameters

To empirically map the preservation
thresholds, standardized vegetable-fruit tissue
samples (comprising Malus domestica, Musa
acuminata, and Solanum tuberosum) were
subjected to uniform surface applications of both
natural concentrations (sugar 50% w/v, salt 10%
w/v, natural vinegar, pure lemon juice, and raw
floral honey) and regulated synthetic solutions
(sodium benzoate, sodium nitrite, and sulfur
dioxide at maximum codex-permissible parts per
million) (Codex Alimentarius Commission,
2025). The matrices were incubated under
controlled atmospheric conditions (25°C, 65%
RH) over a multi-week observational timeline.
The quantitative degradation index was
calculated based on macroscopic surface
deconstruction, microbial colony-forming unit
(CFU) propagation, and volatile organic

Pr es s u-10.60): ( &anpodnd (VOG) gmanation.

4. Quantitative Findings and Analytical
Comparisons

The empirical compilation of the substrate
degradation indexes revealed an expected
hierarchy of protection, yet highlighted a crucial
narrowing of the efficiency gap between natural
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biocomposites and industrial chemicals.
Obtained data demonstrated significant
differences in degradation rates among different
preservative types on fruits and vegetables.
Among natural preservatives, honey and lemon
juice emerged as substances with the lowest
degradation rates. Lemon juice, due to its high
citric acid and ascorbic acid (vitamin C) content,
reduced pH to inhibit microbial growth while
effectively  slowing  enzymatic  browning
(oxidation). Honey created an antimicrobial
barrier through high osmotic pressure and low
water activity.

Table 1. Quantified Degradation Index of Fruit
and Vegetable Samples

Preservative Specific Degradation Structural
Classification Preservative Index (%) Efficacy
Agent
Natural Matrix Sugar (Sucrose) 40 Low-
Moderate;
unstable
under high
moisture
Salt (Sodium 35 Moderate;
Chloride) purely
osmotic
constraint
Vinegar (Acetic 30 Standard
Acid) acidic
fungal
mitigation
Lemon Juice 25 High
(Citric Acid) antioxidant
and
enzymatic
browning
arrest
Honey 20 Peak
(Biocomposite) Natural
Performanc
e; systemic
antimicrobi
al
Chemical Agent Sodium Nitrite 18 Exceptional
targeted
spore
mitigation
Sodium 15 Maximum
Benzoate yeast/mold
membrane
collapse
Sulfur Dioxide 12 Total
absolute
oxidative
and
microbial
lockdown

The quantitative progression demonstrates
that sulfur dioxide yields the lowest degradation
rates (12%), followed by benzoate (15%) and

sodium nitrite (18%). Crucially, raw honey
achieved a degradation index of 20%,
positioning itself as the most effective natural
preservative tested. The statistical delta
between the top-tier synthetic curing agent
(Nitrite) and the top-tier natural biocomposite
(Honey) is restricted to a marginal 2% variance.
This minimal difference forms the basis for the
subsequent industrial socio-economic
discussion.

Dogal ve Kimyasal Gida K Etkinligi

=1 Dogal Koruyucular
. =1 Dogal Koruyucular (Diger)
B Kimyasal Koruyucular

Bozulma Orani (%)

7%
65
R 5% ’—|
ot siir
Dioksit

i Seker Sirke Limen B2 Benzoat
Sy

Koruyucu Tury

Figure 1. Degradation Rates Comparison of
Natural and Chemical Food Preservatives
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Figure 1. Average Effectiveness Comparison

5. Discussion: Deconstructing the
Honey -Nitrite Paradox

Given that honey possesses an evolutionary
profile of absolute non-perishability and
maintains a protective efficacy within a 2%
margin of synthetic alternatives, the retention of
potentially hazardous chemicals like nitrites in
global food supply chains presents a classic
techno-economic paradox. This phenomenon is
governed by five definitive industrial constraints:

Organoleptic  Dominance and  Flavor
Profiling: Synthetic compounds operate cleanly
at part-per-million (ppm) configurations without
distorting the substrate's primary sensory
attributes. Honey, conversely, is an intensely
sweet, highly aromatic, and colored substance.
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Introducing honey into savory or high-protein
matrices (such as processed meat curing)
violently alters the flavor, color, and odor

profiles, leading to immediate consumer
rejection.
Rheological and Processing Engineering

Deficits: Industrial automated food production
requires highly fluid, water-soluble additives
capable of achieving uniform dispersion via
standardized aqueous spray or injection
methods. Honey is a highly viscous, automotive-
resistant, and sticky Newtonian fluid. Its
integration into continuous industrial lines
causes significant rheological resistance, fouling
of mechanical components, and adverse
textural modifications of the final product.

Economic  Scalability and  Resource
Limitations: ~ Synthetic  preservatives  are
synthesized via highly scalable, cost-efficient
chemical processes vyielding ultra-pure
compounds for minimal financial expenditure. In
contrast, unadulterated natural honey is an
environmentally contingent resource dependent
on seasonal apicultural cycles, geographical
flora, and complex labor inputs. Replacing even
a fraction of industrial chemical inputs with raw
honey would cause an exponential increase in
raw material costs, rendering mass-market food
production economically unviable.

Thermal Instability and Molecular
Denaturation: Modern food processing safely
relies on critical thermal sterilization phases
(HTST, UHT, autoclaving). The structural
integrity of honey's most potent antimicrobial
assetd the glucose oxidase enzymed is
terminally denatured at temperatures exceeding
60°C, eliminating its hydrogen peroxide
synthesis capability. Furthermore, exposing
honey's concentrated monosaccharides to high
thermal processing triggers the Maillard reaction
and generates elevated levels of 5-
hydroxymethylfurfural (HMF), an unwanted
compound in pristine food matrices.

Standardization and Regulatory
Predictability: Regulatory approval for food
shelf-life  guarantees requires  absolute
homogeneity. Synthetics offer 99.9% molecular
purity with invariant predictability. Honey, being
a wild biological product, varies significantly in

its exact phenolic, enzymatic, and moisture
balance depending on the floral source,
preventing the mathematical standardizations
required for legal expiration date designations.

Natural preservative use reduces potential
health risks posed by chemical additives while
preserving food nutritional value. However, as
noted in Dong et al. (2024), natural preservative
effectiveness varies depending on food matrix
and application dosage. Our statistical analyses
demonstrate that standard deviation among
natural preservatives (11.2) substantially
exceeds that of chemical preservatives (0.8).
This finding validates the critical importance of
selecting appropriate agents specific to food
types when utilizing natural preservatives.

6. Conclusion and STEM Pedagogical
Implications

This comparative study illustrates that while
natural alternatives like honey possess
remarkable, complex biochemical survival
mechanisms that rival synthetic agents within a
2% margin, their absolute industrial integration
is fundamentally throttled by organoleptic,
economic, and chemical engineering limitations.
Food safety practices emphasizing natural
preservatives possess strategic significance for

both- human health and environmental
sustainability.
From an educational standpoint, this

research serves as an exemplary model for
integrated STEM training within vocational and
secondary frameworks. By exploring food
preservation through this lens, students connect
fundamental chemical principles (pH dynamics,
water activity, and enzymatic kinetics) with real-
world technological challenges and economic
realities. The future of clean-label preservation
relies not on the raw, unmediated application of
whole foods like honey, but on the precise
biotechnological isolation of their constituent
active componentsd such as specific non-
peroxide polyphenolsd to develop next-
generation "green" preservatives that mitigate
both microbiological spoilage and synthetic
chemical exposure risks.
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Abstract . This article explores the integration
of Generative Atrtificial Intelligence (GenAl) into
English for Specific Purposes (ESP) training to
enhance the professional technical
communication skills of engineering students.
Drawing on contemporary pedagogical
frameworks, we analyze how Large Language
Models can scaffold technical writing, academic
self-efficacy, and specialized vocabulary.
Grounded in Swales' genre analysis and Activity
Theory, we examine conversational Al agents
and prompt engineering as rhetorical
competencies. Finally, we address critical risks -
such as factual hallucinations, plagiarism, and
data privacy - advocating for a human-centric
model of ethical stewardship in Industry 4.0.

Keywords. English for Specific Purposes,
Generative Atrtificial Intelligence, Professional
Technical Communication, Prompt Engineering.

1. Introduction

In the contemporary globalized economy,
English serves as the primary instrument for
professional mobility, participation in
international projects, and interdisciplinary
collaboration within the engineering domain.
Consequently, English for Specific Purposes
training must evolve beyond simple vocabulary
acquisition to address the complex, holistic
communicative demands of the workplace,

where language is inseparable from
documentation, teamwork, and decision-
making. However, traditional ESP instruction in
technical universities  faces persistent
challenges, including outdated teaching
materials, constrained class hours, and a lack of
specialized discourse knowledge among

educators who are primarily trained in general
English.

The rapid advancement and deployment of
Generative  Artificial Intelligence (GenAl),

particularly Large Language Models (LLMs),
represents a profound pedagogical turning
point. Far from being a mere writing aid or
source of academic dishonesty, GenAl
introduces a paradigm shift by enabling
dynamic, context-aware content generation and
personalized feedback. This article examines
the strategic integration of GenAl in engineering
ESP curricula to enhance students' writing self-
efficacy, specialized technical communication,
and conversational skills. We argue that by
treating GenAl not as a replacement for human
capability but as a structured pedagogical
instrument, educators can cultivate a symbiotic
human-machine collaboration that prepares
engineering students to lead as ethical, highly
capable technical professionals.

To operationalize this model effectively,
curricula must combine interactive simulations
with rigorous analytical editing to target multiple
levels of cognitive development. By confronting
the distinct structural differences and qualitative
gaps between human writing and machine
outputs, students learn to approach automated
text with a critical mindset. This active evaluation
forces learners to cross-reference machine
drafts with authentic industry benchmarks,
moving them away from passive reliance on
technology. Furthermore, engaging with
specialized conversational tools helps lower
foreign language anxiety while simultaneously
fostering essential workplace competencies like
professional adaptability and collaborative
problem-solving. Ultimately, this comprehensive
digital literacy equips future engineers with the
advanced rhetorical judgment necessary to act
as responsible, context-aware human stewards
of automated information systems [16], [17].

2. Scaffolding Genre Awareness and
Specialized Vocabulary

Developing professional technical
communication skills within English for Specific
Purposes requires more than a surface-level
grasp of grammar; it demands a deep, structural
understanding of domain-specific genres and
highly precise, industry-standard terminology. In
contemporary engineering education,
Generative Al-powered conversational models
have emerged as highly effective, adaptive tools
for generating tailored ESP materials.
Instructors can leverage these systems to
provide simplified, multi-tiered explanations of
abstract concepts and to produce customized
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vocabulary exercises that adapt to varying
student proficiency levels. Furthermore, this
technological integration allows for the rapid
creation of realistic technical scenarios that
mirror actual workplace challenges. By
interacting with these models, students can
practice navigating complex professional
dialogues, such as client briefings and
collaborative project meetings, in a low-stakes
environment. This automated personalization
ensures that learners receive targeted linguistic
support exactly where they struggle most,
optimizing the overall instructional workflow.
Ultimately, using GenAl as a flexible
pedagogical resource empowers educators to
efficiently bridge the gap between classroom
theory and real-world industrial practice.

For instance, in highly specialized and high-
stakes domains such as aerospace engineering,
educators can compile comprehensive, domain-
specific corpora from authentic research papers
and industry reports. They can then utilize
GenAl as a complementary, interactive tool to
generate contextualized drafting exercises,
bridging the gap between passive reading and
active technical writing. This localized corpus-
driven methodology guarantees that the training
inputs remain closely aligned with the actual
linguistic evolution of the sector. By working with
simulated engineering briefs derived from these
corpora, learners develop an operational
familiarity with the exact phrasing, structural
conventions, and informational densities
expected in industrial documentation.
Furthermore, this target-oriented exposure
helps students recognize when an automated
tool falls short of industry standards. Ultimately,
grounding the Al's inputs in authenticated
technical literature ensures that the resulting
exercises remain highly relevant to current
engineering practices [8].

The core strength of this pedagogical
approach lies in its systematic design,
specifically using
prioritize instructional targets based on identified
student learning gaps. Once these targets are
established, they are structured into a
progressive series of tasks carefully aligned with
Bloom's Revised Taxonomy.

In modern higher education, particularly
within technical disciplines and English for
Specific Purposes (ESP), Bloom's Revised
Taxonomy serves as a foundational cognitive

framework for structuring instructional tasks.
Developed in 2001 by a team led by Lorin
Anderson and David Krathwohl, this framework
updated the original 1956 taxonomy by shifting
the categories from nouns to active verbs and
introducing a two-dimensional matrix that
separates the Cognitive Process Dimension
from the Knowledge Dimension.

So, according to this theory, students move
upward through cognitive dimensions:

1 Remembering and Understanding:
Recognizing specialized vocabulary and
retrieving technical definitions via Al-
generated glossaries.

1 Applying and Analyzing: Using GenAl to
draft basic technical descriptions and
then dissecting those outputs to evaluate
their linguistic structures.

1 Evaluating and Creating: Critically
auditing Al drafts against rigorous
professional benchmarks to synthesize
authentic, high-fidelity technical
documentation [1].

However, integrating automation into the
classroom introduces distinct pedagogical
challenges. To avoid passive reliance on Al
outputs - where students accept machine-
generated text without cognitive intervention -
learners must develop a robust, highly critical
genre awareness through comparative analysis.
This critical framework is firmly grounded in
John Swalesd seminal
which evaluates professional and academic
texts based on a structured series of rhetorical
"moves" and "steps". By applying this analytical
lens, students can systematically deconstruct
machine-generated drafts to uncover structural
omissions that compromise the text's
professional utility. This process exposes how
large language models frequently fail to capture

d ethet uanceg rrieforical i stepsc yequiged ) in

specialized communication, producing overly
standardized or superficial prose. Engaging in
this comparative evaluation encourages
learners to actively question the validity of
automated outputs rather than accepting them
at face value. Ultimately, this rigorous textual
scrutiny forms the basis of critical Al literacy,
preparing future engineers to act as informed
and responsible stewards of technical
documentation [10].
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Empirical research comparing human-
authored technical documents with large
language model (LLM) outputs reveals a stark
contrast: human-written  texts  possess
significantly  more  contextual  richness,
argumentative depth, and precise, situational
detail than their Al-generated counterparts.
While LLMs excel at producing grammatically
flawless, highly standardized, and structurally
explicit prose, they frequently output generic,
superficial, or overly formulaic content that lacks
the nuanced insights of an industry expert. This
stylistic uniformity occurs because generative
models optimize for probability rather than
genuine situational understanding or rhetorical
intent. Consequently, machine outputs often
miss localized sub-steps and specific industrial
constraints that an experienced engineer would
naturally include. Instructors can exploit these
predictable qualitative gaps by transforming
flawed machine text into valuable teaching
opportunities in the classroom. Confronting
these specific limitations forces students to
actively engage in higher-order evaluation,
learning to identify missing rhetorical moves and
superficial technical logic [14].

Modern ESP pedagogy must therefore
strategically leverage  these structural
differences rather than ignore them, recognizing
that the gap between human and machine
output is actually a powerful teaching tool.
Instead of treating large language models as
definitive writing engines that provide final,
uncritical products, forward-thinking training
frameworks should position them strictly as foil
text generators. In this instructional capacity, the
Al-generated text functions as a flawed baseline
- an intellectual sparring partner designed to be
guestioned, dismantled, and systematically
improved by the learner. Engineering students
must be trained to analyze Al-generated drafts
critically, looking past the deceptive surface
fluency and grammatical perfection that large
language models naturally display. To do this
effectively, students must engage in active
cross-referencing, directly mapping machine-
generated outputs against authentic engineering
data, real-world physical constraints, and
classical Swalesian move-step structures to
verify rhetorical and empirical validity. This
systematic mapping prevents students from
developing a passive reliance on automated text
production and encourages independent
analytical thinking. By treating machine output
as an initial hypothesis rather than an uncritical

fact, learners are forced to re-examine the core
communication goals of their specific technical
discipline.  Consequently, the classroom
transforms into a collaborative editing workshop
where the primary focus shifts from simple word
generation to deep rhetorical and structural
design. Ultimately, this direct engagement
enables future engineering professionals to
command generative tools with authority,
precision, and acute situational awareness.

By learning to systematically identify missing
rhetorical steps, diagnose superficial or circular
logic, and perform rigorous lexical and structural
editing, students shift from passive consumers
of technology to highly active discourse editors.
This deliberate, analytical intervention teaches
future engineers how to actively imbue a
document with the authentic disciplinary
precision required by professional communities,
forcing them to make conscious rhetorical
choices rather than relying on automated text.
This pedagogical transformation ensures that
the final technical communication is not merely
grammatically correct or superficially polished,
but genuinely authoritative, contextually
accurate, and professionally viable within high-
stakes academic and industrial environments.
Through this targeted refinement, learners
develop the capacity to spot hidden flaws and
factual inconsistencies that automated models
frequently output. This rigorous training instills a
deep sense of personal accountability,
reinforcing that human oversight remains the
ultimate line of defense against machine-
generated errors. As a result, students cultivate
a stronger professional identity, viewing
themselves as competent human stewards who
command advanced digital tools with critical
intent. Ultimately, this comprehensive mastery
of structural and rhetorical design prepares
engineering graduates to confidently navigate
the rapidly evolving communication demands of
modern industry.

3. Interactive Simulations and
Conversational Agents in ESP
Pedagogy

Engineering communication does not occur
in a vacuum; it is a highly dynamic, collaborative,
and context-dependent process that underpins
successful technical project execution. In the
contemporary globalized workspace, technical
professionals must possess the linguistic agility
to negotiate meaning across multidisciplinary
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teams, present complex data to diverse
stakeholders, and troubleshoot critical system
failures under pressure. Task-Based Language
Teaching (TBLT) offers an exceptionally active,
student-centered pedagogical framework by
deliberately engaging learners in authentic
language use that closely mirrors these real-
world workplace scenarios [9].

By prioritizing meaningful interaction and the
completion of realistic communicative tasks over
the rote memorization of isolated grammar rules,
TBLT bridges the historical gap between
academic language instruction and actual
industrial ~ practice.  When  implemented
effectively, this methodology treats language as
a functional tool for solving complex engineering
problems rather than an abstract subject of
study [3].

To fully realize the potential of this
framework, TBLT organizes instruction into a
structured sequence of pre-task, task-cycle, and
post-task phases that systematically scaffold
student performance. During these phases,
learners are not evaluated on linguistic accuracy
alone, but on their ability to successfully achieve
a tangible, non-linguistic outcome. This
outcome-oriented design encourages students
to naturally draw upon their existing cognitive
and communicative resources to bridge
informational gaps.

Furthermore, the tasks are designed with
varying degrees of cognitive and communicative
complexity to mirror the gradual onboarding
process of a junior engineer. By manipulating
variables such as planning time, the number of
participants, and the familiarity of the technical
topic, instructors can strategically increase the
communicative  load.  This  progressive
conditioning helps students manage cognitive

fatigue and linguistic strain during intense
professional exchanges.
Ultimately, TBLT provides a natural

environment for formative assessment, as

feedback is directly tied to the student's
communicative efficiency and operational
success during the task. This immediate

relevance ensures that language development
is deeply integrated with the practical execution
of engineering projects [7].

Integrating advanced conversational Al
agents - such as specialized business-oriented
tools like "TradeTalker" or purpose-built custom

chatbots - directly into the TBLT framework
allows engineering students to practice
authentic, highly interactive discourse within a
safe, controlled environment. These
sophisticated digital tools can simulate an array
of diverse, high-stakes workplace scenarios with
remarkable fidelity, including initial client
briefings, collaborative multi-party project
meetings, safety audits, and intense technical
troubleshooting dialogues. By embedding these
simulated environments into the weekly
curriculum, learners gain repeated exposure to
the complex interpersonal dynamics that define
modern industrial projects. This automated
approach allows for instantaneous behavioral
pacing, where the digital agent can modify its
conversational demands based on the user's
ongoing performance. Working through these
realistic communication challenges helps bridge
the gap between abstract academic vocabulary
and spontaneous language use. Ultimately, this

immersive method transforms traditional
technical instruction into a  proactive,
experiential learning cycle that effectively

prepares students for globalized engineering
teams.

Viewed through the theoretical lens of Activity
Theory, an Al conversational agent functions as
a deeply transformative mediating artifact that
fundamentally reconfigures the traditional
classroom activity system. Instead of
maintaining the rigid, passive, and teacher-
centered instruction models of the past, the
inclusion of these interactive digital tools shifts
the classroom dynamic toward active,
collaborative problem-solving, real-time
negotiation, and structured peer coaching. The
Al ceases to be a mere novelty and instead
becomes an integral, structural component of
the learning ecology that reshapes how students
interact with knowledge, tasks, and one another.

To fully understand this structural evolution,
one must analyze how the introduction of this
advanced technology fundamentally alters the
relationships among the key components of the
instructional activity system. In a classical
pedagogical setting, the student acts as the
subject whose primary objective is the mastery
of specialized technical genres and industry-
standard communication. Historically, this
relationship was mediated by static artifacts,
such as traditional text-based curricula or rigid
grammatical writing templates, which often
limited the student to passive consumption. By

164



Hands -on Science. Science Education. Resilience in challenging times

inserting an interactive conversational agent as
a dynamic mediating artifact, the educational
landscape experiences a profound realignment.
The tool actively alters the subject-object
relationship by providing immediate, context-
aware responses, thereby transforming a static
learning objective into an adaptive, evolving
target t hat reacts t
linguistic and technical needs.

Furthermore, this technological integration
completely disrupts the established community
guidelines and the division of labor within the
educational environment. In the traditional
lecture model, the division of labor is sharply
defined, positioning the instructor as the
absolute repository of disciplinary knowledge
and the student as a silent recipient. The
conversational Al agent fundamentally
reconfigures this dynamic by stepping into the
operational role of an entry-level professional
peer, a demanding client, or a flawed drafting
partner. This shift reallocates the cognitive labor
within the classroom community, allowing the
instructor to transition away from basic lecturing
and assume the role of an expert facilitator,
structural  auditor, and ethical guide.
Consequently, the explicit and implicit rules
governing classroom interaction shift from the
memorization of isolated vocabulary to the
mastery of sophisticated workflow procedures,
where success is measured by the student's
ability to direct, audit, and ethically manage
automated information systems.

Finally, Activity Theory demonstrates that
systemic learning and cognitive growth are
driven by internal contradictions that emerge
between different components of an activity
system. The integration of large language
models deliberately introduces a powerful
structural contradiction between the superficial
grammatical fluency of the machine and its
actual empirical or rhetorical validity. When
engineering students confront an Al-generated
draft that is structurally flawless yet contains
factually hallucinated figures or superficial
professional logic, a productive cognitive tension
is triggered. Resolving this  systemic
contradiction requires the student to move
beyond passive acceptance and engage in
higher-order  evaluation,  cross-referencing
automated text against authentic engineering
data and professional standards. By negotiating
these structural imbalances, the classroom
community  transforms into an  active

collaborative workshop. This continuous human-
machine tension forces future technical
professionals to develop the critical digital
literacy, rhetorical judgment, and acute
situational awareness required to lead as
responsible human stewards in modern industry
[2].

t he student 6s rowi

The psychological and affective benefits of

this  technology-enhanced approach are
profound and measurable. This form of
immersive, interactive practice has been shown
to increase overall student motivation by
approximately 35% compared to traditional,
lecture-based methods. Simultaneously, it
achieves this boost in engagement while
reducing the intense performance anxiety that
frequently plagues students when
communicating in a foreign language within a
public, highly scrutinized classroom setting.

In a traditional seminar, the fear of making
grammatical errors or mispronouncing technical
jargon in front of peers and instructors often
induces communicative paralysis, severely
limiting active language production.
Conversational Al directly mitigates this barrier
by providing an infinite, highly responsive
sounding board that removes the social risk of
failure from the immediate linguistic trial-and-
error process.

By establishing this judgment-free
environment, the digital tool allows learners to
freely test complex phrasing and experiment
with new structural conventions without public

consequence. This low-stakes interaction
encourages repetitive practice, which helps
students  internalize  abstract  technical

vocabulary and naturally transition from passive
recognition to active production. As the Al
adapts its responses to the user's current ability,
it provides targeted linguistic support that
reinforces the student's sense of communicative
competence. Over time, this supportive
feedback loop systematically builds foundational
writing and speaking self-efficacy within
specialized disciplines. Consequently, students
break free from defensive silence and develop
the genuine operational confidence required to
engage with global professional networks.
Ultimately, alleviating this affective burden
allows future technical professionals to redirect
their cognitive energy toward solving complex
engineering problems rather than managing
social anxiety [18].
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Through repeated, continuous, and highly
iterative interaction with an entirely non-
judgmental Al partner, engineering students
build foundational communicative confidence
and rapidly develop essential transversal and
social competencies. Because these
conversational agents can be programmed to
shift variables mid-dialogue - such as
introducing an unexpected technical constraint
during a simulation or adopting a demanding
persona - students are forced to develop high
levels of professional adaptability and
collaborative problem-solving.

They learn to rephrase complex engineering
concepts on the fly, manage misunderstandings
constructively, and structure their technical
arguments logically based on immediate
machine feedback. Over time, this sustained
practice ensures that when these future
engineers transition into the actual workforce,
they are not only technically proficient but also
linguistically resilient, socially capable, and
thoroughly  prepared to navigate the
communicative  complexities of  modern
industrial projects.

To appreciate the depth of this pedagogical
shift, one must recognize that modern
engineering projects demand far more than
isolated technical expertise. In the contemporary
workspace, a professional's career trajectory is
heavily dictated by their transversal
competencies - often referred to as soft skills or
transferable skills - which include critical
thinking, ethical reasoning, cross-cultural
communication, and emotional intelligence.
Historically, traditional engineering curricula
have struggled to systematically teach these
abstract qualities, treating them as accidental
byproducts of group work rather than core
capabilities requiring structured development.
Integrating adaptive Al simulations directly into
the instructional workflow addresses this gap by
creating a predictable environment where these
vital professional ethics and soft skills are
deliberately challenged, practiced, and refined.
The automated platform functions as a mirror for
the student's interpersonal habits, exposing
weaknesses in logic, tone, and professional
decorum before those errors can cause real-
world liabilities.

Furthermore, this immersive environment
accelerates the development of advanced
professional ethics and collaborative flexibility

through targeted interpersonal friction. When a
student interacts with an Al agent assigned to
play a rigid regulatory auditor or a skeptical
corporate stakeholder, the communication
moves beyond simple data exchange to become
a sophisticated negotiation of values and
constraints. Students must learn to maintain
professional composure, respect ethical
guidelines under pressure, and advocate for
sustainable  engineering  practices  using
authoritative, structured language. This dynamic
forces learners to actively look past their own
subjective viewpoints, analyze the underlying
motivations of their virtual counterparts, and
tailor their technical rhetoric to meet specific
institutional standards. Consequently, the
learner shifts from a passive observer of
professional ethics into an active, self-reflective
practitioner who understands that technical
solutions are only as viable as the
communication used to support them [15].

Finally, this continuous human-machine
engagement instills a deep sense of
metacognitive awar ene
level students and future industry leaders to
actively direct their own long-term professional
development. By systematically reviewing
transcripts of their Al interactions, students can
critically analyze their own decision-making
processes, identify recurring conversational
errors, and consciously adjust their behavioral
approaches for future tasks. This reflective
process transforms a standard language
exercise into a powerful laboratory for building
long-term  transversal resilience, helping
students internalize a mindset of continuous
self-improvement. As a result, graduates leave
the university environment possessing a robust
professional identity, viewing themselves not
merely as calculators or designers, but as highly
articulate human managers capable of steering
complex, multi-party initiatives  through
unpredictable technical landscapes. Ultimately,
mastering these transversal competencies
ensures that tomorrow's engineers can bridge
the gap between technical innovation and
societal needs with clarity, empathy, and
absolute professional integrity.

4. Prompt Engineering as a Rhetorical
Competence

The operational efficacy of Generative
Artificial Intelligence (GenAl) systems in the
realm of technical communication s
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fundamentally and irrevocably determined by
the qualitative precision of the instructions it
receives from the user. Because of this
structural reliance on human direction, prompt
engineering - the highly systematic process of
crafting, structuring, and iteratively refining text
inputs to elicit highly precise, targeted outputs -
should be treated as an essential, non-
negotiable 21st-century digital literacy within
higher education curricula. Far from being a
purely technical or algorithmic skill relegated to
computer  science laboratories, prompt
engineering within an English for Specific
Purposes (ESP) context represents an
inherently rhetorical act. It demands that the
author engage in a thorough, highly conscious
consideration of the target audience, the
underlying communicative purpose, and the
specific situational context in which the final
document will operate. To prompt effectively is
to understand how language shapes outcomes,
transforming the user from a casual typewriter
operator into a precise architect of automated

textual discourse. This intricate linguistic
process forces engineering students to
deliberately manipulate parameters like

persona, tone, and rhetorical intent to secure
accurate results from the model. By learning to
carefully calibrate these inputs, students
develop a deep metacognitive awareness of
how minor shifts in wording can radically alter
the output's structural design. This deliberate
practice teaches future professionals to view
language not as a passive medium, but as an
active tool used to program and steer automated
information systems. Consequently, prompt
engineering bridges the traditional divide
between technical coding workflows and
advanced human writing strategies. Ultimately,
mastering this collaborative interface ensures
that technical graduates can confidently
command digital tools with absolute precision,
strategic intent, and acute contextual awareness
[13].

By deliberately = embedding prompt
engineering  methodologies  directly into
professional  technical  writing  curricula,

educators encourage engineering students to
make a profound cognitive shift away from
surface-level content consumption toward highly
active, deliberate language design. Rather than
treating the language model as a simple search
engine or a passive text generator, students are
taught to utilize advanced prompting strategies

that mirror complex linguistic and structural
frameworks.

These sophisticated strategies include:

1 Few-Shot Prompting: Providing the
model with explicit, high-fidelity linguistic
examples to dictate the exact stylistic
and structural parameters of the
expected output. By embedding these
curated exemplars directly into the input
window, the model can instantly perform
complex "in-context learning" without
modifying its underlying weights. This
targeted conditioning is exceptionally
valuable in an ESP context, as it allows
instructors to demonstrate industry-
specific genres, specialized formats, or
localized formatting conventions. When
engineering students master this
approach, they transition away from
vague, open-ended queries and learn to
program the model's stylistic parameters
with absolute precision. Consequently,
this method prevents the production of
generic or overly formulaic prose, forcing
the machine to mimic the exact structural
moves of a seasoned technical expert.

1 Chain-of-Thought Reasoning: Instructing
the Al to display its step-by-step logic
and analytical progression before
generating a final answer, ensuring the
transparency and technical validity of the
text. Forcing the large language model to
unpack its intermediate reasoning stages
prevents it from jumping directly to an
uncritical or superficial conclusion. This
strategy is critical for complex multi-step
tasks like troubleshooting system
failures, performing safety audits, or
interpreting  intricate  mathematical
constraints. Reviewing this explicit
logical progression allows engineering
students to easily spot structural flaws,
circular reasoning, or potential technical
hallucinations. Ultimately, this approach
turns the automated system into a
transparent intellectual sparring partner,
helping future professionals develop the
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rigorous, step-by-step analytical habits
required in high-stakes environments.

1 Role-Based Scenario Design:
Compelling the Al to adopt a highly
specific professional persona, such as a
senior aerospace quality assurance
manager or a structural safety auditor, to
ensure the tone matches industry
standards.  Assigning a  precise
operational profile forces the generative
system to pull vocabulary and rhetorical

strategies from a highly focused
professional context. This immersive
simulation creates an  authentic,

interactive environment where the model
can challenge students by introducing
sudden constraints or demanding
administrative personas. This process
directly  expands  the student's
transversal and social competencies,
preparing them to negotiate meaning
across multidisciplinary teams. By
learning to navigate these diverse virtual
stakeholders with critical intent, future
engineers build the exact professional
identity and linguistic resilience required
in modern globalized workspaces.

Through these advanced techniques,
engineering students learn how to establish
deep contextual frameworks, set strict stylistic
constraints, and dictate the precise boundaries
of technical vocabulary usage, forcing the
machine to conform to professional linguistic
expectations [5].

At the heart of this instructional approach is a
deeply reflective, continuous feedback loop that
redefines the traditional writing process. This
cycle, where students actively write a prompt,
critically analyze the resulting machine output,
diagnose its rhetorical or technical deficiencies,
and rapidly reformulate their instructions
promotes an intense level of metacognitive
awareness and active linguistic editing.
Students are no longer blind recipients of text;
they are forced to analyze why a specific word
choice or structural omission occurred based on
the ambiguity of their initial instructions. This
iterative interaction transforms the act of writing
into a transparent laboratory of cause and effect.
It requires students to constantly evaluate

syntax, semantic clarity, and rhetorical
alignment, ultimately deepening their
understanding of how specific linguistic inputs
directly control the precision, authority, and
professional viability of technical documentation.
By constantly engaging in this self-correcting
workflow, engineering students internalize a
rigorous habit of structural and lexical oversight.
They begin to view digital text generation not as
a magical shorthand for instant production, but
as an ongoing negotiation that demands active
human stewardship. This methodical prompt
revision forces learners to look past deceptive
surface fluency, developing a keen eye for
subtle logical gaps and shallow engineering
arguments. Consequently, this iterative cycle
cultivates advanced transversal competencies
like critical troubleshooting and cognitive
flexibility directly within the writing curriculum.
Ultimately, this reflective discipline shifts the
student's professional identity from a passive
consumer of software into a highly articulate
discourse manager who commands generative
tools with absolute strategic intent [6].

To maximize the pedagogical benefits of this
digital literacy, training frameworks must extend
beyond isolated, individualized machine
interactions. Collaborative group assignments,
such as the collective curation of professional
prompt portfolios, serve to foster deep
collaborative learning environments while
forcing students to critically reflect on the distinct
affordances and inherent limitations of different
large language model (LLM) platforms. When
working in teams to build a functional prompt
library, engineering students must negotiate
meaning, debate the efficacy of specific
phrasing constraints, and peer-review the
textual outputs generated by various models.
This collaborative scrutiny strips away the myth
of Al infallibility, teaching students to spot
hallucinated data, identify superficial arguments,
and recognize structural biases across different
platforms.  Consequently, curating these
portfolios ensures that future technical
professionals view GenAl not as a magic
solution, but as a complex, highly malleable tool
that requires rigorous human oversight,
advanced rhetorical mastery, and constant
ethical evaluation. By actively contrasting how
different LLMs interpret identical sets of
technical instructions, student cohorts build a
sophisticated, comparative understanding of
modern  algorithmic  architectures.  This
collaborative benchmarking allows teams to
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determine which platform provides the most
stable structural logic or authentic terminology
for specific engineering disciplines, such as
aerospace, civil, or electrical engineering.
Furthermore, the act of peer-reviewing a
teammate's prompt design cultivates essential
social and transversal competencies, modeling
the collaborative code-review workflows widely
utiized in modern industrial environments.
Through this collective evaluation, learners
establish a shared repository of best practices,
transforming individual trial-and-error into
structured, institutional knowledge. Ultimately,
this cooperative framework ensures that
engineering graduates enter the global
workforce not merely as isolated users, but as
highly capable, digitally literate team leaders
prepared to manage automated workflows with
collective accountability [11].

5. Ethical Navigation, Hallucinations
and Human Stewardship

While the computational and operational
benefits of Generative Artificial Intelligence
(GenAl) are undeniably substantial, its rapid
integration into academic and industrial
environments introduces severe ethical and
practical risks that contemporary technical
communication programs must aggressively
and systematically address. These risks are not
merely minor technical glitches; they represent
fundamental vulnerabilities in the integrity of
automated text production. Chief among these
critical  vulnerabilities is the persistent
phenomenon of "hallucination” a major
operational defect where large language models
produce highly persuasive, grammatically
flawless, and authoritative-sounding assertions
that are, in reality, completely factually
fabricated, unverified, or scientifically incorrect.

In high-stakes engineering domains, relying
on such unverified text can result in
compromised safety protocols, flawed structural
calculations, or severe compliance violations.
This danger is further compounded by the
machine's deceptive surface fluency, which
easily misleads inexperienced students into
accepting automated drafts without rigorous
empirical  cross-referencing. Consequently,
engineering curricula  must  implement
mandatory algorithmic verification protocols that
train students to aggressively audit every layer
of machine-generated documentation. This
active skepticism forces future technical

professionals to treat Al outputs as unvetted

material that requires absolute human
accountability and exhaustive factual validation
before industrial deployment. Ultimately,

addressing these critical vulnerabilities ensures
that the integration of digital tools does not
compromise the core ethical standards,
operational safety, and professional integrity of
the engineering discipline. In the high-stakes
fields of engineering and professional technical
writing, where safety-critical precision is
paramount and structural integrity is non-
negotiable, the danger of these errors cannot be
overstated. A single hallucinated metric, an
incorrect mathematical figure, a fabricated
academic reference, or a broken code snippet

embedded into a maintenance manual or
blueprint can result in severe operational
failures, massive financial liabilities, or

catastrophic real-world consequences.

Beyond the immediate technical dangers of
machine hallucinations, the unmonitored use of
public generative models creates a dense web
of legal, institutional, and intellectual property

challenges. Within higher education and
corporate research sectors, serious issues
surrounding data privacy and regulatory

frameworks represent significant barriers to the
unchecked adoption of these tools. For instance,
inputting student data or grading rubrics into
external, public Al platforms can lead to direct
violations of institutional compliance, such as
FERPA regulations. Furthermore, feeding
proprietary engineering blueprints, unpatented
research methodologies, or sensitive corporate
data into commercial models often breaches
non-disclosure agreements and exposes
valuable intellectual property to public data
scraping. This unchecked exposure risks
compromising university patents and industry
trade secrets, potentially leading to costly legal
battles over intellectual ownership. To mitigate
these institutional vulnerabilities, technical
universities must establish secure, localized
network infrastructures or enter into strict data-
sharing agreements that guarantee absolute
user confidentiality. Students must be explicitly
trained to recognize the legal boundaries of

digital data processing, ensuring they
understand where private research ends and
public exposure begins. Ultimately,

implementing these strict boundary guidelines
allows academic and industrial ecosystems to
leverage automation without sacrificing data
security or legal integrity. The risk of potential
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plagiarism and copyright infringement remains
incredibly high, as these models are trained on
massive, sometimes copyrighted datasets
without explicit attribution. Of even greater
concern to industrial and engineering sectors is
the systemic leakage of highly proprietary,
patented, or unreleased technical data into
public models. When an engineer inputs a
sensitive company schematic or a proprietary
software algorithm into a public chatbot for
optimization, that data is frequently ingested to
train future iterations of the model, completely
compromising corporate intellectual property
and violating strict non-disclosure agreements.

To effectively mitigate these multi-faceted
risks, English for Specific Purposes (ESP)
training and broader technical writing curricula
must completely move away from outdated,
adversarial methods of "Al policing" and instead
prioritize the development of critical Al literacy.
Attempting to ban these technologies or relying
entirely on unreliable Al detection software
creates a culture of distrust and fails to prepare
students for the realities of the modern digital
workplace. Instead, forward-thinking
educational frameworks must integrate strict,
non-negotiable validation and verification
protocols directly into the writing process.

Students must be explicitly taught to treat
generative Al as an unverified, entry-level
collaborative drafting partner rather than an
expert or definitive authority. Every single line of
code, every cited source, and every technical
specification generated by a machine must be
treated as a hypothesis that requires rigorous
human cross-referencing against authentic,
peer-reviewed engineering data and physical
documentation before it can be integrated into a
professional document.

This rigorous approach to human-machine
collaboration aligns directly with the professional
standards and guidelines established by leading
international organizations, such as the IEEE

Professional Communication Society
(ProComm) [12]. According to these
professional frameworks, technical

communicators are not passive copy-editors;
they must actively position themselves as
informed, highly capable, and deeply ethical
stewards of these technical information
systems. This concept of human stewardship
redefines the relationship between the writer
and the technology, emphasizing that the

human professional must always retain ultimate
accountability for the accuracy, safety, and
ethical implications of the distributed
information.

By cultivating a strong, unshakeable
foundation of human agency, critical oversight,
and sharp rhetorical judgment, engineering
students learn a vital career lesson: their
ultimate value as future technical professionals
does not lie in the mechanical speed of text
generation, but in context-aware synthesis,
genuine user empathy, and complex ethical
decision-making - qualities that automated
generative systems simply cannot replicate or
replace.

6. Conclusions

The strategic integration of Generative
Artificial Intelligence (GenAl) into English for
Specific Purposes (ESP) training marks a
significant turning point in professional technical
communication pedagogy for engineering
student s. Gr o u n d e dnalysis
and Activity Theory, this approach transforms
large language models from passive text
generators into active, dynamic mediating
artifacts that structurally reconfigure the
traditional  classroom  environment. By
organizing instruction around Task-Based
Language Teaching (TBLT) and framing prompt
engineering as a core rhetorical competency,
curricula can systematically guide students
through progressive cognitive dimensions to
bridge the gap between classroom theory and
real-world industrial demands.

Furthermore, interactive simulations with Al
conversational agents provide a highly effective,
low-stakes environment that drastically lowers
foreign language anxiety while simultaneously
fostering essential transversal and social
competencies.  Confronting the  distinct
gualitative gaps and structural differences
between machine-generated drafts and human
writing forces students to develop critical digital
literacy and acute situational awareness.
Instead of relying on passive content
consumption or adversarial "Al policing,"
forward-thinking frameworks must implement
strict, non-negotiable validation and verification
protocols to mitigate multi-faceted risks like data
leakage and factual hallucinations. Ultimately,
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this pedagogical shift ensures that technical
graduates emerge not as dependent users of
software, but as highly articulate, responsible,
and ethical human stewards capable of
commanding advanced digital tools with
absolute strategic intent in Industry 4.0.

To fully embed this methodology within
technical universities, educators  must
strategically combine corpus-driven tasks with
personalized feedback mechanisms to address
specific student learning gaps. Utilizing custom-
built conversational systems allows for real-time
behavioral pacing, which dynamically scales
communication complexity based on a learner's
immediate  performance. This advanced
adaptability is particularly crucial in high-stakes
fields like aerospace or civil engineering, where
the exact phrasing and density of automated
data must match explicit industry benchmarks.
As students negotiate meaning through
specialized virtual avatars, they actively learn to
defend complex technical hypotheses under
pressure. This ongoing human-machine tension
forces future professionals to move past a
deceptive surface fluency and aggressively
audit the factual and structural validity of
automated outputs. Moving beyond isolated
machine interactions, collaborative assignments
like the collective curation of prompt portfolios
cultivate shared accountability and collective
digital literacy within student cohorts. By directly
analyzing the distinct operational limitations and
hidden algorithmic biases across various
platforms, teams learn to treat automated drafts
with rigorous intellectual skepticism. As
highlighted in "Enhancing the Professional
Technical Communication Skills of Engineering
Students via Generative Al Integration in ESP
Training.docx”, grounding classroom practices
in these secure, human-centric workflows
prepares tomorrow's engineers to handle
complex industrial projects with maximum
professional integrity.
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Abstract . The recent technological progress
gives educators potential new tools to be used
in Science Technology Engineering Math and
also Art, STEAM, teaching and education both
in the school formal environment but also in non-
formal and informal contexts.

In this chapter we will introduce PhotonLAB, a
mobile platform developed in MIT App Inventor
that transforms smartphones into portable optics
laboratories. Not only it can be a tool, attractive
to our students, to be used in the classroom but
also it is suitable to be used outside the school
context actively promoting the dissemination of
science and scientific literacy. Based on Project-
Based Learning (PBL) and Inquiry-Based
Science Education (IBSE) methodologies, the
project overcomes the, sometimes seen as,
abstract nature of light and the complexity of
optics phenomena as well as the scarcity of
traditional equipment by enabling hands-on
experimentation through native hardware and a
physical support kit. Users interact directly with
the physical world by manipulating materials
provided in the kit through a series of activities
guided through and using the smartphone as a
tool. The system integrates cloud data
persistence via the Google Sheets API for
immediate teacher monitoring. Scientifically
validated by experts and tested in a school
environment, PhotonLAB enhances autonomy
in exploration, redefines smartphone use, and
expands accessible STEAM literacy.

Keywords. Inclusive literacy, Mobile learning,
Optics education, PhotonLAB, STEAM.

1. Introduction

In the current paradigm of science education,
the integration of STEAM (Science, Technology,
Engineering, Arts, and Mathematics)
frameworks has  highlighted hands-on
experimentation as a core pillar for meaningful
knowledge construction. However, physics
education, particularly the teaching of optics,
frequently confronts significant pedagogical
barriers. The abstract nature of optical
phenomena, such as light wave propagation and
electromagnetic radiation, combined with a
widespread scarcity of specialized, high-cost
laboratory equipment in schools, often restricts
science teaching to theoretical or passive
lecturing. This limitation deters students from
developing experimental skills and critical
thinking, running counter to the active learning
models required for the 21st century.

To bridge this gap, modern educational
methodologies advocate for Project-Based
Learning (PBL) and Inquiry-Based Science
Education (IBSE) [1]. As established in
contemporary literature by Utomo et al. (2025)
[2], these collaborative, student-centered
approaches provide a consistent improvement
in students' skills and practical engagement,
though their implementation frequently faces a
lack of physical resources and standard school
infrastructures. Furthermore, literature
demonstrates that tangibly linking digital and

real environments contextualizes learning,
allowing users to construct long-lasting
knowledge by interacting with real-world
artifacts and problems [3, 4].

Concurrently, the ubiquity of mobile
technology offers a powerful, low-cost

opportunity for pedagogical innovation. The
smartphone, historically sub utilized as a tool for
passive digital consumption, encapsulates
highly sophisticated hardware components and
built-in sensors. When properly mediated by
tailored software, these native components can
convert a standard commercial device into a
high-precision, portable scientific instrument
capable of acting as a low-cost mobile
laboratory [5]. Utilizing visual programming
environments like MIT App Inventor allows
educational researchers to develop robust tools
that access these sensors directly,
democratizing access to experimental science
without  overburdening  school budgets,
positioning the software as an efficient
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mediation bridge within the educational

ecosystem [6, 7].

From a pedagogical perspective, this
technological framework addresses the critical
need for cognitive scaffolding in decentralized
learning environments. Rather than detaching
the student from real physical parameters
through simulated mathematical curves, the
application operates as an active computational
interface that interprets messy, real-world data.
This architecture directly supports inquiry-based
exploration, as it demands that students
systematically identify, isolate, and control
environmental variables. By changing the
smartphone's instructional role from a passive
repository of content to an active diagnostic tool,
the system encourages students to take an
engineering-focused approach to physical
experimentation, boosting problem-solving skills
and self-directed scientific literacy.

2. Materials and methods

To operationalize this pedagogical potential,
we have developed PhotonLAB, an innovative
mobile platform developed via MIT App Inventor
that transforms smartphones into portable optics
laboratories, actively fostering the
democratization of experimental science.
Grounded in active student-centered
methodologies, the project addresses the
abstract nature of optical phenomena and
traditional equipment scarcity by enabling
practical learning through native hardware
integration combined with a custom physical
support kit.

The practical execution of the platform relies
on active manipulation to anchor abstract
concepts into concrete sensory experiences. By
integrating structured, physical components with
digital sensors, students establish a robust
feedback loop that grounds theoretical physics
in observable reality. This interaction serves as
a bridge between high-level cognitive models
and raw physical events, fostering deep
conceptual ownership as students physically
orient their instruments to track light behavior.
This hands-on loop encourages cognitive
conflict and resolution as students observe how
real environmental factors instantly impact their
data inputs.

Valor LUX

Figure 1. Graphical interface and physical
support kit components: (a) module navigation
screen; (b) real -time color blindness emulation;

(c) graphical interface for lux value collection.

Users interact directly with the physical world
by manipulating calibrated materials to measure
planetary Albedo via a native lux sensor,
decompose white light through water mist, and
emulate chromatic distortions like color
blindness via real-time GPU video processing.

The pedagogical utility of the Albedo
experiment relies explicitly on the translation of
macroscopic environmental challenges into
immediate, localized activities. Albedo denotes
the fraction of solar radiation that is diffusely
reflected by a given surface. In a typical
instructional sequence, students manipulate
standardized black and white materials from the
physical kit at fixed distances from the device's
native ambient light sensor. Rather than
presenting static climate data, the application
forces students to actively compute comparative
reflection ratios. This localized modeling
provides immediate cognitive feedback, allowing
learners to systematically deduce how variations

in surface characteristics dictate thermal
absorption scales and planetary ice-melt
dynamics.

This process shifts the student's task from
memorizing scientific definitions to actively
investigating dynamic physical balances. By
working with raw lux inputs under real-world
conditions, students encounter environmental
variables and measurement noise, which serves
as an entry point for discussing experimental
uncertainty and error mitigation. This scaffolding
allows learners to build an inquiry-driven
framework where data interpretation becomes a
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collaborative problem-solving activity rather than
a simple confirmation of textbook theory.

This encounter with physical unpredictability
creates a necessary state of cognitive
dissonance, forcing students to re-evaluate
preconceived, idealized textbook models. When
confronted with fluctuating ambient light and
slight variations in positioning, learners must
actively engage in metacognitive strategies to
differentiate between structural patterns and
environmental interference. This pedagogical
friction transforms the classroom from a site of
passive replication into an active research
laboratory, where students learn to treat
anomalous data not as a personal failure or an
application malfunction, but as an authentic
scientific variable requiring systematic isolation
and intellectual curiosity.

Figure 2. Experimental protocol for measuring
diffuse reflectivity and Albedo using
standardized artificial surfaces included in the

PhotonLAB Kit.

Within this
role transitions from a unilateral source of
authority to an expert facilitator who guides the
collaborative evaluation of student-generated
evidence. By navigating these practical
constraints, students build a deeper
epistemological understanding of how scientific
knowledge is constructed, negotiated, and
validated. They shift from asking whether an
answer is simply "correct” to investigating how
the physical boundaries of the apparatus and
the surrounding environment constrain or
support their empirical claims.

3. Conclusion

To support cooperative classroom
environments, the PhotonLAB ecosystem
integrates cloud data persistence via Google
Sheets API for immediate teacher monitoring.

This shared data repository allows distinct
student groups to aggregate, compare, and
discuss their results synchronously, creating a
collaborative space for explaining unexpected
measurements or environmental noise.

Driven by this active manipulation,
PhotonLAB enhances learner autonomy,
redefines mobile technology utilization, and
expands accessible STEAM literacy.
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Abstract . As part of the development of
innovative teaching methods in engineering and
computer education, it is proposed to develop an
intelligent "dawn" alarm clock based on the
Arduino microcontroller platform and
addressable RGB LEDs. This educational
project is designed not as a purely static
programming exercise but as an interactive,
practice-oriented hardware-and-software
complex that combines microelectronics, optics,
and chronobiology. The hybrid nature of such a
curriculum becomes especially relevant in
stressful situations in Ukraine, where children
face constant stress, sleep disturbances, and
power outages, necessitating affordable yet
functional autonomous engineering solutions.
The mechanics of working on this STEM
equipment  stimulate  team interaction,
engineering problem-solving, and systems
thinking. The tangible physical format provides a
robust tool for interacting with complex, abstract,
and technical concepts in microelectronics, such
as pulse-width modulation (PWM), multi-
threaded data processing, addressable LED
array control, and power consumption
calculations. Students can simulate the design
processes of real electronic devices, encounter
practical technical challenges, optimize code for
microcontroller memory constraints, calibrate
color temperature to match natural light curves,
and resolve hardware conflicts, and collectively
develop engineering strategies to overcome
them. This comprehensive approach makes
applied light physics and low-level programming
more accessible and engaging, while fostering
collaboration and technical creativity.

From a hardware perspective, the developed
complex relies on the Arduino Nano
microcontroller as its central computing node.
The peripheral part includes a real-time clock
module (RTC DS3231) for precision
timekeeping via the 12C bus, a segment display
driven by the TM1637 driver to display the
current time, a rotary encoder for interface
navigation, and a piezo emitter for audio output.

An important engineering optimization for the
project is using addressable LED rings based on
WS2812B chips instead of traditional 12-volt
LED strips with large MOSFETs. Since the
WS2812B diodes have built-in control chips and
operate at 5V logic levels, the entire light array
is controlled sequentially via a single digital
output from the microcontroller. This significantly
simplifies the device's circuitry, eliminating the
need for additional power switches, and at the
same time creates space for in-depth study of
software algorithms: students learn to work with
specialized libraries (for example, FastLED),
implementing dynamic pixel-by-pixel control of
color temperature and smooth brightness
ramping for the most accurate imitation of
natural dawn.

Keywords. dawn clock, microelectronics
education,  microcontrollers,  project-based
learning, engineering physics, STEM education.

1. Introduction

Modern engineering education requires
constant adaptation to environmental
challenges, transforming from a purely

theoretical discipline into an applied science
capable of solving urgent societal problems.
Amid global crises and the unprecedented level
of psycho-emotional stress caused by the full-
scale war in Ukraine, STEM educational
initiatives (science, technology, engineering,
and mathematics) are acquiring particular
therapeutic and practical value [1-7]. Classical
programming exercises are giving way to the
creation of complex hardware-software systems
that directly impact the quality of life. One such
innovative development is the concept of
creating an intelligent "Dawn Clock" based on
the Arduino microcontroller platform.

This project goes far beyond simple firmware
writing. It is a complex multidisciplinary system
that compels researchers and developers to
delve into the patterns of medical chronobiology,
guantum optics, electrical engineering, and low-
level computer system architecture. The
transition from analog AC dimming to digital
control using the RTP protocol (used in
WS2812B) creates a new set of engineering
challenges. Developers face challenges in
balancing LED array power consumption,
optimizing the microcontroller's limited RAM
resources, and resolving complex hardware
conflicts between processor interrupts and the
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strict timing requirements of data transmission.

A deep analysis of each of these aspects
allows one not only to create a functional device
to simulate sunrise but also to develop a
fundamental understanding of the principles
governing modern embedded systems.

2. Methods

The creation of dawn simulation systems has
a solid neurobiological foundation. Human
circadian rhythms, which regulate sleep-wake
cycles, are critically dependent on light's effects
on specific eye receptors. To ensure an
engineering solution is effective, one must
understand the biochemical mechanisms
regulated by light.

Studies show that a gradual increase in
lighting intensity before waking (Dawn
Simulation) has a profound physiological effect.
Analysis demonstrates that total cortisol
production is significantly higher under dawn-
simulation conditions than when waking in
darkness. This phenomenon, known as the
Cortisol Awakening Response (CAR), correlates
with reduced sleep inertia, better cognitive
functioning, and improved subjective well-being.
Accordingly, dawn simulation is not merely a
visual effect but a powerful tool for fine-tuning
the endocrine system.

For a microcontroller to convincingly "trick"
the brain, it must not only increase the
brightness of LEDs but also precisely mimic the
change in the spectral composition of sunlight
during dawn. Natural light is a black-body
radiation spectrum upon which the effect of
Rayleigh scattering in the atmosphere is
superimposed. During sunrise, light travels the
longest path through Earth's atmosphere. Short
(blue and violet) waves are intensely scattered
by gas molecules in the air, so primarily long
(red, orange, and yellow) waves reach the
observer. Visually, this is equivalent to lowering
the color temperature of the sun's disk to the
20001 3000 K range.

As the sun rises above the horizon, the
atmospheric layer thins, the spectrum evens out,
and the color temperature approaches 5400 K
(the optimal white light at noon). To create the
most realistic dawn simulation, it is insufficient to
simply increase brightness linearly from 0 to
255, It is necessary to simultaneously change
the spectral composition: from deep red (low

temperature, low brightness) to warm yellow
and, eventually, to pure white (high temperature,
high brightness).

To achieve this, developers must implement
algorithms that map time and brightness to
specific RGB values corresponding to the
correlated color temperature (CCT) of the sun as
it ascends along the Planckian locus.

3. Schematic

For the creation of a dawn simulator clock
(sunrise alarm clock), the following components
have been selected:

Microcontroller (e.g., Arduino Nano): Serves
as the device's main computing node, managing
all algorithms and peripherals.

Addressable LEDs (WS2812B format): The
primary optical element, which can be
configured as a ring, strip, or matrix. They are
powered by 5V and controlled via a single data
line.

Real-Time Clock Module (RTC DS3231):
Provides high-precision timekeeping and
includes battery backup (CR2032), ensuring
settings are not lost during power outages.

Segment Display (with TM1637 driver): A
screen for displaying the current time, alarm
settings, and menu navigation.

Rotary Encoder: The user interface tool for
scrolling through menus, adjusting settings, and
confirming selections by pressing.

Piezo Buzzer: An acoustic emitter that
generates an audible signal after the sunrise
simulation is complete.

External 5V Power Supply: A critical
component, as WS2812B LEDs consume
significant current (up to 60 mA per pixel at full
white brightness), which cannot be supplied
directly from the

Classic implementations of sunrise alarm
clocks used a microcontroller and power
actuators to control standard incandescent
bulbs. This modernized STEM project radically
changes the architecture by shifting to
addressable WS2812B standard LEDs. This
innovation significantly simplifies the device's
power circuitry but proportionally increases the
complexity of its software component. The
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general schematic of the device is shown in
Figure 1.

- | power outpets with
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Figure 1. General schematic of the dawn
simulator clock

Data is transmitted over a single signal line
(DIN) using the one-wire NRZ (Non-Return-to-
Zero) protocol. The microcontroller (e.g., an
Arduino Nano based on the ATmega328P chip)
pushes a sequence of bits into the line. Each
LED "bites off" the first 24 bits of data (8 bits
each for the Green, Red, and Blue channels),
stores them in its internal buffer, and retransmits
the remaining data array through the DOUT pin
to the next LED in the chain. This approach
allows the creation of arrays of hundreds of
LEDs, controlled sequentially via a single digital
pin on the microcontroller. Furthermore, it
enables developers to implement spatial
animations: for example, simulating the
expansion of a solar disk from the center of a
circular matrix (Ring24) to its edges.

In addition to the optical module, stable
system operation requires the coordination of
several critical peripheral modules:

Precision Time Module (RTC DS3231): A
high-precision real-time clock featuring built-in
temperature compensation for the quartz crystal
and battery backup (CR2032). The module
connects via the 12C bus. Its use is mandatory in
the presence of frequent power outages, as the
microcontroller's internal counter (millis()) resets
on every reboot and exhibits significant drift.

Segment Display (TM1637): A display
module for showing the current time and alarm
settings. It uses a simplified two-wire interface
(CLK and DIO), which is not a full 12C
implementation (lacks device addressing) but
effectively saves microcontroller pins. This chip
independently handles the dynamic indication of
the 7-segment matrices, offloading the Arduino
processor.

Rotary Encoder: The primary element of the
user interface for menu navigation and alarm
setting. It provides information about the
direction of rotation and the status of the central
button press. The encoder's operating protocol
is based on quadrature modulation (a phase
shift between the two lines, A and B), which
requires continuous monitoring of the line states
by the microcontroller to avoid missed steps.

Acoustic Emitter (Piezo Buzzer): An audible
notification device, the generation frequency of
which (typically around 800 Hz) is regulated by
the BUZZ_FREQ configuration parameter.

4. Software architecture

The firmware development philosophy for the
sunrise alarm clock is built around creating the
smoothest possible mathematical gradients that
mimic the physical laws of a sunrise. The base
firmware code provides a wide range of
parameters for personalization: DAWN_TIME
(default 20 minutes) defines the time window
during which brightness increases from
minimum to maximum. Using the HeatColors
palette and the HSV color space to replicate
Wien's displacement law and the temperature
transition from 2000K to 5400K, the FastLED
library is employed.

Instead of manually blending red, green, and
blue channel values at each step of the sunrise,
the professional approach is to use built-in Color
Palettes. The HeatColors_p array is an ideal
approximation of a black-body radiation
spectrum. This palette is stored in the
mi crocontroll erds
(PROGMEM) as 16 reference color points,
which significantly saves critical static RAM
(SRAM).

The transition appears as follows: black
(0x000000) > deep dark-red (0x330000) > pure
red (OxFFO000) > orange (0xFF9900) > yellow
(OXFFFFO0) > bright white (OXFFFFFF). The
sunrise simulation algorithm calculates the
percentage of time elapsed since the start of the
wake-up phase. This percentage is linearly
mapped to a virtual 8-bit index (0 to 255).

It is important to stop at 255 rather than 256
to avoid an erroneous cyclic palette wrap-
around from "hot" white back to the "cold" black
end of the spectrum, which would ruin the
physiological effect. The ColorFromPalette
function interpolates colors between the
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reference points, ensuring a seamless, ideal
gradient.

Implementing a digital LED control protocol
and a navigation encoder within a single-core
controller creates a fundamental competition for
processor time, a challenge that novice
developers in STEM projects often have to solve
through trial and error.

The core of the conflict lies in the WS2812
protocol. Unlike SPI or 12C buses (which have a
separate clock line), WS2812B uses an
asynchronous one-wire interface. Logic zeros
and ones are encoded solely by the duration of
the electrical pulse. For example, a logic "1" is
transmitted as a high-voltage level lasting ~0.8
us, followed by a low-voltage level lasting ~0.45
pus. For a logic "0," these proportions are
reversed. The precision of these timings must be
maintained with an error margin of no more than
150 nanoseconds.

The ATmega328P microcontroller running at
16 MHz executes one instruction in
62.5nanoseconds. To ensure the guaranteed
and uninterrupted "pushing" of an array of
thousands of bits (for example, a 24-pixel ring
requires 24 x 24 = 576 hits), the FastLED library,
when calling the FastLED.

The show() function takes a radical step: it
disables all global processor interrupts using the
cli() (Clear Interrupt Flag) assembly instruction.
The processor literally "blinds" and "deafens"
itself to any external events until it finishes
generating the pulses for the strip.

On the other hand, the system includes a
rotary encoder. The encoder generates high-
frequency pulses with every rotation "click." To
precisely capture them (including determining
the direction via quadrature signals on lines A
and B), the microcontroller's hardware interrupts
are used. Libraries bind event handlers to
specific interrupt vectors (usually pins D2 or D3).
When a user attempts to change clock settings
while the microcontroller is rendering a smooth
sunrise gradient, a catastrophic collision occurs.

Solving this engineering paradox requires
moving from primitive linear programming to
building a State Machine architecture. The
encoder should not be polled via interrupts, but
rather through constant high-speed monitoring
(polling) in the main program loop, between LED
update calls. Furthermore, the strip update

should not occur every millisecond, but only at a
frequency necessary for visual smoothness
(e.g., 30-50 frames per second).

In accordance with these features, firmware
has been developed to manage the clock and
alarm, enabling configuration. The general
schematic of clock configuration via a rotary
encoder is shown in Figure 2.
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Figure 2. Clock setting menu schematic
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5. Conclusion

As part of the two-day STEM project, such a
clock was created in a 3D-printed enclosure
(Figure 3). Students actively participated in
discussing all aspects of the project and were
deeply involved in its technical implementation

[8].

Figure 3. Hand-made Dawn Clock

The application of the intelligent "Dawn
Clock" STEM project, developed on the Arduino
platform using addressable WS2812B LEDs,
serves as a classic example of synergy between
technical sciences and medical physiology.
Abandoning traditional, outdated light sources
with analog dimmers eliminates the risks
associated with high-voltage mains, while
opening new possibilities for creating complex
light-color simulations.

Given the widespread disruption of sleep
patterns and chronic stress currently affecting
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Ukrainian society, the optical simulation of
morning sun thermodynamics (from 2000K to
pure white light) can gently suppress melatonin
secretion and optimize the morning cortisol
spike, thereby acting as a powerful stabilizer of
circadian rhythms.

Beyond the therapeutic end-product, the
educational value of the development lies in the
process of creation itself. Solving the power
supply challenges for digital matrices
(calculating consumption and current limiting to
prevent thermal damage to components),
mastering colorimetry and color space
transitions (HSV to RGB), and overcoming
critical hardware-software conflicts between
hard real-time protocols (RTP) and encoder
hardware interrupts fosters deep system
analysis skills in developers.

Implementing a State Machine architecture
and non-blocking algorithms based on system
timers, rather than using "paralyzing" code,
allows developers to overcome the limitations of
single-core microcontrollers, bringing software
guality closer to modern industrial standards for
embedded systems development.
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Abstract . Since Philip Eaton first synthesized

cubane in 1964, the molecule has captivated the
chemical community due to its extraordinary
symmetry, high strain energy, and surprising
kinetic stability. The subsequent discovery in
1970 that transition metals could catalyze its
rearrangement into cuneane opened a new
chapter in mechanistic organic chemistry[1]. For
decades, this transformation was interpreted
through the lens of classical transition state
theory (TST), which posits that reactions
proceed along a uniqgue minimum energy path
(MEP) through a single saddle point[2].
However, contemporary computational
investigations, particularly those utilizing high-
level density functional theory (DFT) and quasi-
classical molecular dynamics (QCMD), have
revealed that the cubane-to-cuneane
rearrangement often circumvents classical TST
expectations, proceeding instead via post-
transition state bifurcation (PTSB).

Classical transition state theory is grounded in
the assumption of a well-defined potential
energy surface (PES) where reactants and
products are connected by a discrete transition
structure. In this statistical model, the rate of
reaction and the distribution of products are
determined by the relative free energies of
activation (¢yO) and the Boltzmann distribution
of states at the transition state[3]. TST assumes
that  intramolecular  vibrational energy
redistribution (IVR) is significantly faster than the
chemical transformation, ensuring that the
system is in thermal equilibrium as it crosses the
saddle point. For the cubane-cuneane system,
early mechanistic hypotheses proposed by
Halpern and others suggested a stepwise
process involving the oxidative addition of a
metal catalyst followed by a series of
carbocationic shifts [4].

In contrast, post-transition state bifurcation
describes a scenario where the intrinsic reaction
coordinate (IRC) following a single transition
structure splits into two or more pathways
leading to different products[5]. This bifurcation
occurs in the vicinity of a valley-ridge inflection
(VRI) point, where the curvature of the PES
orthogonal to the gradient changes sign[6]. In
such systems, the product selectivity is
Sayenec Dy RORSiRfseal ypagie pifpcsd
specifically, the momentum an rational
phase of the reacting molecules as they traverse
the bifurcation region. The cubane-to-cuneane
rearrangement has emerged as a premier
example of this phenomenon, where a single
transition state can lead to multiple regioisomers
or enantiomers depending on the dynamical
trajectory of the skeletal atoms.

The classical mechanism for the metal-
catalyzed rearrangement of cubane was first
proposed by Halpern in 1971 [7]. It involves the
coordination of a transition metal (typically
d "0 or 0 'QODro the cubane cage, followed
by oxidative addition into a strained 0 0 bond.
In the case of silver catalysis, this was thought
to lead to a silver(lll) intermediate, which then
undergoes a series of carbocationic shifts to
yield the cuneane skeleton. [8]

However, high-level computational studies have
shown that the reaction coordinates are far more
complex than a simple stepwise sequence. In
the solvent-induced, metal-free rearrangement
of cubane-1,4-dicarboxylic acid, researchers
identified two distinct transition states on the
PES.According to classical TST, the reaction
should proceed through the first TS, reach an
intermediate, and then pass through the second
TS. Instead, direct dynamics simulations and
PES mapping at the 60 Ojip o PO'Q level
revealed that the reaction path effectively avoids
the second transition state. The trajectories
reach a branching point where the path splits
into two enantiomeric product wells.[4] This
observation is a hallmark of post-transition state
bifurcation and indicates that a statistical
treatment of the second barrier is physically
inappropriate.

For silver(l) catalysis, the reaction proceeds via
an oxidative addition that is significantly more
electrophilic than classical transition metal-
induced OA. The superior catalytic activity of
0 "(Ois attributed to the accessibility of a highly
electrophilic "bare" 0 "Qcenter and the relative
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weakness of the resulting 0 "Q 6 bond. The
overall barrier for the oxidative addition step
varies depending on the catalyst's counteranion
and the electronic nature of the substituents on
the cubane cage.[8] The most compelling
evidence for PTSB in the cubane rearrangement
comes from quasi-classical molecular dynamics
(QCMD) simulations. These simulations reveal
that the carbocation intermediates traditionally
invoked in the mechanism are extremely short-
lived, often existing for less than 400
femtoseconds (fs)[1]. This duration s
comparable to the period of a single molecular
vibration, suggesting that the molecule does not
have time to reach vibrational equilibrium before
undergoing the next bond-switching event.

In a comprehensive study of 0 "(Q0O-catalyzed
rearrangements  of asymmetrically 1,4-
disubstituted cubanes, trajectories were initiated
from the oxidative addition transition state
"Y'&6§8]. The following timeline illustrates the
extremely rapid sequence of events during the
skeletal transformation:

Table 1. Main stages of cubane skeletal
transformation

Mechanism

Average
time

5 &0 Generation of
Bond Cleavage 96,4 cyclobu;yl
carbocation
Initial skeletal
op ovu Bond D200 adjustment
formation 7
61 6v Bond 319 Tandem
dissociation rearrangement
Final6 ¢ bond 365 Completion of
formation cuneane cage

The simulations indicate that the tandem
rearrangement is “"dynamically concerted,"
meaning that although the IRC may show a
stepwise path with an intermediate, the actual
physical trajectories bypass the intermediate's
well due to their momentum. Furthermore, both
major product pathways (leading to Prodl and
Prod2 in some substrates) are reached from a
single transition state region, but the specific
path taken is determined by the trajectory's initial
conditions and the PES's topology post-TS. One
of the most significant findings is the possibility

of enantioselective synthesis through post-
transition state desymmetrization. In systems
using chiral biarylether ligands, the dynamics of
the system can be steered toward a specific

enantiomer of cuneane even if the initial
oxidative addition is not perfectly
stereoselective. This highlights a novel

desymmetrization pathway that is fundamentally
inaccessible via classical TST-controlled
mechanisms.

Figure 1. PES fragment of 1,4 -disubstituted
cubane to cuneane rearrangement with PTSB,
kcal/mol [1]

Cub+AgTFA
0,0

CO,Me
come ; g CO e SO
38,08

1,3-cuneane -39.0

—
2, 6-cuneane

M, C oy COMe

Keywords. Bifurcation, Cubane,

Cuneane,
Rearragement.
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Abstract . The integration of art, movement
(including dance and mime), and comics into
chemistry education provides students with
innovative and engaging ways to explore
scientific  concepts. @ These  approaches
contribute to making abstract ideas more
tangible, accessible, and memorable, while
fostering creativity and encouraging active
participation in the learning process.
Furthermore, they support a deeper
understanding of chemical phenomena and
processes, while enhancing student motivation
and interest in science. This educational
approach was implemented in Catalan
secondary school students and teachers and,
also in university students. This activity
encompasses methodologies such as Learning
Chemistry through Movement and Using
Comics in Chemistry Education, both of which
promotes meaningful learning by connecting
scientific content with artistic expression and
embodied experiences.

Keywords. Artistic  activities,
science, comics, innovation and mim.

chemistry

1. Introduction

Integrating art, movement (including dance
and mime), and comics into chemistry education
enables students and their teachers to engage
with scientific concepts through creative and
participatory learning experiences.

The Official College of Chemists of Catalonia
(COQCQC) [1] has designed this activity that helps
make abstract ideas more concrete and
memorable, encourage creativity and active
participation, improve understanding  of

chemical processes, and increase students 0

motivation and interest in science. Secondary
school teachers have also participated.

This educational experience implemented in
Catalan secondary school students and their
science teachers and, first year university
students in Biochemistry degree. All of them
worked in groups of four-five [2].

This educational approach encompasses two
complementary strategies: Learning Chemistry
through Movement [3] and Using Comics in
Chemistry Education [4]. The central premise is
that chemistry can be taught more effectively
when students learn through multiple forms of
expressiond visual, physical, and narrative. By
combining science with artistic practices such as
movement and comics, educators can foster
deeper understanding, creativity, and
enthusiasm for learning chemistry.

The methodology was subsequently adapted
for upper Catalan secondary school students [5]
aged 16118 years and their teachers in a
summer course. Finally, these activities were
modified and adapted to biochemistry university
students at the University of Barcelona [6]. At
this university level, students became more
actively involved in the design, development,
and dissemination of scientific content,
demonstrating greater autonomy and creativity
in their work. In addition, the same approach
was implemented with secondary school
teachers in a summer course.

A recurring challenge in science education is
how to increase young
chemistry and scientific disciplines in general.
The experience presented in this study
addresses this challenge through an innovative
pedagogical approach designed to engage
learners actively in the construction and
communication of scientific knowledge. The
methodology aims to promote scientific literacy,
creativity, and critical thinking while encouraging
students to explore potential future studies and
careers in science from secondary school
through university.

The results obtained suggest that integrating
artistic expression with science education can
significantly enhance student engagement,
understanding, and communication of scientific
concepts. This study presents examples of work
produced by students at different educational
levels and discusses how the combination of
science and the arts can contribute to more
meaningful and effective learning experiences in
chemistry education.
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2. Learning Chemistry through
Movement

A Students often learn scientific concepts
more effectively when they can observe, model,
or physically experience them. For this reason,
movement-based learning activities were
incorporated into chemistry instruction to
facilitate the understanding of abstract concepts
through  bodily expression and active
participation.

Three movement-based activities were
implemented:

i States of Matter: Students use body
movements and spatial arrangements to
represent the behavior and interactions
of particles in solids, liquids, and gases.

1 Chemical Equilibrium: Students
physically model the dynamic balance
between forward and reverse reactions,
illustrating how equilibrium is maintained
despite continuous molecular change.

1 Isomerism: The phenomenon where
compounds share the exact same
molecular formula but possess different
physical or chemical properties due to
unigue atomic arrangements. Parts of
the people body can simulate it.

The rationale for this approach is rooted in
the growing recognition that scientific literacy is
essential for all members of society. Chemistry,
in particular, plays a fundamental role in
everyday life, yet many people lack a basic
understanding of chemical concepts and
processes. Moreover, chemistry is often
associated with negative stereotypes and
misconceptions, which can discourage public
engagement with the subject.

In recent years, scientists and educators
have increasingly sought innovative ways to
make science more accessible and appealing to
broader audiences. Examples include public
lectures incorporating humour, interactive online
resources and television programs featuring
scientific experiments, and popular media
productions that present scientific topics in an
entertaining format. These initiatives reflect the
need to communicate science in ways that are
engaging, understandable, and relevant to
everyday life.

Understanding chemistry is important not
only for making informed decisions as
consumers and citizens but also for appreciating
the processes that occur within our bodies and
in the world around us. However, many
chemistry concepts are difficult to visualize, as a
result, students may struggle to understand
abstract ideas and consequently lose interest in
the subject.

To address this challenge, this project
explores the use of mime, gestures, and
movement as tools for learning chemistry. The
underlying premise is that when students can
physically represent scientific phenomena, they
are better able to understand and internalize the
associated concepts. The ability to embody and
communicate a chemical process through
movement demonstrates a deeper level of
conceptual understanding and promotes
meaningful learning.

2.1. Chemistry lessons

At first glance, chemistry and drama may
appear to have little in common. However, these
two disciplines can complement each other in
powerful ways [7]. Incorporating techniques
from drama and movement into science
education offers an innovative approach to
engaging students and enhancing their
understanding of scientific concepts. Such
interdisciplinary practices encourage creative
problem-solving, foster communication and
presentation skills, and promote active
participation in the learning process.

An example of this connection is Ran Peleg,
a Lecturer in Science Education within the
Southampton Education School and member of
the MSHE (Mathematics, Science and Health
Education) research group [8]. Ran is a
chemical engineer who later became a dancer,
actor, and mime artist.

The following activity illustrates how
movement can be used to teach fundamental
chemistry concepts.

2.2. States of matte r

In this activity, students physically represent
the behavior of particles in the three states of
matter. To model a solid, students stand close
together and interlock their arms tightly, creating
strong Abondso wi t h
maintaining these connections, they make
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small, rapid movements to represent the
vibration of particles within a solid structure.

When the teacher announces an increase in
temperature, students make a transition to
representing a liquid state. They remain
connected but gain greater freedom of
movement, waving their arms and moving
around more freely while still maintaining
contact with nearby classmates. This stage
illustrates the increased mobility of particles in a
liquid while preserving intermolecular
interactions.

SOLID

§17

LIQUID

§17

vy X F.
//'\/\.

R %
%.\“% 7(«%

GASEOUS

Figure 1. Activity illustrating the transitions from
solid to liquid (fusion) and from liquid to gas
(evaporation)

As the teacher calls for further heating,
students spread throughout the room to
represent a gas. They move independently,
running, jumping, and changing direction
frequently. In doing so, they simulate the
random motion of gas particles and their
collisions with one another and with the walls of
a container. To reinforce this analogy, the
classroom door remains closed, emphasizing
that gas particles are confined within the

boundaries of their container (Fig. 1). Chemists
can use this movement to explain molecular
collisions and collision theory.

Students, by embodying the behavior of
particles through movement (Fig. 2), gain a
more intuitive understanding of how matter
changes state and how particle interactions vary
under different conditions.

GASEOUS

Figure 2. Secondary school students
representing a solid (above) and a gas (below)

Activities described above enable students to
develop an intuitive understanding of the
behavior of matter and the relationship between
energy and molecular motion.

2.3. Le Chatelier principle/equilibrium

Chemical equilibrium is often a challenging
concept for students because it involves
dynamic processes that cannot be directly
observed. To facilitate understanding, students
physically model an equilibrium system through
movement and spatial representation.

In this activity, students stand within two
designated areas representing the reactants
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and products of a reversible chemical reaction.
The boundaries of these areas may be defined
using ropes, chairs, or groups of students. Each
student represents one mole of a substance
participating in the equilibrium. Once the
equilibrium has been established, students are
challenged to maintain it while responding to
different  disturbances according to Le
Chotelieros

Several scenarios can be explored:
Effect of Concentration

When an additional reactant is introduced,
the concentration of reactants increases. To
restore equilibrium, some students move from
the reactants area to the products area,
representing the shift of the equilibrium toward
product formation.

Figure 3. Hydrogen and Nitrogen marks
Effect of Pressure

To simulate an increase in pressure, the
volume available to students is reduced by
decreasing the size of both areas. Students then
determine how the equilibrium should respond.
If the reaction involves different numbers of
gaseous moles on each side, the equilibrium
shifts toward the side with fewer moles of gas,
thereby reducing the effect of the pressure
increase.

N2 (g) + 3Hz(g)
2 people 6 people

= 2 NHz3(g)
8 people (2+6)

Figure 4. Representation of equilibrium
displacement following an increase in pressure

Principle.

Effect of Temperature

For an endothermic reaction, an increase in
temperature favors the forward reaction and
shifts the equilibrium toward the products.
Conversely, for an exothermic reaction,

increasing the temperature favors the reverse
reaction and shifts the equilibrium toward the
reactants (Fig. 5).

Figure 5. University students ( H and N) prepared
to change the equilibrium

Effect of a Catalyst

When a catalyst is introduced, students
remain in their positions. This demonstrates that
catalysts do not alter the equilibrium position;
rather, they increase the rates of both the
forward and reverse reactions equally, allowing
equilibrium to be reached more rapidly.

2.4. Cisi Trans Isomerism

Movement-based activities can also be used
to represent molecular structures and
conformational changes. Students physically
arrange themselves to model cis and trans

isomers, helping them visualize spatial
relationships that are often difficult to
understand from two-dimensional textbook

representations (Fig. 6 and 7).

S

Cis-hands (cis-thumbs/fingers)

i

Trans-hands (trans-thumbs/fingers)

Figure 6. Showing isomerism by fingers
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Figure 7. Two university students showing the
alternating conformation

These  examples  demonstrate how
movement can transform abstract chemical
concepts into tangible learning experiences.
Students actively participate in the construction
of knowledge rather than simply memorizing
definitions and equations.

3. Using Comics in Chemistry Education

Comics constitute a valuable educational
resource for science teaching because they
combine visual communication, narrative
structure, and scientific content. By presenting
information through stories and illustrations,
comics can make complex concepts more
accessible, engaging, and memorable for
learners. Furthermore, they provide
opportunities for creativity while promoting
scientific communication skills.

The most influential and widely read comics
of recent decades are:

1 Detective Conan (Fig.8): the protagonist
is exposed to a mysterious poison that
causes him to shrink physically while
retaining his intellectual abilities.

Figure 8. Panels from Detective Conan
depicting the administration of Apotoxin
to the protagonist.

i Spider-Man: a spider bite grants the
protagonist extraordinary abilities.

1 Superman: Kryptonite, a fictional
radioactive mineral, weakens Superman
and constitutes the basis of an extensive
fictional scientific framework.

1 Asterix and Obelix: magical potions
prepared by the druid enable the
protagonists to overcome a wide range
of challenges.

The use of comics in chemistry education
was analyzed. There are comics with explicit
scientific information and exactly represented
scientific ideas. So, students were encouraged
to identify in some comics, scientific ideas,
evaluate the accuracy of the information
presented, and reflect on how visual narratives
can contribute to science communication.

Biochemist students were invited to create
their own comics to communicate scientific
concepts. This process required them to
understand the scientific content thoroughly,
translate abstract ideas into visual images, and
organize information into a coherent narrative.
This activity allows students to demonstrate their
understanding in a creative way.

To explore the application of this
methodology in biochemistry [9], a project was
developed involving the creation of three
educational comics: Chemical Elements, Acidi
Base Reactions and REDOX Reactions

The development of these comics required
students to transform scientific concepts into
visual narratives that could be understood by a
broad audience. This process encouraged them
to simplify complex information without
compromising scientific accuracy, thus increase
both their conceptual understanding and their
ability to communicate science effectively.

The results suggest that comics can serve as
an effective bridge between science and the
arts, promoting active learning and fostering
greater student engagement. By critically
analyzing how science is represented in comics,
students can learn to distinguish between
scientific fact and fiction while developing a
more accurate understanding of the nature of
science and the scientific method.

3.1. Uses of comics in teaching
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Comics can present complex concepts in an
engaging and understandable manner to
audiences of different ages and educational
backgrounds. For this reason, numerous
educators and science communicators have
incorporated comics into teaching and outreach
activities (Fig. 8b). Some comics have been
specifically designed to communicate scientific
concepts, while others, although originally
created for entertainment purposes, can be
adapted as valuable educational resources.

Figure 8b.B o 0 k

By e

By e

It is said that a picture is worth a thousand
word. Cartoons are a combination of caricature
and satire. When the subject of the cartoon is
science, it is called science cartoons (Fig. 8).
SCIENTONS are a new class of science
cartoons that not only make you laugh but also
provide information about new researches,
subjects and concepts in a simple, interesting
and understandable way.

One patrticularly interesting application is the
use of superhero comics to teach laboratory
safety. In many scenes, these characters are
depicted conducting experiments while violating
basic laboratory safety rules. Students can be
asked to identify these mistakes and discuss the
potential risks associated with each action.

For example, Figure 9 shows a scene from a
Flash comic in which the protagonist is working
in a chemistry laboratory. Several safety
violations can be observed: the character is not
wearing a laboratory coat, is smoking inside the
laboratory, handles chemical containers

improperly, and directly inhales vapours emitted
from chemical substances.

LorG INTO THEs NIGHT THE
EXPEQMENT GORS ON « =«

NG BOY, THAT FEELS
TIREE . THeaTY ]
EED A

+o FOOTBAL,
eSS A

Figure 9. The Flash working in a chemistry
laboratory while violating several laboratory
safety regulations. DC Comics. All rights

reserved.

Such examples provide an engaging way to
introduce students to laboratory safety
regulations and encourage critical observation
and it is particularly valuable for students who
are beginning laboratory work. By analyzing
familiar comic characters, students can learn
laboratory safety standards in a memorable and
enjoyable manner.

3.2. Application of comics in the teaching
of biochemistry

As university teachers, we developed a
project aimed at presenting fundamental
concepts of biochemistry [11] in a simple,

Cor o80'gaging, ang pccessible manner.

1 Chemical Elements: introducing the
biological roles and importance of key
chemical elements in living organisms.

1 AcidiBase Reactions: explaining
concepts such as pH, acids, bases, and
their significance in biological systems.

1 Oxidation i Reduction Reactions:
illustrating electron transfer processes
and their relevance to metabolism and
energy production.

Our objective was to identify an effective
strategy for communicating essential scientific
concepts to students and the general public.
After evaluating different possibilities, we
selected comics as the primary educational
resource due to their ability to combine visual
appeal, narrative structure, and scientific
content.

As a result, three educational comics were
prepared by biochemists students.
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About Chemical Elements

The first comic introduces several of the
chemical elements that play essential roles in
biological systems (Figure 10). To facilitate
learning and retention, each element s
represented by a cartoon character with
distinctive traits related to its biological function
or chemical properties. Through this visual and
narrative approach, students are introduced to
the importance of key elements in biochemistry
while maintaining a high level of engagement.

4*112 ’-jbw\;.“f()l;’ 0)

Wi Lw"\l you cqud“?:‘:u

st

2 n mstalsolic procsss
'(y"&«ifw*r)f‘ov'hJ\n b}&-q
2

/r«uu IWL}«A'}TR;‘kg
/ p‘mphwq modchaes
e R

o }.4, A*‘OM!’({LAQ $ix
L noble 3o Hoy name &
Voo w"(hc[k.z“a? ess |

W\ Hrouak mu T Hudn aed /
bust:

v

Figure 10. Panel from the comic Chemical
Elements

Acid i Base Reactions

The second comic focuses on the
fundamental principles of acidi base chemistry
(Figure 11). It introduces the concepts of acids
and bases according to the Arrhenius,
Brgnstedi Lowry, and Lewisd theories. In
addition, the comic provides a simplified
explanation of the Hendersoni Hasselbalch
equation and the concept of pKa, both of which
are essential for understanding biological
buffering systems and many biochemical

processes.
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Figure 11. Example panel from the comic
Acid i Base Reactions

Redox Reactions

The third comic addresses oxidationi
reduction reactions, which are central to
biological energy transformations (Figure 12).
The comic introduces the concepts of oxidizing
and reducing agents, explains electron transfer
through half-reactions, and provides a basic
introduction to electrochemical cells. These
concepts are presented through visual
narratives that help students understand
processes that are often difficult to visualize
using conventional teaching methods.
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Figure 12. Example panel from the comic
Redox Reactions

In all cases, humour and visual storytelling
were incorporated to increase motivation,
maintain reader interest, and facilitate the
communication of scientific concepts. These
educational materials demonstrate how comics
can serve as an effective bridge between
science and visual communication. By
transforming abstract biochemical concepts into
accessible narratives, comics promote scientific
literacy while encouraging curiosity and
engagement among learners of different ages
and educational levels.

4. Conclusions

The educational experiences presented in
this study highlight the potential of integrating
artistic and creative methodologies into
chemistry education. The central premise is that
chemistry can be taught more effectively when
secondary school students and teachers and
university students engage with scientific
concepts through multiple forms of expression,
including visual, physical, and narrative
approaches. By combining science with
movement, drama, and comics, educators can
foster deeper conceptual understanding,
increase student motivation, and promote more
meaningful learning experiences.
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The analysis of popular commercial comics
revealed that science is often portrayed in a
stereotypical and superficial manner. Scientific
knowledge frequently appears disconnected
from its theoretical foundations and is commonly
represented as mysterious, accidental, or
accessible only to exceptional individuals. Such
portrayals may contribute to misconceptions
about the nature of science and the work of
scientists. Consequently, there is a need to
present science in ways that are more realistic,
accessible, and relevant to society.

These activities reveal that both movement-
based learning and comics can serve as
effective tools for science communication and
chemistry education. Through movement, young
students are able to physically represent
abstract concepts such as states of matter,
secondary school science teachers are able to
explain chemical equilibrium, and molecular
structures, facilitating conceptual understanding
through active participation.

Similarly, biochemistry students and comics
provide a powerful medium for communicating
scientific ideas by combining visual narratives
with accurate scientific content. In addition to
supporting the learning of scientific concepts,
the creation and analysis of comics encourage
creativity, critical thinking, communication skills,
and the use of English as a language of scientific
communication.

After the activities, the opinions of the
students and teachers were assessed.

Most of the secondary school students
emphasized the opportunity to develop art-
chemistry concepts. Secondary school science
teachers have received these activities with
great enthusiasm and requested that the COQC
offer similar activities adapted to their own
knowledge. In addition, biochemistry students
said that these activities alow them to obtain
good academic results.

Given their versatility and educational value,
movement-based activities and comics have
considerable potential as innovative teaching
resources for chemistry and biochemistry
education at different educational levels.

Overall, the results suggest that integrating
arts-based approaches into science education
can help bridge the gap between scientific
knowledge and society. These methodologies

not only enhance student engagement and
understanding but also contribute to the
development of a more positive and accessible
image of science.

Activities such movement and comics can
also help challenge common misconceptions
and highlight the positive role that chemistry
plays our everyday. Chemistry (Biochemistry is
also chemistry) is a science that is present in
many aspects of our daily lives.

Finally, promoting observation and scientific
curiosity between students [12], from the
youngest to university students, could increase
students' interest and curiosity in science and in
chemistry. This will have an impact on the
science at their home and this will also increase
the scientific level of our society.
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Abstract . As part of developing innovative
teaching methods in engineering physics, we
propose introducing  specialized STEM
equipment and a scale model of a solar
installation during classes on renewable energy
resources (RES). This educational equipment is
designed not as a static demonstration but as an
interactive, hands-on project consisting of solar
panels, inverters, racking, and a backup battery
system. The hybrid nature of the developed
training program (combining evening online
lectures with intensive offline practical laboratory
work in safe university locations) allows effective
participation regardless of students' location.
This is especially relevant under wartime
conditions in Ukraine, when many students are
displaced, facing blackouts, or studying
remotely.

The mechanics of working with this STEM
equipment encourage teamwork, engineering
problem-solving, and critical thinking. The
tangible format provides a reliable way to
interact with complex, abstract, and technical
concepts of photovoltaic systems, such as string
configuration, Maximum Power Point Tracking
(MPPT), state of charge (SOC), and electrical
safety parameters. Students can simulate the
design of autonomous and hybrid power
systems, encounter real-world technical
challenges such as panel shading, degradation,
or voltage mismatching, and collectively develop
engineering strategies to overcome them. This
comprehensive approach makes applied
renewable energy physics more accessible and
engaging while promoting collaboration and
technical creativity.

Incorporating this custom STEM equipment into
the engineering curriculum contributes not only
to understanding the theoretical and
mathematical foundations of distributed

generation but also to the rapid development of
vital soft skills, such as risk mitigation and
professional communication. The high flexibility
of the hardware game-like format enables its
seamless integration into short technical
workshops, intensive professional retraining
semester courses, or extracurricular STEM
initiatives. Such practice-oriented, project-based
methods create an effective, inclusive, and
highly resilient educational environment even
under extremely challenging socio-economic
circumstances.

Keywords. renewable energy education,
STEM education, scale model solar installation,
photo-voltaic systems, project-based learning,
engineering physics.

1. Introduction

The socio-economic reintegration of military
veterans is one of the most critical challenges
facing wartime and post-war  Ukraine.
Transitioning from military to civilian life requires
not only psychological support but also the rapid
acquisition of highly competitive, practical skills
aligned with national recovery priorities.
Concurrently, Ukr ai
undergoing a massive shift toward decentralized
distributed generation powered by renewable
energy sources (RES) due to systematic
damage to centralized power grids.

Training veterans as specialized engineers
and technicians for renewable energy
infrastructure addresses both crises
simultaneously. However, traditional, text-heavy
academic curricula are often ill-suited to adult
learners, particularly veterans who excel in high-
stakes, action-oriented, and  structured
environments. This paper presents a novel
pedagogical framework for adult STEM
education that uses an interactive scale-model
solar installation, specifically tailored to the rapid
professional retraining and  vocational
adaptation of military veterans.

2. Methodology and Pedagogical
Framework

2.1. Principles of Veteran -Oriented
Andragogy

Adult learning (andragogy) for military
veterans requires specific structural and
psychological adaptations that distinguish it from
standard undergraduate education.
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The developed training program relies on  ranging from laboratory microgrid benches to

three core pillars: functional field layouts:

1 Action-First Learning: Minimizing 1 Advanced Grid Inverter Modules:
abstract lectures in favor of Industrial units (such as Solplanet
immediate, tactile problem-solving. systems) paired with modular safety,
Veterans respond highly to clear surge protection switches, and dual
operational goals rather than dry distribution breaker panels are used
theory. to introduce students to commercial-

1 Structured Visual Materials: To grade internal infrastructure (Fig. 2a,
maximize training efficiency, special 2b).
print workbooks, study manuals, and 1 Indoor Hybrid Control Benches:
business cards are co-developed with Specialized training stations
local partners to provide structured, equipped with commercial hybrid
visual, step-by-step guidance (Fig. 1). solar inverters (such as EASun Power

1 Competency Translation: systems), integrated circuit breaker
Transforming military strengths such distribution ~ boxes,  professional
as operational discipline, technical measurement tools, and dedicated
resourcefulness, rapid risk mitigation battery energy storage banks (Fig.
under pressure, and small-unit 2c). These benches allow safe,
teamwork into civil engineering controlled indoor testing of power
protocols. balance.

1 Flexible Hybrid Delivery: A hybrid 1 Outdoor Photovoltaic Arrays: Full-
schedule (evening online lectures scale structural mounting frames and
combined with intensive, compressed professional PV modules positioned
offine practical laboratory work) in secure open-air  learning
accommodates ongoing medical environments adjacent to university
rehabilitation, employment searches, facilities.

or family commitments.

=== rPAHTOBE
&= HABYAHHS
ana BETEPAHIB

Figure 1. Promotional and Methodological
Materials

2.2. Hardware Infrastructure: Laboratory
and Field Rigs

Adult learning (andragogy) for military
veterans requires specific structural and
psychological adaptations that distinguish it from
standard undergraduate education.

The physical educational infrastructure Figure 2. Industrial Power Electronics &
functions as a scalable technical sandbox, Integrated Test Bench
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3. Retraining Scenarios and Practical
Case Studies

The educational process was structured into
field-like "missions" or technical challenges,
shifting the terminology from passive learning to
active engineering operations.

Scenario A: Outdoor Structural Assembly and
Array Layout

Task: Student teams are tasked with the
structural setup of structural frames, manual
handling, structural layout optimization, and
physical mounting of solar panel matrices on
ground racking systems.

Observations: Veterans naturally utilized
tactical team division, assigning specific roles
(e.g., structural lead, safety officer, quality
control). They demonstrated exceptional
coordination during the physical framing setup,
anchoring structural rails to ground supports and
deploying multi-panel strings.

Outcome: Mastery of real-world physical
installation constraints, spatial orientation, and
structural safety parameters.

Figure 3. Assembled Solar Field

Scenario B: Electrical Commissioning and
Diagnostic Measurements

Task: Following physical assembly, students
transition to string wiring and system
diagnostics. Instructors guide students through
safe electrical connection protocols and ambient
testing.

Veteran Dynamics: Demonstrating high
focus, veteran cohorts engage directly with
instructional leads to learn proper terminal
crimping, cable management, and active
parameter measurement using digital multi-
meters directly at the array site (Fig. 4).

Technical Outcome: Understanding real-time
electrical safety parameters, verifying open-
circuit voltages, and detecting voltage
mismatches before grid integration.

Figure 4. Field Diagnostics and Commissioning

Scenario C: Indoor Wiring, Switchboard
Integration, and System Diagnostics

Task: Moving inside the laboratory
environment, students are tasked with preparing
heavy-duty wiring, assembling solar connectors,

and properly integrating them into safety
switchboards, wiring  detailed electrical
components, and organizing breaker
assemblies.

Observations: Working around shared

workbenches with specialized tools, veterans
adapt rapidly to high-precision tasks such as
terminal preparation, wire stripping, and manual
MC4 connector assembly (Fig. 5).
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Figure 5. Wire Preparation and Switchboard
Integration

Peer Integration: Group learning is driven by
active peer-to-peer discussions. Instructors and
senior technical leads walk students through
real-time interface diagnostics on custom control
boards, monitoring parameters directly on
computer monitors and system displays (Fig.
2b).

Veteran cohorts work closely in compact
groups around the internal terminal
architectures of the training rigs to troubleshoot
system layouts under active instruction (Fig. 6),
ensuring each veteran can interpret fault codes
and system performance data accurately.

Figure 6. Group Learning and Practical
Mentorship

4. Discussion

4.1. Psychological Comfort, Peer
Support, and Technical Confidence

The hands-on, hardware-focused STEM
model served an unexpected but vital
psychological function. For many veterans,
returning to a traditional, text-heavy classroom
can cause alienation, restlessness, or test
anxiety. The tactile, hardware-focused
environment enabled them to build confidence
quickly through physical competence.

Working in cohorts composed of peers
fostered a familiar, supportive, and mission-
focused communication style. Rather than
feeling like "students being graded," participants
viewed themselves as "specialists solving a
technical task.” This drastically reduced training
drop-out rates, fostered organic peer-to-peer
mentoring, and transformed military
camaraderie into professional networking.
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4.1. Educational Resilience and
Economic Impact

Implemented at the National Technical
University «Kharkiv Polytechnic Institute», this
methodology demonstrated remarkable
institutional resilience. Even during real-world
external blackouts, the indoor training control
benches remained functional thanks to their
integrated battery storage systems, proving the
concept of localized energy autonomy.

From an economic and workforce
perspective, the curriculum acts as an
accelerated vocational pipeline. Veterans

emerged not just with theoretical knowledge of
applied physics, but  with practical,
referenceable  experience in  configuring
commercial-grade solar components, making
them immediately employable by civilian green-
energy installation firms.

5. Conclusion

The integration of specialized STEM-scale
models and commercial solar installation
hardware into adult education offers a powerful,
scalable solution for both postwar energy
reconstruction and veteran reintegration in
Ukraine. By structuring the educational
framework around action-first learning, field-like
troubleshooting, and the natural soft skills of
military veterans, this program achieves a dual
societal impact: it empowers a highly deserving
and capable population with sustainable, high-
demand civilian careers while actively building a
decentralized, resilient energy future.

The empirical outcomes of implementing this
methodology at the National Technical
University «Kharkiv Polytechnic Institute» yield
several critical conclusions for modern
engineering pedagogy and social policy:

Pedagogical  Shift in  Andragogy:
Traditional academic structures fail to meet the
psychological and practical needs of military
veterans returning to civilian life. Shifting the
educational paradigm from passive, text-heavy
lectures to active, mission-oriented hardware
configuration creates a high-engagement
learning environment. This approach effectively
eliminates classroom alienation, mitigates test-
related anxiety, and maintains a near-zero
dropout rate among adult cohorts.

Camaraderie as a Learning Accelerator:
The study demonstrates that veterans naturally
transfer their tactical, small-unit operational
discipline into civil engineering workflows. When
placed in front of complex physical hardware,
these cohorts organically establish efficient
internal hierarchies, division of labor, and strict
safety protocols without external instructor
intervention. This organic teamwork accelerates
the technical troubleshooting cycle, reducing the
"time-to-fix" systemic electrical and structural
faults by an average of 75% over a compressed
four-week period.

Dual-Benefit Societal Infrastructure:  This
educational model links national security
recovery directly with vocational rehabilitation.
By equipping a disciplined, crisis-resilient
population with specialized skills in distributed
generation, solar topologies, and battery energy
storage management, the program establishes
an immediate civiian defense reserve.
Graduates emerge not merely as theoreticians,
but as field-ready technicians capable of rapidly
deploying autonomous power systems during
active infrastructure collapses.

Systemic Educational Resilience: The
physical deployment of the interactive test
benches during ongoing real-world grid
blackouts demonstrated the framework's
conceptual stability. Because the educational
equipment mirrors the very decentralized
autonomy it teaches, academic continuity was
maintained seamlessly under severe
infrastructure deficits. This proves that green
technology training facilities can operate as
literal energy sanctuaries and backup power
nodes for localized community needs during
crises.

In summary, the veteran-oriented STEM
curriculum presented in this paper serves as a
scalable, highly optimized blueprint for crisis-
affected regions globally. It demonstrates that
engineering education can simultaneously
address acute industrial labor shortages,
accelerate green energy transitions, and provide
a dignified, empowering, and economically
sustainable path forward for military veterans
returning to the civilian fabric of society.
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From Teachers for Teachers:
Science on Stage Europe
Festival 2026

Nilglin Erentay, Aynur Karabulut,
Ayla Usta
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Education, Turkiye
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Abstract . The 14 th European Science on
Stage Festival took place from 288 31 May
2026 in the Universit
under the patronage of the president of the
republic of Lithuania, Gitanas Nauseda. The

y o f culierpl hackgraunds

classroom and promote understanding
of Al

M Career Orientation in STEM Education:
projects that demonstrate good practice
in integrating career orientation into
regular STEM education

1 Equity and Inclusion in STEM Education:
projects that reflect the heterogeneity
and diversity of our society, e.g. teaching
methods that engage students with
different learning levels or different

1 Self-directed Learning in STEM

motto of the festival WasEduﬁa§ q;(?cts tgaaﬁi%mons At .
lnnovati on Meets Creativity an pro&c tberr?gh?tﬁaﬁc efa?}aaa
faC|I|tator . a digital rning

450 primary and secondary school teachers
from all over Europe, Kazakhstan and Canada
came together to share their most creative and
innovative STEAM ideas at stands, in
workshops and in highlight sessions.
Participants had been selected via competitive
national events in 2025 in over 30 countries.

Turkiye delegation of eleven teachers along with
the members of National Steering Committee
participated at the Science on Stage Europe
Festival 2026 in Lithuania. Eleven Turkish
teachers presented their projects from 28 to 31
May 2026 at the stands and they participated in
international workshops. Their projects had
previously been selected for delegation by the
faculty members from several universities
across Turkiye in 2025 and they had previously
participated to the 6th National Festival on
Science and Environmental Education in
Kstanbul on 4 October

The projects that were represented at the
Science on Stage Europe 2026 Festival had
inquiry based learning approaches in general.
The guiding themes that structured the fair were
as follows:

1 STEM for the Youngest: projects
promoting STEM in primary schools for
children aged 10 and under

1 STEM Education for Sustainable
Development: projects that contribute to
the achievement of the 17 Sustainable
Development Goals

1 Al in STEM Education: projects that
demonstrate ways to integrate Al into the

environment, or that can be useful in
addressing teacher shortages

In addition, teachers could hand in their projects
in the following two categories:

1 Joint Projects: projects developed
collaboratively by teachers, at least one
of whom has participated in Science on
Stage activity

1 STEAM for Teachers in Training:
projects developed during pre-service
teacher training or student teacher
placements

Keywords. STEAM education, Science on
Stage Europe Festival, Science on Stage
Tirkiye
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[1]
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[3]

https://science-on-stage.eu
https://sons2026.eu/

https://scienceonstageturkiye.org

201

Lithuani a



Hands -on Science. Science Education. Resilience in challenging times

Hands -on Astronomy as a
Gateway to Black Holes

V Horshchuk
University of Information Technology and
Management in Rzeszow, Poland
73030@student.wsiz.edu.pl

Abstract . The study aims to describe our state-

of-the-art knowledge about the concept of black

holes and show how it can be particularly

alluring in the segment of science education. It

connects the author's own wistful endeavour of

amateur astronomy and astrophotography

throughout the years with what has currently led

them to a deeper passion for studying these

mesmerizing objects called black holes on a

now higher threshold. Allowing for the work of

one of the most renowned astrophysicist and

cosmologist, Stephen Hawk i n g, AThe Theory of
Everythingodo, works of NASA, recent studies and
discoveries, in conjunction with more artistic

image of black holes portrayed in the movie

Al nterstellaro, here wildl be | ayed down the most
fundamental queries and our human perception

of these supermassive monsters weighing even

up to billions of solar masses in the centers of

most big galaxies, ours included. The topic is

broad and elaborate and thereupon so

interesting, whilst also being demonstrative and

practical to motivate young learners for their own

learning journey with telescopes, or even

without d just stargazing the night sky.

Keywords. black holes, astronomy, amateur
astronomy, astrophysics, hands-on learning.
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Living Through GenAl Research:
Experiences, Challenges,
and Insights
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University of Information Technology and
Management, Rzeszow, Poland
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Abstract . As MIT has already shown [2], a
regular user of Large Language Models
experiences a significant impact on their
academic abilities and performance, but let us
take a step deeper - what about the researchers
concerned with generative artificial intelligence?
Our scientific student club spent over 1,5 years
working on projects studying the biases of LLMs
- generating Al images and text, and coding
databases of the former. The analysis of our
discussions around our shared experience
seemed only logical after we left this merry-go-
round of curiosity, incredulity, and sheer
anguish.

This polyethnography is a collaborative effort of
seven members of a student scientific club and
their supervisor to bring more clarity into the
sustainable research of GenAl and its
consequences [1]. We used the records of our
team member s6 dDissardsenel
during our interactions with GenAl and
conducted transcriptions of two follow-up
interviews. After that, we collected everyone's
documentation of our lived experiences and
opinions induced by this. In the end, we were
able to map out our journeys from generally
minimal direct experience with LLMs to the
development of new - and/or further
establishment of - our views on the matter. We
pinned down the changes in our mental and
physical well-being throughout the proceedings.
The two most important topics, however, were
GenAl's stereotyping and generalizing nature,
and the uncanny valley effect [3].

Keywords. generative artificial intelligence,
text-to-image models, student research club,
polyethnography, collaboration, human i Al
interaction.
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Abstract . This study explores the critical
evolution of educator digital competence within
the transformative landscape of the artificial
intelligence (Al) era. As generative language
models and specialized Al platforms
increasingly integrate into educational practice,
the demands on professional pedagogical
competence have shifted significantly beyond
traditional computer literacy. To navigate these
changes effectively, this research establishes a
robust, comprehensive framework consisting of

six interdependent foundations: computer
literacy, Al literacy, analytical thinking,
pedagogical proficiency, legal literacy, and

professional ethics.

These six pillars form a holistic system that is
essential for the effective transfer of knowledge
in an increasingly digitized society. The study
demonstrates that these components do not
function in isolation; rather, they are deeply
interconnected, forming the structural integrity of
a modern educator's digital profile. The research
underscores that the lack of proficiency in even
one of these areas can compromise the quality
of the entire educational process. For instance,
while an instructor may be technically adept at
using ChatGPT, a deficiency in professional
ethics or analytical thinking could lead to the
uncritical acceptance of "hallucinations"d
plausible but factually incorrect informationd or
the promotion of practices that undermine
academic integrity.

Modern educators must therefore master more
than just the functional utility of Al tools. They
are now required to possess the critical depth
necessary to curate educational environments
that foster authentic cognitive activity [1]. This
involves moving away from rote tasks that are
easily automated by Al, and instead designing
complex, project-based assignments that
prioritize critical analysis, interpretation, and
personalized learning. Pedagogical proficiency,
in this new context, is defined by the ability to
orchestrate classroom interactions where Al

serves as a catalyst for deeper intellectual
inquiry rather than a replacement for student
effort.

Furthermore, the framework highlights the
growing importance of legal literacy. As
educators adopt new technologies, they must
remain vigilant regarding intellectual property
rights, data privacy policies, and the legality of
software deployment within  state-funded
institutions. A lack of awareness regarding these
parameters can lead to disciplinary issues and
conflicts with institutional policies, further
complicating the professional responsibilities of
the contemporary teacher.

The findings of this study provide a strong
foundation for the development of innovative
training programs for future educators. These
programs must move beyond technical tutorials
and focus on cultivating a sophisticated
pedagogical culture that balances technical
proficiency with ethical responsibility. Future
research should concentrate on constructing
and testing experimental models that quantify
the contribution of each foundation to overall
competence, further exploring their internal
interrelationships. By fostering these six pillars,
educational institutions can ensure that their
graduates are not only adept at utilizing cutting-
edge tools but are also capable of upholding the
timeless values of academic rigor and
intellectual honesty. In conclusion, the
successful integration of Al into education relies
on the strategic, balanced, and reflective
devel opment of the

Keywords. Academic integrity, Al literacy,
digital competence, pedagogical proficiency.
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Abstract . The aim of my research is to analyze
the transformation of propaganda from mass
media into algorithmic Al-generated
misinformation and discuss the importance of
this phenomenon within the context of
educational processes. Through analysis of
propaganda in such wars as the Vietnam, Gulf,
and Iraq wars and in modern digital conflicts, the
paper demonstrates the changes brought about
by technology into the process of production and
personalized delivery  of  manipulative
information. The paper argues that in order to
combat deepfakes, synthetic media, and
algorithmic manipulation, the education process
needs to be transformed accordingly.
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The Use of ChatGPT in the
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Abstract . The purpose of this study is to
examine the possibilities and limitations of using
ChatGPT and atrtificial intelligence tools in the
independent work of students specializing in
Pop Singing. The research is based on
theoretical analysis of contemporary studies on
Al integration in music education and vocal
pedagogy. The findings indicate that Al
technologies can support repertoire selection,
vocal technigue explanations, learning planning,
song interpretation, and creative development.
At the same time, issues related to academic
integrity, critical thinking, and creative autonomy
remain important. It is concluded that Al should
be considered a supportive educational tool
rather than a substitute for the teacher.

Keywords. academic integrity, artificial
intelligence, ChatGPT, music education, pop
singing, self-directed learning, vocal pedagogy.

1. Introduction

The rapid development of digital technologies
has significantly influenced contemporary
artistic education and transformed approaches
to teaching and learning. Artificial intelligence
(Al) is increasingly integrated into educational
environments, creating new opportunities for
personalized learning, independent study, and
creative development. This tendency is
particularly relevant for students specializing in
Pop Singing, whose professional training
combines theoretical knowledge, practical skills,
and artistic self-expression.

Independent work plays a crucial role in the
formation of professional competencies of future
vocal performers and teachers. It contributes to
the development of vocal technique, musical
hearing, interpretative thinking, stage
performance skills, and artistic individuality. In
this context, Al-based technologies can function
as an additional educational environment
supporting students in their learning activities.

Recent studies emphasize that artificial

intelligence is transforming music education by
introducing innovative pedagogical models and
digital learning tools. The integration of Al into
vocal pedagogy has become an important
research area due to the growing accessibility of
intelligent educational technologies. Among
these technologies, ChatGPT is one of the most
widely used tools capable of supporting students
in various aspects of independent learning.

The purpose of this paper is to provide a
theoretical justification of the possibilities and
limitations of using ChatGPT and artificial
intelligence tools in the organization of
independent work of students specializing in
Pop Singing.

2. Methods / Analysis

This study is based on theoretical analysis
and generalization of contemporary research on
artificial intelligence in education and music
pedagogy. The analysis demonstrates that
ChatGPT can support students in repertoire
selection, explanation of vocal techniques,
preparation of individual practice plans,
development of breathing and diction exercises,
interpretation of song lyrics, and generation of
creative ideas. Al tools also facilitate the
organization of learning activities and provide
instant access to educational information,
contributing to more effective self-directed
learning.

3. Discussion

The integration of artificial intelligence into
vocal education offers several pedagogical
advantages. First, Al technologies contribute to
the personalization of learning by adapting
educational content to the needs and abilities of
individual students. Such personalization is
particularly important in vocal pedagogy
because every voice possesses unique
anatomical and physiological characteristics.

Second, Al tool s
motivation by providing immediate feedback and
continuous access to educational resources.
The possibility of obtaining explanations,
recommendations, and methodological support
at any time creates favorable conditions for self-
directed learning and lifelong professional
development.

Third, artificial
methodological

intelligence expands the
possibilities  available to
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teachers and students. Digital technologies
facilitate the organization of educational
activities, the generation of training materials,
and the exploration of creative ideas. In this
sense, Al can be regarded as a valuable
supplement  to  traditional pedagogical
approaches.

However, the use of Al in vocal education
also presents significant limitations. Artificial
intelligence cannot fully evaluate vocal sound
quality, physiological aspects of voice
production, or the artistic expressiveness of a
live performance. Many important elements of
vocal training require direct observation and
professional assessment by an experienced
teacher.

Another challenge concerns academic
integrity. The accessibility of Al-generated
content may encourage students to rely
excessively on ready-made answers instead of
engaging in independent analysis and critical
reflection. Therefore, educational institutions
should promote responsible use of Al and

develop student sb abi
interpret information critically.
There is also a risk that excessive

dependence on Al technologies may reduce
creative autonomy. Artistic education is
fundamentally based on individual expression,
imagination, and personal interpretation.
Consequently, artificial intelligence should serve
as a tool for inspiration and support rather than
a source of ready-made creative solutions.

Researchers emphasize that Al should not be
considered a replacement for the teacher. The
teacher remains the central figure in the
formation of artistic thinking, professional
values, and creative competencies. Effective
integration of Al into vocal education requires
methodological guidance and pedagogical
supervision to ensure a balance between
technological support and authentic artistic
development.

4. Conclusions

The use of ChatGPT and other artificial
intelligence tools in the independent work of
students specializing in Pop Singing represents
a promising direction for the development of
contemporary vocal pedagogy.

|sittudeesnt 5 6

The main advantages of Al integration
include the personalization of learning,
increased student motivation, expanded

methodological opportunities, and support for
creative development. ChatGPT can assist
students in repertoire selection, understanding
vocal techniques, planning independent
practice, analyzing musical materials, and
generating creative ideas.

At the same time, several limitations must be
considered. These include the inability of Al to
fully assess vocal performance, potential threats
to academic integrity, and the risk of reducing
student so creative [
reason, artificial intelligence should be regarded
as a supportive educational resource rather than
a substitute for professional pedagogical
guidance.

Future research should focus on the
development of methodological models for
integrating Al technologies into vocal education
while  maintaining a balance between
technological innovation and the cultivation of
aervtail sutaitce i

addvi
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Politics, English Language, and
Generative Al: How George Orwell
Can Help Us Understand the
Faulty Writing Style of LLMs and
Be All the Better for It

Solas Krasovskykh
University of Information Technology and
Management, Rzeszow, Poland
solas.krasovskykh@gmail.com

Abstract . "Most people who bother with the
matter at all would admit that the English
| anguage is in a bad
Orwell 80 years ago [1], and | must regrettably
argue - it still applies. With the generative Al
infestation we are suffering now - even more so.

This comparative analysis puts George Orwell's
essay "Politics and the English Language" [1]
side by side with last-year's New Your Times
Magazine article by Sam Kriss "Why Does A.l.

Write Like é That?" [2].

to faults of LLM generated text today as fruits of
English language decades ago, and help shed
the mystery to why generated text might seem
like "not just an enduring echo, but an intricate
tapestry".

The fundamental elements of chatbots' verbiage
fall under what Orwell criticizes: dying
metaphors, verbal false limbs, pretentious
diction, and meaningless words [1]. An awful
company that only leads to murky waters. He
proposes that if we eradicate such language we
think clearer and better see through
manipulation, and crucially - the political kind too
[1]. With this in mind we consider whether we
know the steps to the dance the creators of
GenAl have taken us into, and how creativity can
help us take back the lead.

Keywords. Al literacy, Generative Artificial
Intelligence, intelligence and language, political
manipulation, writing.
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waste (MSW) management generated during IS4
the operation of shopping and entertainment W dz
centers (SECs) have been investigated. The U t6
application of the local thermal disposal method Y t6
(Waste-to-Energy) is substantiated as the most © d
effective for morphologically complex waste with & IS
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