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Abstract

This paper presents Lab-on-a-Book, a low-cost, paper-based chemistry kit designed to sup-
port hands-on science learning for middle school students (ages 11-14) in under-resourced
schools. The kit integrates scientific experiments directly onto the pages of a book, replac-
ing traditional laboratory materials with paper-based alternatives. Using a constructionist
approach, it engages students in active inquiry and problem-solving. Each experiment is
framed around students’ own questions, encouraging exploration, collaboration, and itera-
tive learning. The book includes eleven experiments covering fundamental chemistry con-
cepts such as pH, density, and mixtures. This paper discusses the theoretical foundations
and design elements of Lab-on-a-Book, highlighting its potential to promote science learning
in resource-constrained settings.

Keywords and Phrases: Constructionism, science kits, inquiry-based learning, low-cost
materials, chemistry.

1. Introduction

Traditional science instruction often relies on rote memorization rather than ac-
tive experimentation, limiting students’ ability to develop scientific inquiry skills
(Bransford et al., 2000). According to UNESCO (2023), while hands-on science fos-
ters critical thinking and meaningful learning, it remains difficult to implement due
to the high costs of laboratories and the need for trained personnel. These challenges
are especially acute in developing countries, where laboratories are often nonexist-
ent or poorly equipped. Consequently, there is a growing need to rethink tradition-
al laboratory models and promote more accessible approaches to hands-on science
education.

To address these challenges, LLab-on-a-Book offers a low-cost, self-contained chem-
istry kit that transforms a book into a portable lab (see Figure 1). The kit’s design
follows a constructionist paradigm, emphasizing that students learn best when they
actively construct knowledge through hands-on engagement (Papert, 1980). Unlike
conventional textbooks that passively present scientific concepts, this book invites
students to do chemistry rather than merely read about it. Connecting experiments to
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everyday problems, it helps demystify chemistry as a complex subject disconnected
from real life (Hartings & Fahy, 2011), encouraging students to investigate scientific
principles through personal inquiry and collaboration.

Figure 1: Overview of experiments in Lab-on-a-Book.

1 Background and Related Work

1.1 Re-thinking Hands-on Chemistry

Despite its central role in daily life, engagement with chemistry remains low. This
can be attributed to several factors, including “chemophobia” — a widespread aver-
sion to chemistry and chemicals, its limited presence in mass culture, its integration
into other sciences, which causes chemistry to lose its distinct identity, and its por-
trayal in educational curricula primarily as an industry-focused science (Hartings
& Fahy, 2011). As a result, chemistry is frequently taught as something abstract,
dangerous, and unnatural.

Hands-on chemistry learning emerges as a strategy to address these challenges by
engaging students through object manipulation and exploration of the physical
world, making science more tangible and motivating (Gericke et al., 2023; Sotério &
Queiroz, 2022). Although efforts exist to promote hands-on learning without tradi-
tional laboratories, many products are unsuitable for low-resource settings. Science
kits often rely on proprietary materials or specific chemicals, making them costly
and non-reproducible, and many hands-on science books offer overly prescriptive,
“cookbook™style instructions (Martinez & Stager, 2013; Heemstra et al., 2017). Vir-
tual labs, while seemingly accessible, can oversimplify experiments, require stable in-
ternet, limit collaboration, and fail to capture the complexity of real-world scientific
inquiry (Tatli & Ayas, 2010).

In response, we adapted traditional chemistry experiments to use paper as the prima-
ry (and often only) material, significantly reducing the needed infrastructure. Paper
was chosen due to its familiarity, versatility, and widespread use in constructionist
learning environments (Eisenberg et al., 2015). Our kit also follows a question-driven
framework that encourages open-ended exploration, problem-solving, and collabo-
ration. This facilitates connecting experiments to everyday experiences but also em-
powers students to view science as an approachable and integral part of their lives.

1.2 Learning Theories and Design Rationale

Lab-On-A-Book is grounded in the constructionist design paradigm and framed by
critical pedagogy. These ideas collectively inform the kit’s focus on inquiry-driven
exploration, enabling students to ask questions, test hypotheses, share experiences,
and engage in critical thinking. For example, the kit frames experiments around
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relatable, everyday questions, such as “Why do some things float on water?” These
questions provide accessible entry points for exploring chemistry. Learning is sup-
ported through collaboration and social interaction, with tasks in the kit encouraging
students to share results, discuss findings, and work cooperatively to develop under-
standing and skills that may be difficult to achieve independently (Vygotsky, 1980).
Additionally, the kit integrates the cognitive, affective, and skills-based benefits of
hands-on laboratory work, enabling students to develop observation, prediction, and
inference skills through experiential learning (Kolb, 2014).

Moreover, the kit recognizes education as a setting for interrogating one’s reality
(Freire, 1996), inviting students not only to perform experiments but also to reflect
on how their learning can empower them to transform their communities. By using
low-cost and relatable materials like paper, the kit provides an empirical laboratory
experience in scenarios where traditional resources would otherwise make such op-
portunities inaccessible. This perspective is particularly relevant in under-resourced
contexts, where educators are encouraged to consider the social nuances of scientific
literacy and leverage accessible materials to foster inquiry-based learning (Blikstein,
2008). By democratizing experimentation, students can actively construct their own
knowledge and participate in meaningful hands-on learning, opportunities they
might not otherwise be invited to join.

The design of Lab-on-a-Book is shaped by the idea that science educational tools
should speak to students’ personal, often idiosyncratic passions (Eisenberg, 2020).
To achieve this, the kit first invites students to freely explore materials and ques-
tions. It then encourages them to engage with “objects-to-think-with” as they build
their understanding of chemistry concepts through meaningful hands-on activities,
deconstructing or generating new understandings (Papert, 1980). These activities
can enhance transparency by breaking down the scientific method and using visual
representations of scientific phenomena (Kafai & Peppler, 2014).

2. Design Elements and Principles

The main “chapters” of the book are: Welcome, Book Rules, Materials, Questions,
Library, and About the Author. The Welcome section allows students to personalize
their book with their names and introduces its main components, fostering own-
ership and helping them navigate the structure. The Book Rules chapter outlines
safety guidelines for conducting experiments responsibly. The Mazerials chapter
provides an overview of the tools and resources included in the kit, all designed
to adapt fundamental middle school chemistry concepts into paper-based activities.
Although many areas of science naturally intersect, the experiments in this kit are
framed to primarily explore chemical phenomena. Each experiment is introduced
by a curiosity-driven question about everyday phenomena, reflecting children’s com-
mon questions. These Questions also title the book’s chapters. The Library offers
detailed descriptions of the materials, tools, and scientific principles behind each
activity. The About the Author section provides a brief biography of the kit’s maker.
The kit was developed using text editing software, with printers and laser cutters
employed for material creation and prototyping. The complete online version of the
book is available at https://soterio.net/lab-on-a-book.html. Key design principles are
described below.
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2.1 Embedded Experimentation with Low-Cost Materials

Experiments are conducted directly on the book’s pages, eliminating the need for
external lab equipment. These include various types of paper designed for chemical
reactions, such as light-sensitive paper, soap-infused paper, colored paper, and cop-
per-coated paper. For instance, a pH experiment allows students to drop different
liquids onto an indicator-printed page and observe color changes in real-time. This
process involved adapting traditional laboratory experiments and designing new ac-
tivities to address overlooked concepts (see Figure 2).

Figure 2:  Raw materials (left), prototype (center), and final version (right) for the Brow-
nian motion experiment.

Additionally, the book includes tools such as paper rulers and stencils to support
the activities. The only materials not provided are water (which does not need to be
drinkable), fire, and optional items that students can collect from their surroundings,
like rocks or leaves, to enhance their investigations. This approach was designed to
minimize reliance on external resources, allowing all experiments to be completed
using only the materials provided in the book and water.

To make information easy to follow, we incorporated symbols throughout the book
to represent different materials and actions (paper, water, fire, sunlight, and/or tools).
Not every experiment utilizes all symbols; each symbol corresponds to a specific ma-
terial or condition relevant to that experiment. This was intended to allow students
to quickly identify the resources needed for each step. A summary of the materials in
the kit is provided in Table 1.
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Experiment

Scientific Concepts

Best-Fit Paper Ma-
terials

Materials/Actions

Symbols

Do acids really kill
us?

Acids, bases, neutral
substances, pH scale

pH testing paper

How many colors

Pigments, mixtures,

Absorbent paper

dow?

redox reactions

(cyanotype)

make up one color? chromatography (coffee filter, paper
towel), and marker-
coated paper

Can we trap a sha- Photochemistry, Light-sensitive paper

How do scratch cards
stay secret?

Layers, coatings, pig-
ments, polarity, and
phase separation

Scratch art paper

Can we edit a
message after it is
printed?

Polarity, material re-
actions, and reversib-
le chemical reactions

Thermal paper (re-
ceipts)

O®

Where does trash go
to be trashed?

Decomposition, re-
cycling, and material
properties

Paper with different
textures and proper-
ties

How do we know the
age of a fossil?

Carbon dating, fossil
formation, and che-
mical reactions

Carbon paper

Can a cup full of
water stay dry?

Surface tension,
hydrophobicity, and
hydrophilicity

Water-resistant (e.g.,
air fryer parchment
paper) and non-wa-
ter-resistant papers
(e.g., paper towel)

Why do some things
float on water?

Buoyancy, density,
surface tension

Soap-infused paper,
lightweight (e.g.,
parchment paper)
and heavyweight
paper, and sheets
(e.g., aluminum foil)

What is everything
made of?

Atoms, molecules,
Brownian motion

Paper coated with
washable marker ink

‘What is the color of
fire?

Metal properties,
states of matter, and
flame test

Copper-coated paper

O®

Table 1:

Overview of experiments, concepts, and materials in Lab-On-A-Book.
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The printed book costs $5—$7 USD in bulk; an online version using household sup-
plies lowers costs further. All special papers used in the kit, such as pH paper, are
easily found in stationery stores, online marketplaces, or can be adapted from com-
mon household materials, following suggestions provided in the book. While many
experiments are single-use, reusable sections and blank pages for new investigations
extend the book’s use. Unlike typical online tutorials, the online version of Lab-on-
a-Book follows the same structured inquiry framework, guiding students through
scientific questioning, experimentation, and reflection, rather than simply following
steps.

2.2 Student-Centered Inquiry

Each experiment is structured around open-ended questions rather than step-by-step

procedures. These activities are intentionally organized into the following struc-

ture with minimum instructions, empowering students to navigate the book inde-

pendently, from choosing the materials for each experiment to designing their own

investigations.

* Explore your space: Encourages students to observe their surroundings and iden-
tify potential book materials or phenomena relevant to the experiment.

* Test your materials: Promotes hands-on exploration of the properties and behav-
ior of materials to understand how they interact in different contexts.

* Discover and build: Guides students in creating or setting up experiments to ex-
plore a scientific question.

* Understand your results: Helps students analyze and interpret the outcomes of
their experiment to grasp the underlying scientific principles.

*  What if...: Inspires students to consider alternative scenarios, ask new questions,
and imagine variations of the experiment.

* Design your next adventure: Encourages students to use their discoveries to de-
sign a new experiment, fostering creativity and independent thinking.

* Share your experience: Encourages collaboration by guiding students to work
together, share their findings, exchange feedback, and learn from peers, family
members, and the broader community.

Through these steps, students are encouraged to observe, question, hypothesize, ex-
periment, analyze, and communicate their findings, mirroring the scientific method.
This approach creates opportunities for students to develop critical thinking, evi-
dence-based reasoning, and problem-solving (Kolb, 2014). Additionally, it encourag-
es them to reflect on their learning, explore alternative explanations, and design new
experiments based on their prior knowledge and discoveries.

2.3 Scalable Design and Collaborative Learning

By focusing on readily available materials and open-ended experimentation, Lab-on-
a-Book can be used across various contexts without the need for specialized equip-
ment. Furthermore, the kit allows for cultural adaptability, as teachers and students
can modify experiments to reflect local materials and contexts. This flexibility not
only enhances engagement but also supports situated learning, where knowledge is
constructed through meaningful, real-world experiences (Lave & Wenger, 1991).

Collaboration is embedded throughout the activities. Students are encouraged to
work in pairs or small groups, discussing observations, co-constructing explanations,
and reflecting on different outcomes. The Share Your Experience section explicitly
prompts peer-to-peer interaction, reinforcing the social dimension of learning.
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3. Preliminary Findings and Future Directions

Once the materials were finalized, the experiment design was tested for clarity and
suitability for middle school students in low-resource settings. For instance, a 13-year-
old student tested the “How many colors make up one color?” experiment at home
using only the online version of the book and available materials. Figure 3 compares
the expected result (designer’s experiment) with the obtained result (student’s exper-
iment) and highlights modifications made to the book, such as adding an image to
show the correct placement of the colored dot on the testing paper for clearer color
patterns. Future iterations will expand user testing both at home and in classrooms,
incorporate digital extensions to connect remote learners, and evaluate the kit’s long-
term impact on students’ scientific literacy and problem-solving skills.

Figure 3: Adaptation of experiments based on users’ feedback.

4. Conclusion

Lab-on-a-Book reimagines science education by integrating hands-on experimen-
tation into a low-cost, accessible format. By fostering inquiry-based learning and
collaboration, this project empowers students in under-resourced schools to engage
meaningfully with chemistry. Through its constructionist approach, Lab-on-a-Book
encourages learners not just to study science, but to do science — making chemistry
both tangible and transformative.
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