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Abstract
This study presents the design and the implementation of an inquiry-based
reconstruction of Rutherford’s gold foil experiment. The activity engaged
students in collaborative exploration using a ‘black box’ as an analogical
model of the atom. Grounded in constructivist theory and the
Focus–Action–Reflection model to introduce analogies in the in-class
context, we explore how analogical reasoning can support high school
students in understanding the atomic structure. Data from student
worksheets, graphical representations, and group discussions were analyzed
using thematic, phenomenographic, and conceptual metaphor analysis.
Results indicate that students were able to develop and refine analogical
models, reason from empirical evidence, and engage in critical reflection on
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the epistemological limits of the analogy. While students demonstrated conceptual gains
and collaborative problem-solving, the analysis also revealed persistent risks of reifying
metaphors or overextending macroscopic analogies to quantum domains. These findings
highlight the value—and limitations—of structured analogical modeling in contemporary
physics education, and point to the need for teacher training that fosters epistemological
awareness and reflective use of models in the classroom.

Keywords: analogical models, inquiry-based learning, modern physics, Rutherford experiment,
scientific method

1. Introduction

Modern physics remains largely absent from sec-
ondary school curricula, despite its growing rel-
evance in everyday life and the technologies
that shape contemporary society. Topics such as
atomic structure, radioactivity, and particle phys-
ics are often introduced late—if it all—during stu-
dents’ educational trajectories [1, 2]. This omis-
sion risks distancing learners from fundamental
scientific concepts and depriving them of oppor-
tunities to develop the critical thinking skills
embedded in modern scientific practice [3, 4].
Introducing these topics in a pedagogically sound
and engaging manner therefore represents a press-
ing challenge for science education today [5–7].

Decades of research show that traditional,
lecture-based instruction struggles to sustain
attention and meaningful learning, with retention
dropping sharply after the first minutes [8–13].
This has driven a shift toward active learning
in which students construct rather than receive
knowledge [14].Within a constructivist paradigm,
learning is an active process of integrating new
experiences with prior conceptions; instruction
should acknowledge preconceptions and promote
autonomy, cooperative knowledge construction,
and context-based problem solving [15–17].

Among these approaches, inquiry-based sci-
ence education (IBSE) has gained widespread
recognition [18, 19]. According to the National
Research Council, inquiry is ‘a set of interre-
lated processes by which scientists and students
pose questions about the natural world and invest-
igate phenomena; through this process, students
acquire knowledge and develop an understand-
ing of concepts, principles, models, and the-
ories’ [20]. IBSE engages learners in posing
questions, formulating hypotheses, conducting

experiments, interpreting evidence, and iteratively
refining models and explanations [20–22]. Such
environments fostermetacognition, peer dialogue,
and the co-construction of understanding, mirror-
ing authentic scientific practice and strengthening
communication and argumentation skills [23–27].

Furthermore, lower-than-average completion
rates in higher education STEM courses [28]
underscore the urgent need to enhance motiva-
tion and engagement in science subjects at earlier
stages [29]. Adolescents in their first year of high
school are often navigating questions of identity
and exploring potential career paths [30–33]. This
period is critical: it may be the point at which a
student’s interest in STEM is solidified—or lost.
As noted in [34], establishing the relevance of sci-
ence learning allows students to connect personal
identity with disciplinary content by ‘resituating
the concepts and integrating new knowledge’ [34,
p. 286]. Perceived relevance to future careers has
been shown to be a strong predictor of motivation
to learn, even among non-science majors [35].

In this context, modern physics offers a
powerful entry point for engaging students. Its
conceptual richness and real-world significance
make it an ideal domain for introducing students
to contemporary science in ways that are both
accessible and intellectually stimulating.

Motivated by these considerations and
inspired by previous research [36–43], the Physics
Education Research Group at the University
of Cagliari developed an instructional activity
to introduce first-year high school students to
modern physics through active, inquiry-based
strategies. The activity focuses on a pedago-
gical reconstruction of Rutherford’s gold foil
experiment, implemented through an analogical,
black box-style laboratory task. The goal was
to design an engaging and conceptually faithful
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version of the experiment that could be con-
ducted using simple, everyday materials. The
activity invites students to ‘play’ with science—
both conceptually and physically—through dis-
covery, experimentation, and reflection. It is
grounded in constructivist principles, which
emphasize the learner’s active role in building
knowledge through experience, discussion, and
interpretation.

The implementation of this activity with a
first-year class (14–15 years old) at an applied
science-oriented high school in Sardinia, Italy,
served as a case study to evaluate the approach.
The following research questions guided the
investigation:

1. Conceptual understanding (RQ1): to what
extent did the activity enhance students’ under-
standing of atomic structure and the concept of
the atomic nucleus?

2. Scientific reasoning and method (RQ2): did
the black box setup effectively engage stu-
dents in scientific reasoning processes such
as hypothesis formulation, data interpretation,
and inference?

3. Analogical transfer (RQ3): were students able
to correctly interpret the analogy between the
macroscopic scattering in the activity and the
original gold foil experiment?

4. Collaborative learning (RQ4): how did cooper-
ative group work influence students’ ability to
solve problems, articulate their reasoning, and
engage in reflective discussion?

5. Engagement and perception (RQ5): how did
students perceive the activity in terms of
interest, clarity, and relevance to their prior
knowledge and everyday experience?

2. Theoretical framework

2.1. Pedagogical approach

The use of models and analogies is central in
modern physics, where many phenomena lie out-
side the realm of direct sensory experience [44].
Analogies and metaphors are not mere stylistic
flourishes but serve as indispensable cognitive
tools that support students in grappling with
abstract, counterintuitive, or non-observable phe-
nomena. An analogy is typically defined as a

comparison between two domains—one famil-
iar (the source) and one unfamiliar (the target)—
where relationships in the source domain are
mapped onto the target to illuminate its structure
or behavior [45]. Unlike metaphors, which tend to
operate implicitly, analogies are characterized by
explicit correspondences that aim tomake abstract
ideas intelligible through structural mapping [46].
Duit [47] was among the first to conceptualize
analogies as scaffolds for constructing new men-
tal models. He highlighted how, particularly in
science, analogies allow students to build under-
standing when direct experience is not possible.
Yet, he also cautioned that analogies are ‘two-
edged swords’: if used uncritically, they can rein-
force misconceptions, especially when learners
map irrelevant or misleading features from the
source to the target domain.

Building on Lakoff and Johnson’s work on
embodied cognition [48], recent works on analo-
gies and metaphors in education reframe how stu-
dents make sense of science. Treagust and Duit
distinguish linguistic turns of phrase from con-
ceptual metaphors that project sensorimotor struc-
ture into abstract domains [49]. Extending this
line, Niebert et al [50] argue that classroom analo-
gies work when they hook into lived experience—
so conceptions based on metaphors like ‘energy
as substance’ or ‘current as water flow’ could
become reasoning resources rather than com-
munication ornaments. Haglund likewise treats
analogies as cognitive tools for grasping com-
plex systems such as thermodynamics [51]. When
learners generate and test their own analogies,
depth of structural mapping matters more than
surface similarity, and storytelling or hands-on
inquiry helps them negotiate meaning in context
[52, 53]. From a curricular viewpoint, models
and theories can be read as narrative metaphors;
managing shifts among frames (e.g. energy as
substance/location/currency) supports coherence
across topics [54, 55].

Taken together, this positions analogies as
epistemic instruments rather than mere illustra-
tions: they open access to abstract ideas and cul-
tivate scientific reasoning [45, 56], yet they can
also lead to misconceptions if boundaries are not
clearly articulated [57]. Effective teaching there-
fore supports movement among different models
[58]: mental (students’ internal representations),
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conceptual (disciplinary constructs), and mater-
ial (educational resources). It also requires both
teacher analogy-competence and assessable stu-
dent skills in analogical modeling—with partic-
ular scaffolding in complex contexts such as, for
instance, quantum mechanics [59–62].

Aubusson et al [45] also emphasizes the
need for a structured implementation of ana-
logies in the classroom context to guide stu-
dents’ interpretation and explicit mapping of ana-
logical correspondences. Harrison and Treagust
[46] expand on this by classifying analogies into
simple (basic comparisons), enriched (with elab-
orated features), and extended (spanning multiple
concepts or contexts), providing educators with a
nuanced framework for analogy design. To sup-
port the effective use of analogies in science edu-
cation, the authors proposed the FAR model—an
instructional framework based on three intercon-
nected phases: focus, action, and reflection. In the
focus phase, the teacher introduces the analogy
with clarity, explicitly identifying the relevant fea-
tures of both the source and target domains to pre-
vent misinterpretation. This sets the stage for the
action phase, in which students actively engage
with the analogy, applying it to explain, explore,
or predict phenomena related to the scientific
concept. Finally, the Reflection phase invites stu-
dents to critically evaluate the analogy, consid-
ering its strengths, limits, and potential for mis-
conception. This reflective step is crucial in help-
ing learners develop epistemological awareness,
as they come to understand that analogies are not
exact representations but heuristic tools for reas-
oning. By structuring analogy use in this way, the
FAR model promotes deeper conceptual engage-
ment and minimizes the risk of conflating the
model with the phenomenon it represents. It aligns
closely with constructivist principles, emphasiz-
ing active learning, guided inquiry, and meta-
conceptual thinking.

Despite advances, persistent challenges
remain: analogies often fail when limits are not
made explicit or prior knowledge is overlooked,
and their effective use hinges on teacher guidance
in mapping and constraints [63, 64]. Classroom
and review studies show frequent use without
reflective scaffolding or theoretical coherence,
underscoring the need for structured interven-
tions with explicit mapping and critical reflection

[65, 66]. Historically and philosophically, distin-
guishing general from context-bound analogies
matters: analogical reasoning has functioned as a
heuristic driver of theory change (from Huygens
to Rutherford), a richness underrepresented in
structure-mapping accounts [67]. In communica-
tion, analogies act as translation devices that nego-
tiate meaning across expert–learner communities
[68]; López-Simón and Jiménez-Aleixandre show
how metaphor and analogy ‘translate’ complex
ideas for non-experts [69]. This role is espe-
cially salient in modern physics, where ana-
logies make counterintuitive phenomena (e.g.
quantum behavior, cosmic expansion) access-
ible and help bridge everyday understanding with
formal models [68].

A common example is the ‘balloon’ analogy
for cosmic expansion, which visually illustrates
uniform expansion but may also reinforcemiscon-
ceptions, such as imagining the universe expand-
ing into space rather than space itself expanding
[70, 71]. Kragh [71] similarly critiques the ‘Big
Bang’ metaphor for suggesting a conventional
explosion, despite its incompatibility with relativ-
istic cosmology. The metaphor should describe
the initial state of the universe in a way that sup-
ports proper understanding in school contexts,
which requires a carefully guided introduction
[72]. Similarly, in general relativity, the widely
used ‘rubber-sheet’ analogy portrays spacetime
curvature as a surface deformed by mass; while
intuitive, it relies on Earth’s gravity to ‘explain’
gravity and can therefore conflate curvature with
a literal downward pull, unless its scope and lim-
its are made explicit [73]. The rubber-sheet ana-
logy appears to counter the notion that gravity
has a privileged ‘downward’ direction, especially
when introduced alongside a discussion of its
inherent limits and the absence of preferred direc-
tions in space [74]. However, many learners still
tend to associate spacetime curvature only with
very large masses. Tomitigate this, active learning
activities grounded in IBSE could help, especially
during the discussion sections, where instructors
should stress that all mass–energy contributes to
curvature and frame the analogy as a heuristic—
not a literal mechanism [74].

In atomic and nuclear physics, analogical
models pose similar challenges. Mechanical or
planetary analogies for atomic structure can
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hinder understanding of quantum phenomena
unless their limits are made explicit [46, 68].
The liquid-drop model—powerful for explain-
ing fission and collective phenomena from a
technical point of view—when used in educa-
tion may obscure quantum and probabilistic fea-
tures without appropriate contextualization [58,
71, 75]. Indeed, Lovisetti and Giliberti [76] show
that the textbook ‘plum pudding’ image—often
attributed to J. J. Thomson—was never used by
Thomson; its persistence reflects a conceptual
misunderstanding that weakens critical scrutiny
of model assumptions. They further caution that
purely qualitative treatments (e.g. ‘accelerated
charges always radiate, hence no stable configur-
ation’) can mislead when detached from quant-
itative reasoning and stability arguments. Their
analysis calls for explicit mapping and critical
discussion when presenting historical models to
students, aligning with the FAR approach to scaf-
fold both application and critique of analogies.
These examples underscore that analogies are
indispensable yet double-edged: they grant access
to abstract ideas but require structured imple-
mentation and reflection to prevent overextension,
reification, or historically inaccurate narratives
[46, 50, 58, 69–72]. With appropriate epistemo-
logical scaffolding and reflective dialogue, ana-
logies remain central to modern physics educa-
tion, serving as dynamic representational devices
that promote inquiry, reasoning, and scientific
literacy [72].

Another core strategy in constructivist sci-
ence education is the use of hands-on/minds-
on activities, which emphasize experiential learn-
ing and conceptual reflection [77, 78]. These
approaches engage students physically and cog-
nitively, promoting the integration of action and
understanding. Multisensory experiences enhance
memory retention and support meaningful learn-
ing by linking physical manipulation to con-
ceptual development. Within this context, black
box experiments have proven particularly effect-
ive. In these activities, learners must infer the
internal structure or behavior of an unseen sys-
tem based solely on its observable inputs and
outputs. This setup parallels authentic scientific
investigations—such as Rutherford’s scattering
experiment or Millikan’s oil drop experiment—
where knowledge of invisible entities was derived

through indirect observation [79]. The black box
approach allows students to grapple with the infer-
ential logic of science, emphasizing that scientific
knowledge often emerges from creative reasoning
applied to empirical patterns [80, 81].

This is particularly relevant in the case of
teaching atomic structure, which poses unique
challenges due to the abstract, invisible, and
counterintuitive nature of subatomic phenom-
ena. Analogical models—such as the Bohr model
likened to a miniature solar system—can provide
accessible entry points for learners, yet they also
carry the well-documented risk of reification,
where students conflate the model with the phe-
nomenon it represents. As highlighted in [46, 58],
students may mistakenly interpret analogies as lit-
eral depictions rather than heuristic constructs.

For these reasons, our theoretical approach,
grounded in constructivist learning theory and
supported by frameworks such as conceptual
metaphor theory and the FAR model, addresses
this issue by embedding analogical reasoning
within reflective, inquiry-based practices.

2.2. The Rutherford experiment: a brief
historical and conceptual recap

At the turn of the 20th century, the dominant
atomic model was J.J. Thomson’s, which por-
trayed the atom as a diffuse sphere of posit-
ive charge in which negatively charged electrons
were embedded. This model was fundamentally
challenged between 1908 and 1913 by a series
of experiments conducted by Ernest Rutherford
and his collaborators, Hans Geiger and Ernest
Marsden [82–84]. In what would later be known
as the gold foil experiment, alpha particles were
directed at a thin metallic foil, and their scat-
tering was observed on a fluorescent zinc sulf-
ide screen. While most particles passed through
with minimal deflection, a small but signific-
ant number were scattered at large angles—some
even rebounding nearly 180 degrees. These res-
ults were incompatible with the Thomson model
but could be explained by positing that the atom
consists mostly of empty space, with its positive
charge and mass concentrated in a tiny, dense nuc-
leus at the center.

Rutherford’s interpretation marked a
paradigm shift in atomic theory, giving rise to
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the nuclear model of the atom. The experiment
remains a foundational example in both the his-
tory of science and science education, illustrat-
ing how indirect empirical evidence can prompt
profound theoretical advances. It exemplifies the
model-based reasoning and inferential logic that
are central to the practice of science, making it
especially appropriate for adaptation into inquiry-
based and analogical learning activities—such as
the black box approach employed in this study.

However, as Leone et al have argued [85],
the widely accepted narrative of ‘Rutherford’s
experiment’ oversimplifies its historical develop-
ment. The experimental data were collected by
Geiger and Marsden, while Rutherford’s key con-
tribution lay in the theoretical interpretation of
their unexpected findings. Educational accounts
often blur this distinction, portraying the dis-
covery as a seamless combination of experiment
and interpretation. Clarifying the interpretative
nature of Rutherford’s role provides a more accur-
ate and epistemologically rich view of scientific
inquiry—not as a linear accumulation of facts, but
as a model-building process grounded in indirect
and often ambiguous data.

From a pedagogical perspective, this his-
torical insight reinforces the value of teaching
strategies that reflect the nature of scientific reas-
oning. Activities such as black box experiments
enable students to experience the epistemic core
of science: constructing explanations based on
evidence that is incomplete, indirect, and open to
interpretation. Such approaches not only enhance
conceptual understanding but also support the
development of scientific thinking and epistemo-
logical awareness.

3. Methods

3.1. Sample

The activity was conducted with a group of
15 first-year students (10 female, 5 male) from
an applied science secondary school (Liceo
Scientifico a indirizzo Scienze Applicate) in
Sardinia, Italy. Accompanied by two of their
teachers, the students participated in a half-day
laboratory session held at the Department of
Physics, University of Cagliari. Given their age

and curricular background, the participants had
limited prior exposure to atomic physics, mak-
ing them an appropriate cohort for introducing
foundational concepts in modern physics through
an inquiry-based approach. The session lasted
approximately 180 min.

The school had formally requested educa-
tional activities focused on topics in modern phys-
ics, to which the Physics Education Research
Group at the University of Cagliari responded by
designing a tailored learning experience. The ped-
agogical rationale and activity plan were outlined
in a document shared in advance with the teach-
ers via email. Participation in the activity was
entirely voluntary; no incentives were offered, and
no penalties were imposed for non-participation.
As the study involved minors, informed consent
was obtained through the students’ parents or
legal guardians. The teachers coordinated the con-
sent process, ensuring that all participants sub-
mitted signed forms authorizing the use of their
responses and materials for research purposes.
According to institutional procedures in place at
the time, formal ethical approval from the depart-
ment was not required for this type of educational
research.

3.2. Design of the activity

The activity, titled A Journey to the Center
of Matter, was designed to provide students
with a qualitative understanding of atomic struc-
ture through an analogical black box experiment
inspired by Rutherford’s original gold foil invest-
igation. Grounded in constructivist pedagogy, the
design integratedmultiple active learningmethod-
ologies, including inquiry-based learning, cooper-
ative group work, hands-on/mind-on engagement,
and analogical modeling. The session was struc-
tured to alternate between guided instruction,
autonomous exploration, and collective reflection,
ensuring a balance of support and student agency
throughout the experience.

Following an introductory discussion, stu-
dents were presented with a demonstration exhibit
intended to inspire the construction of their
own experimental apparatus. The exhibit—a 3D-
printed model of a project developed at CERN
[26] and fabricated by the technical office of
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Figure 1. The 3D printed CERN’s Rutherford scatter-
ing experiment model showed to students.

the Cagliari section of the National Institute for
Nuclear Physics—is shown in figure 1. It con-
sisted of the following components:

• A circular base (18 cm in diameter) divided into
16 radial sectors for collecting scatteredmarbles
(a)

• A ramp capable of aligning up to seven marbles
simultaneously (b)

• Four types of obstacles: a 4 cm cylinder, a tri-
angular prism with 3.5 cm sides, a hill-shaped
form, and a cluster of three 1 cm cylinders (c)

• A cover to conceal the shape of the obstacle (d)
• Steelmarbles with a diameter of 5mm (acquired

separately)

Students were then divided into small work-
ing groups (two or three students per group) and
tasked with recreating a version of the black box
setup using simple, everyday materials. The activ-
ity emphasized collaborative construction and
reflective reasoning, consistent with cooperat-
ive learning principles. In coordination with the
teachers, students had previously been asked to
bring the following materials from home:

• A shoebox and cardboard scraps
• Adhesive and masking tape
• Vinyl glue
• Box cutter
• Markers, pens, and pencils
• String
• Cork stoppers

• Marbles
• Batteries

These materials were used to construct a per-
sonalized educational apparatus. Each group pre-
pared a cardboard base (typically a modified shoe-
box) onto which they drew a full 360◦ protractor,
divided into 16 angular sectors. At the center
of the box, students placed a hidden obstacle
of unknown shape, constructed using available
materials (e.g. corks or batteries) and covered
to prevent visual identification. Importantly, each
group was then assigned a black box built by
another group, ensuring that the shape of the
internal object was genuinely unknown.

To simulate particle scattering, stu-
dents launched marbles—representing alpha
particles—along a ramp directed toward the con-
cealed object. By recording the deflection angles
of the marbles and analyzing the scattering pat-
terns, students attempted to infer the shape of the
internal obstacle. They were required to justify
their reasoning through both written explanations
and visual representations.

All findings were documented on a struc-
tured worksheet consisting of four sections: (1)
group identification and materials used, (2) qualit-
ative observations during experimentation, (3) the
inferred shape of the obstacle, and (4) diagrams of
the marble trajectories. The task was designed to
cultivate essential elements of scientific inquiry,
including hypothesis generation, data interpreta-
tion, and collaborative problem-solving.

3.3. Implementation and procedure

The session began with a brief welcome and intro-
duction of the research team, followed by an inter-
active warm-up using the Mentimeter platform to
elicit students’ prior conceptions related to atoms
and matter. This initial phase was designed both
to break the ice and to activate existing know-
ledge, setting the stage for the inquiry-based activ-
ity. The overall sequence of the intervention is
outlined in table 1.

A concise theoretical introduction followed,
offering an overview of the historical develop-
ment of atomic models, with particular emphasis
on Rutherford’s contributions. The concept of
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Table 1. Structure of the intervention.

Activity Task Time

Welcome Brief presentation of the physics education research group, and
introduction of the activity to the class

5 min

Initial brainstorming Assessing prior knowledge on physics contents with a Mentimeter
quiz

5 min

Group discussion Discussing mentimeter results 10 min
Explanation Theoretical introduction on matter and matter structure (atoms) 20 min
Mentimeter quiz Mentimeter activity on ‘collisions and scattering’ 5 min
Group discussion Investigating scattering also involving games on collision of marbles 15 min
Break 10 min
Hands-on activity Construction of the experimental setup and group activities 50 min
Minds-on activity Completion of the worksheet and oral presentation of results by each

group
15 min

Final brainstorming
and debate

Mentimeter on the key concepts of the activity, followed by a brief
informal summary and debate

45 min

Figure 2. On the left, a blackboard used to trace students’ wording (in Italian) on scattering daily-life phenomena
and in physics experiments. On the right, the classroom working on the construction of Rutherford experiment.

scattering was introduced by means of the FAR
model. During the Focus phase, the instructor
introduces the analogy with clarity through visual
analogies—such as billiard ball collisions—
reinforced through guided classroom discussion,
explicitly identifying the relevant features of
both the source (atoms and particles) and tar-
get domains (billiard balls and table) to prevent
misinterpretation. This was followed by a second
Mentimeter poll focused on the concept of colli-
sions, intended to deepen students’ understanding

of deflection and trajectory before transitioning
into the experimental phase.

In the central part of the activity, students
were organized into seven groups of two to three
participants and tasked with constructing their
experimental setups using the everyday materials
they had brought with them (see figure 2). Once
construction was completed, groups exchanged
black boxes with one another to ensure the shape
of the internal obstacle remained unknown to
the investigating team. Each group conducted
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Table 2. Mentimeter questions in the initial and final brainstorming sections.

Activity Questions

Initial quiz Atom. What comes to mind?
How big is an atom?
What is an atom made of?
Have you ever seen scattering phenomena in your daily life? If so, which ones?

Final quiz Are atoms indivisible?
What was Rutherford’s important discovery about atoms?
What fundamental aspect of Rutherford’s experiment was missing in our version of the
experiment?

marble-scattering trials, recorded observations,
and completed a structured worksheet designed to
guide interpretation and inference. This sets the
stage for the Action phase, in which students act-
ively engage with the analogical homemade-like
educational setup, applying it to explain, explore,
or predict phenomena related to the target concept
of Rutherford scattering.

The session concluded with a plenary dis-
cussion, during which each group presented their
findings and explained the reasoning behind their
inferred model. This opens the Reflection phase,
where the instructor invites students to critically
evaluate the analogy, considering its strengths,
limits, and potential for misconception.

Thie final discussion section was followed by
a closingMentimeter quiz to assess students’ con-
ceptual development and gather feedback on the
activity experience. The full list of Mentimeter
questions used throughout the session is provided
in table 2.

We stress the fact that, in our design, ana-
logies are not presented as static representa-
tions but as dynamic tools to be questioned,
evaluated, and refined. Students are encouraged
to explore not only how a model represents a
concept, but also where it breaks down, foster-
ing meta-conceptual awareness and deeper epi-
stemological understanding. Within such a frame-
work, analogies function not simply as teach-
ing aids, but as integral components of scientific
thinking—supporting students in navigating the
tension between familiarity and abstraction, and
in developing a more nuanced understanding of
the nature of models in science.

3.4. Measures and analysis

To evaluate the effectiveness of the activity and
assess students’ conceptual understanding, reas-
oning skills, and engagement, a primarily qualit-
ative, descriptive methodology was adopted. Data
collection relied on three key instruments: inter-
active questionnaires administered via the men-
timeter platform, observational worksheets com-
pleted during the activity, and informal student
feedback gathered through classroom discussion.

Mentimeter quizzes were administered at
three strategic moments—before, during, and
after the activity—to assess students’ prior know-
ledge, monitor conceptual progression, and eval-
uate retention of core ideas. The questions
addressed fundamental topics such as the nature,
structure, and size of the atom, along with ana-
logical prompts related to scattering phenomena
drawn from everyday experiences (see table 2).
A comparative analysis of students’ responses
across the session enabled a qualitative assess-
ment of learning gains.

The group worksheets served as a second
data source. Each group was required to document
observations from the black box experiment, for-
mulate hypotheses regarding the shape of the hid-
den obstacle, and support their conclusions with
sketches and written explanations. These records
offered valuable insight into students’ use of the
scientific method, their ability to reason analogic-
ally, and their capacity to engage in collaborative
problem-solving.

To gain further insight into how students con-
structed and interpreted analogical models during
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the black box activity, we conducted a concep-
tual metaphor analysis (CMA) of their verbal and
written expressions. CMA is grounded in concep-
tual metaphor theory [48] and allows research-
ers to identify the underlying metaphorical struc-
tures that shape how learners conceptualize sci-
entific phenomena. Following Niebert et al [50],
we examined students’ descriptions and diagrams
for metaphorical language, inferred the concep-
tual metaphors guiding their analogical reasoning
(e.g. atom is a maze, nucleus is a wall), and inter-
preted how these influenced their understanding
of the scattering process and atomic structure. The
analysis focused on identifying both productive
mappings and potential sources of misconception
within students’ analogies.

To gain deeper insight into students’ reason-
ing patterns and collaborative learning processes,
we conducted a qualitative analysis of student
elaborates using a thematic/phenomenographic
approach [86, 87]. This allowed us to move
beyond surface-level interpretations and identify
recurring structures, conceptual variations, and
epistemological stances reflected in students’ lan-
guage and representations. Such approaches are
well-suited for investigating learning in inquiry-
based settings, where student meaning-making
is complex, socially mediated, and context-
sensitive. In particular, we use thematic analysis to
investigate students’ key ideas or (collaborative)
patterns in their reasoning. Phenomenographic
analysis, instead, offers a map of diverse per-
spectives on models, analogies, or epistemolo-
gical roles.

Our choice of a primarily qualitative, multi-
method research design reflects our constructiv-
ist stance, which views learning as a socially situ-
ated, interpretive process. Methods such as CMA
and phenomenographic interpretation allow us to
trace the evolution of students’ conceptual models
and epistemological framing during inquiry-based
tasks. These tools are particularly suited to cap-
turing the dynamic, collaborative nature of ana-
logical reasoning and scientific model-building
in authentic classroom settings. This approach to
data collection allowed for a comprehensive eval-
uation of the intervention, capturing its cognitive,
procedural, and affective dimensions.

Lastly, student feedback was collected
informally—both written and oral—during the

final plenary discussion. This feedback provided
information on participants’ level of engagement,
perceived clarity of the activity, and overall satis-
faction with the learning experience.

4. Results
The effectiveness of the activity was evalu-
ated through a combination of interactive digital
quizzes, written group work, and qualitative
student feedback. These data sources provided
insight into students’ prior knowledge, conceptual
understanding, analogical reasoning, and level of
engagement throughout the session.

4.1. Prior knowledge and initial
understanding (mentimeter pre-activity)

The session began with a mentimeter quiz
designed to probe students’ existing ideas about
atomic structure. The first prompt was an open-
ended question: ‘Atom. What comes to mind?’
Student responses were visualized in a word
cloud, with terms like ‘small,’ ‘proton,’ ‘elec-
tron,’ and ‘nucleus’ appearing most frequently,
see table 3. This indicated that most parti-
cipants had at least a basic conceptual framework
for atomic structure, although the vocabulary
varied.

The following two questions, presented as
multiple choice, investigated students’ knowledge
about atomic scale and composition. In response
to ‘How big is an atom?’, only 46% selected the
correct order of magnitude (10−10 m), with oth-
ers choosing significantly larger values such as
10−6 m or 10−4 m. However, for the question
‘What is an atom made of?’, all students cor-
rectly identified electrons, protons, and neutrons
as the constituents of the atom, showing that basic
structural knowledge was well-established, see
table 3.

A subsequent question—Have you ever seen
scattering phenomena in your daily life?”—
elicited diverse responses that included billiards,
bowling, car accidents, and collisions between
people. These analogies demonstrated students’
intuitive grasp of scattering as a concept and set
the stage for further discussion linking macro-
scopic and microscopic phenomena.
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Table 3. Mentimeter results.

Question Answer
Frequency(Number

of answers)

Atom. What comes into mind? Neutrons 5
Protons 4
Electrons 4
Nucleus 3
Small 3
Particles 3
The smallest part of matter 1
Chemistry 1
Atom 1
Circle 1

Which is the size of an atom? 10−4 m 4
10−7 m 4
10−7 m 7

What is an atom made of? By itself, it is an elementary particle 0
Protons and electrons 0
Protons, neutrons and electrons 15

Atoms are indivisible Yes 4
No 9
I do not know 0

What was Rutherford’s important
discovery about atoms?

Atoms have a massive, positively
charged nucleus

11

Atoms contain electrons 2
Atoms are indivisible 0

4.2. Activity outcomes and student
reasoning (group work)

The hands-on phase of the activity required each
group to operate a black box apparatus construc-
ted by peers. Students launched marbles toward
a hidden obstacle and recorded the directions in
which the marbles scattered. Using this data, they
inferred the shape of the unseen object.

Theworksheets submitted by each group con-
tained a range of materials: scheme of the exper-
imental setup; drawings of scattering patterns;
hypotheses about the hidden object; reflections on
the reasoning process. Figure 3 shows an example
of completed worksheet from one group. This
example illustrates thoughtful engagement with
the task. For instance, considering the groups,
group 2 identified a cylindrical shape based on
symmetric scattering patterns, while Group 3
proposed a triangular obstacle, reasoning from

angular deflections. Group 4 recognized irregu-
lar deflections and concluded that the obstacle
was composed of multiple smaller elements—a
conclusion close in spirit to the internal com-
plexity of atomic nuclei. More in detail, during
the main experimental activity each group car-
ried out between 5 and 10 launches (as repor-
ted by students in their worksheets and through
interviews with individual groups). After that,
they filled the experimental worksheet out. Each
group’s worksheet included diagrams of their
black box and the marble trajectories, along
with written observations. These were then com-
mented on aloud in front of their classmates
under the guidance of the physics education
research team. The following are comments made
by participants regarding the classroom experi-
ment. Some of these observations were expressed
orally, others written in the worksheet each group
was required to complete. Below are excerpts
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Figure 3. An example of a filled worksheet template.
The text is in Italian.

from the collective classroom discussion on the
results:

• Group 1, for example, reported performing six
launches with a single marble and one launch
with several marbles at once. The students
noted: ‘the obstacle was small because the
marbles went to the end [of the box] and did
not get blocked immediately.’ They hypothes-
ized that the obstacle had a cylindrical shape,
which was confirmed by the group that had built
the setup being analyzed.

• Group 2 stated they performed 7 launches.
They described their experimental experience
in the worksheet with the following words:
‘by launching one marble at a time toward the
center, you can see that the mystery target is
a straight obstacle. When we launched four
marbles together, we noticed the target was […]
large […].’ In response to the prompt Draw
the full circle and the distribution of marbles
after the collision with the obstacle. What shape
does your obstacle have? Repeat the operation
for each obstacle used, Group 2 responded by
drawing the distribution ofmarbles after impact.

• Group 3 responded to the prompt Note
everything you observe (phenomena) during

your experiment. Record the most important
discussions and reasoning within the group to
understand the shape of your obstacle as fol-
lows: ‘first, we shaped the box and made the
ramp. We noticed that if the ramp is too steep,
the marble jumps while descending because it
goes too fast, so we made it less steep, attach-
ing it with tape to keep it stable. Then we drew
the degrees and made the circle […]. Then
we cut out a cylinder and placed it around the
cork stopper, gluing it at the center of the circle.
Afterwards, we covered it with a smaller circle.’
In response to the drawing prompt, Group 3
illustrated the numbered distribution of marbles
after impact.

• Group 4 reported performing 5 launches. In
response to the same observation prompt,
they wrote: ‘we can deduce that the marbles
launched from the center all go to the right and
then stop at the same point.’When asked to draw
the full circle and the distribution of marbles
after the collision, and to determine the shape of
the obstacle, Group 4 provided a diagram show-
ing the marble trajectories during the launches.

• Group 5 said they launched marbles both from
the center of the ramp and from the sides, and
observed that ‘the marble did not pass through
the obstacle because it was too small; the
marbles were deflected to the right or left and
did not remain at the bottom of the box.’ After
comparing their findings with other groups, the
students concluded that the obstacle was not
small but actually occupied a significant length.
The group that had built the setup later revealed
that the obstacle was actually composed of two
separate objects, divided by a small gap (not
wide enough for a marble to pass through).

• Group 6 reported 10 launches, always aim-
ing toward the center of the box. The students
noted that ‘some marbles bounced back, others
bounced and went toward the back [of the box].’
They hypothesized that the obstacle was a small
cylindrical object placed at the center of the box.

• Group 7 reported launching a single marble
seven times ‘toward the center [of the box].’ The
students noted that several marbles bounced
back after hitting the obstacle, and concluded
that the obstacle was fairly large and had a
square shape.
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Table 4. The table summarizes the thematic and phenomenographic analysis across the three categories listed in
appendix (see also figure 3): scheme of the experiment, observations on the experiment; drawings.

Category Thematic analysis Phenomenographic analysis

Scheme of the
experiment

Students generally represented the setup
with emphasis on materials and
pathways. Common elements included
source of projectiles, barriers, and
scattering surfaces. Diagrams varied in
clarity and detail.

Students approached the experimental
schema in three main ways: descriptive
representation of components, procedural
description of interaction, and abstract
modeling to infer hidden structure.

Observations on
the experiment

Observation notes frequently centered on
the behavior of the balls after collision,
with emphasis on dispersion patterns.
Some groups described outcomes
narratively, others linked them to
inference-making.

Observations reflected three conceptions:
descriptive noticing of effects; causal
reasoning about scattering;
hypothesis-driven interpretation of
internal structure.

Drawings Graphs depicted angles and scatter
distributions. Most representation
attempted to connect collision patterns to
internal object shape. Accuracy and
abstraction levels varied across groups.

Graphical outputs showed three
experiential variations: illustrative
drawings with little inference; visual
correlation between angles and shape;
symbolic abstraction of interaction
patterns.

Table 4 summarizes the results from the
thematic and phenomenographic analysis.

Results concerning the CMA revealed a range
of metaphorical structures through which students
interpreted the black box experiment and con-
structed analogical models of the atom. They are
show in table 5.

Finally, each group was invited to present
their observations and conclusions orally. Figure 4
shows the students at work: measuring angles
using string and pencils, setting up ramps, and
launching marbles. These images confirm the
strong physical and collaborative engagement typ-
ical of hands-on, constructivist learning environ-
ments. One particularly telling photo shows stu-
dents analyzing a setup where the obstacle was
still visible, contrasting it with setups where it was
hidden—emphasizing the inferential aspect of the
task.

4.3. Final quiz and conceptual gains
(mentimeter post-activity)

At the conclusion of the session, a final
Mentimeter quiz was administered to assess

conceptual development. Students answered three
key questions (see tables 3 and 6):

1. ‘Are atoms indivisible?’—69% correctly
answered No, indicating an increased aware-
ness of subatomic structure compared to the
initial word cloud results.

2. ‘What was Rutherford’s important discovery
about atoms?’—Most students correctly iden-
tified the existence of a small, dense nucleus,
showing that the core message of the activity
had been retained.

3. ‘What fundamental aspect of Rutherford’s
experiment was missing in ours?’—
Responses varied, but many students noted
that the microscopic scale and electrostatic
interaction were absent, demonstrating meta-
cognitive reflection on the limitations of the
analogy.

These results suggest that students not only
grasped the model presented but were also able to
critically evaluate its fidelity to the original histor-
ical experiment.
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Table 5. The table summarizes the conceptual metaphor analysis of students’ analogical reasoning in templates.
The table also shows a classification of conceptual metaphors according to Harrison and Treagust’s scheme [46].

Student expression
Conceptual
metaphor Interpretation

Analogy and
metaphor
classification

The ball bounced back like it hit a
wall.

Nucleus is a wall. Student views the nucleus as a hard
barrier: may overlook force fields
or probabilistic nature.

Simple

The object inside deflects the balls
like a magnet.

Nucleus is a
magnetic field.

Misleading analogy introduces
magnetic properties not present;
reflects intuitive mapping.

Enriched

The atom is like a maze—we have
to figure out what’s inside.

Atom is a maze. Treats atom as a spatial puzzle,
suggesting exploratory reasoning.

Extended

We drew the core in the center like
a sun.

Nucleus is a sun. Classic analogy reinforcing
planetary model; helpful but
potentially misleading.

Simple

The object inside pushes balls away. Interaction is
repulsion.

Infers presence of force; aligns with
electrostatic interpretation despite
lack of vocabulary.

Enriched

Figure 4. Examples of students’ boxes to represent atoms and the Rutherford experiment. Students using string
and pencils as a compass to draw the full circle; a setup under construction; some of the simple materials used
during the activity.
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Table 6. Students’ answers to the Mentimeter question: ‘what fundamental aspect of Rutherford’s experiment was
missing in ours?’.

Answers
Frequency

(number of answers)

‘We used a shoebox’ 2
‘The materials used’ 2
‘We made ours ourselves’ 1
‘We used a box and more ordinary materials’ 1
‘I do not know’ 1
‘We used larger objects to represent what he did’ 1
‘We used much simpler methods’ 1
‘We used cardboard and basic elements, unlike
Rutherford who also used atomic nuclei’

1

‘We used cardboard, marbles, and glue’ 1
‘We used cardboard and tape’ 1
‘We used different objects [compared to those]
Rutherford used in his experiment’

1

4.4. Student feedback and observations

Qualitative feedback was gathered during an
informal closing discussion. Students expressed
enthusiasm for the hands-on nature of the activ-
ity and appreciation for the opportunity to work
collaboratively. Several comments highlighted the
novelty of approaching atomic theory through
physical models rather than textbook definitions.
Teachers accompanying the students also noted
that learners who were typically less engaged dur-
ing traditional lessons participated actively in the
group work and discussions.

The final Mentimeter responses and post-
activity comments suggest that the combination
of analogical modeling, inquiry-based structure,
and collaborative experimentation succeeded in
fostering both conceptual learning and affective
engagement.

5. Discussion
This study set out to explore whether an inquiry-
based, analogical reconstruction of Rutherford’s
experiment could provide a meaningful learning
experience in which students engage with the pro-
cess of scientific discovery. The findings suggest
that it did—across multiple dimensions of learn-
ing and engagement.

A key outcome was the refinement of stu-
dents’ understanding of atomic structure (RQ1).

Initial responses revealed a general familiar-
ity with atomic components—protons, electrons,
and neutrons—but also highlighted common mis-
conceptions, particularly regarding atomic scale
and the idea of indivisibility. The use of the
Mentimeter platform at various stages suppor-
ted the assessment of students’ prior knowledge,
encouraged collective reflection, and provided
immediate feedback. While 90% of student-
generated keywords in the opening activity were
relevant to atomic concepts, only 46% correctly
identified the atom’s scale—a likely result of lim-
ited familiarity with scientific notation. However,
by the end of the activity, most students had cor-
rectly rejected the idea of the atom as indivis-
ible and recognized the existence of a dense, cent-
ral nucleus. These conceptual shifts, supported
by quiz results and group discussions, indicate
a meaningful restructuring of prior knowledge.
The interplay of hands-on exploration, peer dia-
logue, and reflective discussion appears to have
supported the conceptual reorganization identified
in prior research on active learning and model-
based instruction [3, 6, 8, 41, 88, 89].

Beyond conceptual understanding, students
demonstrated strong engagement with the reas-
oning processes of scientific inquiry (RQ2). All
groups successfully constructed a functional black
box using simplematerials and engaged in authen-
tic experimental reasoning. By launching marbles
and analyzing deflection patterns, students made
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inferences about hidden structures, mimicking
the inductive reasoning characteristic of scientific
practice. They formulated hypotheses, interpreted
data, revised assumptions in response to new
evidence, and justified their conclusions. The
open-ended nature of the task fostered creative
interpretations—some groups inferred cylindrical
shapes from symmetrical patterns, while others
proposed more complex forms based on irreg-
ular scattering. The fact that groups analyzed
boxes built by their peers ensured the challenge
was non-trivial, reinforcing the epistemic authen-
ticity of the experience. These behaviors exem-
plify the logic of inquiry promoted by IBSE and
provide strong evidence of students reasoning like
scientists.

An especially noteworthy finding emerged
from students’ critical reflection on the analogy
itself (RQ3). The black box setup served as a ped-
agogical model: just as Rutherford inferred atomic
structure from alpha particle scattering, students
inferred the shape of an unknown object by ana-
lyzing marble deflections. Although simplified—
lacking electric charge and quantum effects—
the analogy retained key epistemological fea-
tures, particularly the reliance on indirect evid-
ence. While students did not initially identify
the absence of electrostatic interaction, this lim-
itation was addressed during guided discussion.
Importantly, many students independently noted
differences in scale and material between their
models and Rutherford’s original experiment,
demonstrating metacognitive awareness of the
analogy’s scope and limitations. When asked
explicitly what was missing from their version
of Rutherford’s experiment, responses included
the lack of electrostatic forces and the macro-
scopic nature of the model—evidence that stu-
dents were thinking about models, not just with
models. Such reflection is pedagogically signific-
ant, indicating an emerging understanding of sci-
entific modeling as a tool for theory-building, not
simply illustration.

This was also confirmed by the CMA, reveal-
ing a diverse set of metaphorical structures
through which students interpreted the black box
experiment and constructed analogical models
of the atom. Some students described the inter-
action as if the projectile ‘hit a wall,’ reflect-
ing the metaphor nucleus is a wall—a naïve

but concrete visualization of particle deflection.
Others invoked metaphors such as nucleus is
a magnetic field, which, while intuitive, intro-
duced scientifically inaccurate mappings. A more
exploratory metaphor, atom is a maze, sugges-
ted an active engagement with the inferential
nature of the task, positioning students as invest-
igators navigating toward hidden internal struc-
tures. References to central cores ‘like a sun’
revealed the persistent influence of the solar sys-
tem model, a familiar but potentially mislead-
ing analogy [68]. Meanwhile, expressions such
as ‘the object pushes the balls away’ indicated
an emergent, if imprecise, understanding of inter-
action as repulsion, gesturing toward electro-
static interpretations. Although the scientific fidel-
ity of these metaphorical framings varied, they
consistently illuminated the conceptual resources
students drew upon during analogical reasoning
and offered valuable insight into their cognitive
engagement with the task. Finally, some of the
groups also stated that ‘Most balls go through, but
some change direction.’ This is best understood as
a direct empirical observation rather than a con-
ceptual metaphor, but it reflects students’ accurate
noticing of the scattering pattern as a deflection.

UsingHarrison&Treagust’s scheme [46], we
can also see that students’ metaphors in table 5
mostly fall into simple analogies. For instance,
‘nucleus is a wall’ (bounce/reflect) and ‘nucleus is
a sun’ (centrality) can be thought as single-feature
mappings. We see enriched analogies where stu-
dents add quasi-mechanistic features. This is the
case of metaphors such as ‘nucleus is a magnetic
field’ and ‘interaction is repulsion’, which elabor-
ate causes and directionality but risk mis-mapping
(e.g. magnetism). One case is extended, e.g.‘atom
is a maze’, because it spans the whole investig-
ative process (navigation, inference, hidden struc-
ture). This distribution suggests a different distri-
bution of analogy competences among the groups.
In particular, through simple analogies, it seems
that students interpreted the phenomenon in an
accessible way according to their prior know-
ledge and ideas on the studied phenomenon.
The enriched ones seem to support mechanism-
seeking but raise fidelity risks. The extended
ones show a deeper understanding across the
proposed educational contexts. This justifies our
FAR-guided emphasis on explicit mapping and
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Reflection to prevent overextension while lever-
aging analogies’ explanatory power [46].

Interpreting the findings through the mental–
conceptual–material models in [58] we can further
investigate students’ learning trajectory. Sketches,
short texts and the CMA metaphors (e.g. ‘nuc-
leus as wall/sun’, ‘atom as maze’) show the evol-
ution of their mental models. The disciplinary
target—the nuclear atom, the logic of scatter-
ing and the recognized limits—forms the concep-
tual model, introduced in the Focus phase and
revisited in Reflection within the FAR sequence
[46, 56, 57, 59]. The material models—the
shoebox/black-box apparatus, marbles and the
3D-printed exhibit—make the analogy operat-
ive and provide observable traces for reasoning.
Findings suggest that learning is most effective
when instruction connects these traces to the rel-
evant conceptual features while prompting revi-
sion of students’ mental models; difficulties arise
when material affordances are taken too literally
(reification) or when metaphors exceed the inten-
ded conceptual constraints. This perspective high-
lights both the potential and the risks of analogies
and supports our emphasis on explicit mapping
and reflective discussion [56–59].

The combined thematic and phenomeno-
graphic analysis of student elaborates sheds light
on how learners engaged with the analogical mod-
eling task across the three targeted categories:
experimental schema, observation, and graph con-
struction. From a thematic perspective, students
generally succeeded in identifying key compon-
ents of the setup, describing collision outcomes,
and constructing visual representations of scatter-
ing behavior. Yet, it is through the phenomeno-
graphic analysis that deeper insight into their
analogical reasoning processes emerges. Across
the categories, student outputs revealed qualitat-
ively different levels of understanding: ranging
from descriptive recall, to causal interpretation,
and ultimately to abstract inference about internal
structures—mirroring different stages of engage-
ment with the analogy.

These variations align closely with the three
phases of the FAR model we implemented in
our design. In the Focus phase, students oriented
themselves to the experimental analogy, often by
drawing on everyday experiences or schematic
representations. The Action phase was reflected

in how they recorded and interpreted their obser-
vations, using the analogy to explore the relation-
ship between external patterns and hidden causes.
The Reflection phase, although less uniformly
developed, was evident in some students’ abil-
ity to identify the analogy’s limitations—such as
the macroscopic scale, absence of electrostatic
interactions, and simplification of probabilistic
behaviors—thus demonstrating meta-conceptual
awareness of the analogy as a heuristic rather than
literal representation.

These findings reinforce our theoretical
stance that analogies, when embedded in inquiry-
based, collaborative settings, are not merely
explanatory tools but epistemic devices that sup-
port model-based reasoning and conceptual devel-
opment. The black box activity invited students
to engage in core scientific practices—inferring
from empirical data, constructing and revising
models, and critically evaluating representations.
Notably, the diversity in student responses sug-
gests a spectrum of analogical competence, from
surface-level mapping to structurally rich transfer
and reflective critique.

However, several limitations must be
acknowledged. The quality of the student elab-
orates varied significantly, with some lacking
clarity or completeness in graphical or written
expression. This unevenness suggests that tasks of
this nature, while epistemologically rich, require
careful instructional scaffolding to be fully effect-
ive. In particular, more explicit support during the
Focus and Reflection phases may be necessary
to help all students move beyond surface similar-
ity and engage in meaningful analogical transfer.
Moreover, these insights point to the importance
of teacher professional development: educators
need both theoretical and practical training to
facilitate such analogical activities, interpret stu-
dents’ reasoning, and guide metacognitive reflec-
tion. Without such preparation, there is a risk that
the potential of analogies to foster deep learning
remains underrealized.

Despite its pedagogical potential, our inter-
vention also highlights inherent challenges
in applying the FAR model to contempor-
ary physics education. While the structured
Focus–Action–Reflection sequence supported
students in engaging with analogical reasoning,
the complexity and non-intuitive nature of modern
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physics concepts—particularly the probabilistic
and non-classical behavior of atomic systems—
can limit the fidelity and transferability of macro-
scopic analogies. Our findings show that without
sustained guidance, some students mapped unin-
tended properties onto target concepts, reinfor-
cing mechanistic or deterministic interpretations.
This suggests that even within carefully scaf-
folded inquiry settings, analogies must be used
cautiously, and complemented by explicit meta-
conceptual dialogue to prevent epistemological
oversimplification [45–50, 68, 73, 74, 76].

Despite its simplifications, the analogical
model successfully conveyed the core idea of
inferring hidden structure from empirical pat-
terns. While historically inspired, the activity
focused on promoting phenomenological under-
standing and was deliberately framed as a single,
iconic experiment for accessibility. Nonetheless,
some historical context was provided to illu-
minate the similarities and differences between
Rutherford’s multi-stage investigations and the
classroom reconstruction [76, 84]. To support
reflection and ensure anonymity, students were
invited to answer open-ended questions regard-
ing the missing components of the experiment.
Responses revealed sensitivity to both mater-
ial and conceptual differences—particularly the
macroscopic scale—highlighting students’ capa-
city for analogical transfer when appropriately
scaffolded [76].

The social dimension of learning also played
a critical role (RQ4). Students collaborated in
small groups to design, test, and interpret their
experiments. These interactions fostered dia-
logue, negotiation of meaning, and peer-to-peer
explanation—elements closely aligned with the
collaborative nature of scientific work. Teachers
reported that even students who were typic-
ally disengaged in traditional settings showed
heightened participation and motivation. Informal
feedback from 12 students confirmed this impres-
sion: they appreciated the opportunity to collab-
orate, express creativity, and engage with sci-
ence in a tangible, hands-on way. These find-
ings affirm the pedagogical value of cooperative
learning, not only for knowledge construction but
also for inclusivity and student voice within the
classroom.

Finally, the activity was marked by a high
level of student engagement throughout (RQ5).
From the initial icebreaker to the final reflection,
students remained focused, enthusiastic, and intel-
lectually involved. Their feedback emphasized the
value of ‘doing’ science—not just learning about
it. The open-ended structure, combinedwith phys-
ical interaction and analogical reasoning, created
a ‘hands-on, minds-on’ environment that was both
inclusive and stimulating. These outcomes align
with existing literature on the motivational bene-
fits of active learning environments [9, 42] and
suggest that such experiences can reignite curi-
osity and promote long-term interest in science—
even among students with limited prior exposure
to modern physics.

6. Conclusion
This study investigated whether an inquiry-based,
analogical reconstruction of Rutherford’s gold
foil experiment could foster learning across five
key educational dimensions: conceptual under-
standing (RQ1), scientific reasoning (RQ2), ana-
logical transfer (RQ3), collaborative learning
(RQ4), and engagement (RQ5). The findings
affirm that well-designed, inquiry-driven activ-
ities can effectively support scientific reasoning
and learning, enabling students to reconstruct fun-
damental scientific ideas, reason from empirical
evidence, collaborate productively, and develop
a critical awareness of the role of models in
science. The black box experiment, inspired by
Rutherford’s investigative logic, functioned as a
powerful pedagogical metaphor—allowing stu-
dents to connect observable scattering patterns
with inferred internal structures, thereby replicat-
ing the reasoning underpinning Rutherford’s ori-
ginal interpretation.

Many students expressed high levels of
interest, enthusiasm, and ownership, including
those who are typically less engaged in tradi-
tional learning environments. The collaborative
format not only emphasized the social dimension
of learning but also enhanced cognitive outcomes
through peer interaction and shared inquiry.

Our research design is closely aligned
with our constructivist framework, which
conceptualizes learning as a socially mediated
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and meaning-making process. The use of qualit-
ative methods—such as CMA, analogical models,
analogies classification, and phenomenographic
interpretation—allowed us to capture the diversity
of students’ conceptualizations and the epistemo-
logical depth of their engagement in inquiry-based
modeling activities. These methods were deliber-
ately selected to reflect and support the situated,
reflective nature of the learning environment we
aimed to foster.

The integration of CMA into our study
provided further insight into how students engage
with analogical models in modern physics educa-
tion. By making students’ underlying metaphor-
ical frameworks visible, CMA offered a powerful
tool for diagnosing reasoning patterns, enabling
targeted feedback, and informing instructional
design. Our findings indicate that while many
students employed rich and creative analogies to
make sense of the scattering process, these ana-
logies varied in their fidelity to scientific models.
Students demonstrated an emerging awareness by
recognizing the limitations of the analogy itself.
Several noted the absence of electrostatic interac-
tions and the macroscopic nature of their model in
contrast to Rutherford’s original experiment. This
ability to critique a model as a simplified repres-
entation of complex phenomena reflects one of the
core learning goals in science education: helping
students not only learn with models, but learn to
think about them.

To maximize the effectiveness of analogical
reasoning, we argue that science education—
particularly teacher professional development—
should explicitly incorporate conceptual meta-
phor theory and provide tools for guiding stu-
dents in the reflective use of models. Supporting
learners in recognizing, refining, and critiquing
their analogical framings is essential not only for
conceptual understanding, but also for developing
epistemological maturity in science.

Our findings align with previous research
[45–55, 63–74], suggesting that analogies and
metaphors are not optional or decorative in sci-
ence education; rather, they are central to the pro-
cesses of explanation, modeling, reasoning, and
communication. When embedded within broader
constructivist strategies—such as inquiry-based
learning, collaborative modeling, and experi-
mental investigation—analogies can contribute to

learning experiences that are cognitively rich,
epistemologically authentic, and pedagogically
impactful. Their effectiveness, however, depends
on thoughtful design, contextual relevance, and
critical engagement by both teachers and stu-
dents. When implemented carefully, analogies do
more than simplify—they open conceptual win-
dows into complex ideas while also acting as mir-
rors that help students reflect on and transform
their ways of knowing.

While our findings support the pedagogical
potential of analogical reasoning, they also high-
light important limitations, particularly in the
context of modern physics. Many concepts in
quantum mechanics, nuclear physics, and general
relativity challenge classical intuitions, and ana-
logies drawn from macroscopic experience may
inadvertently reinforce misleading ontologies [68,
70–74, 76, 90]. This risk was evident in several
of the student responses analyzed through CMA.
For example, metaphors such as nucleus is a wall
or nucleus is a magnetic field revealed a tendency
to reify familiar physical interactions, potentially
obscuring the probabilistic and field-based nature
of atomic phenomena.While such metaphors may
serve as useful cognitive anchors, they can give
rise to persistent misconceptions if their limita-
tions remain unexamined.

The FAR model provides a structured frame-
work to address these challenges. By guiding stu-
dents through each phase—from identifying and
applying an analogy to critically evaluating its
scope and limits—educators can scaffold deeper
conceptual engagement. In our study, students
who reached the Reflection phase were often able
to articulate the shortcomings of their models,
including the absence of electrostatic forces and
the oversimplified nature of macroscopic analo-
gies. This capacity to recognize the boundaries of
a representation aligns with a core aim of science
education: fostering meta-conceptual awareness
and scientific epistemology. However, not all par-
ticipants achieved this level of reflection, point-
ing to the need for more deliberate instructional
design and targeted teacher support. Educators
must be prepared not only to present analogies
effectively but also to help students navigate the
epistemic tension between models and reality—
particularly in abstract domains such as atomic
theory and quantum physics.
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The study is not without limitations. The
sample size was relatively small, and the imple-
mentation occurred within a university outreach
laboratory—a setting that, while pedagogically
rich, provided conditions not easily replicable in
conventional classrooms. In addition, the activity
necessarily simplified aspects of Rutherford’s ori-
ginal experiment, omitting key elements such as
Coulomb forces, detection screens, and probabil-
istic distributions. Nonetheless, these simplifica-
tions did not appear to undermine student engage-
ment with core scientific reasoning processes. On
the contrary, they enabled learners to access the
inferential logic of scientific inquirywithout being
burdened by technical detail, allowing them to
focus on model construction, interpretation, and
revision.

Ultimately, the black box experiment served
as a dual metaphor—representing both the atom
and the process of scientific investigation.We can-
not directly observe what lies beneath the sur-
face, but through structured inquiry and analo-
gical reasoning, students can reconstruct mean-
ing from the traces left behind. Future iterations
of this activity could explore variations in instruc-
tional scaffolding, assess long-term conceptual
retention, or be embedded into broader curricular
units on atomic and subatomic models. Additional
data sources—such as student interviews or video
analysis—may offer deeper insights into students’
reasoning strategies and collaborative dynamics.
Addressing these dimensions will be essential for
refining the pedagogical use of analogies in ways
that are both scientifically rigorous and cognit-
ively meaningful.
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Appendix
The worksheet template: journey to the Center
of Matter—Educational Activity

Lab Worksheet
Group Name:
Class:
Group Members
Name and Surname
Name and Surname
Name and Surname
Experiment Diagram
Materials
(List the materials used to carry out the

experiment)
Draw your experiment setup
Observations
Write down everything you observe (phe-

nomena) during your experiment.
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Note the main discussions and reasoning
within your group to understand the shape of your
obstacle.

Graph
Draw the full circle and the distribution of the

marbles after the collision with the obstacle.
What is the shape of your obstacle?
Repeat this for each obstacle used.
Graph
Draw the trajectory of the marbles before and

after hitting the obstacle.
What do you observe?
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