
 

 EURASIA Journal of Mathematics, Science and Technology Education, 2026, 22(8), em2875 

  ISSN:1305-8223 (online) 

 OPEN ACCESS Research Paper https://doi.org/10.29333/ejmste/18980   
 

 

 

© 2026 by the authors; licensee Modestum. This article is an open access article distributed under the terms and conditions of 

the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 

 vderenzi@unimore.it (*Correspondence)  maria.bondani@uninsubria.it 

The “quantum” exhibition: Communicating quantum physics through 
demonstrators and staging activities  

Valentina De Renzi 1,2* , Maria Bondani 3  

1 Dipartimento di Scienze Fisiche, Informatiche e Matematiche, Università di Modena e Reggio Emilia, Modena, ITALY 
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Abstract 

In recent years, the rapid development of quantum technologies and the increasing research 

activity in quantum science have prompted a growing number of dissemination initiatives aimed 

at enhancing public understanding of quantum physics (QP). Within the framework of the Italian 

Quantum Weeks project, we have developed, over the past four years, an exhibition that 

introduces visitors to fundamental concepts of QP through visual analogies, purpose-built hands-

on demonstrators, and interactive staging activities. In this paper, we focus on the design, 

implementation, and educational use of two of these demonstrators, namely the quantum-dice 

and the quantum-cards. We also present preliminary visitor feedback, indicating that these low-

tech interactive demonstrator materials can effectively engage a general audience, stimulate 

curiosity, and foster an understanding of abstract quantum concepts without requiring prior 

background knowledge. 
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INTRODUCTION 

In recent years, the emergence of quantum 
technologies and the intense scientific activity in 
quantum science have led to a growing number of 
initiatives aimed at disseminating knowledge of 
quantum physics (QP) and enhancing quantum 
awareness in society, as for instance qtedu 
(https://qtedu.eu/) and qplaylearn 
(https://qplaylearn.com/). Moreover, the need to 
strengthen quantum literacy at both undergraduate and 
high school levels has fostered educational research 
focused on assessing existing approaches (Krijtenburg-
Lewerissa et al., 2017), as well as developing and testing 
innovative teaching methodologies addressing the 
foundations of QP and quantum technologies (Albert et 
al., 2025). As reported in Donhauser et al. (2024), most 
recent studies primarily focus on introductory quantum 
mechanics and modern quantum technologies, 
predominantly relying on digitally mediated tools, with 
school-level interventions often emphasizing 

 
  A preliminary version of this paper was presented at the GIREP 2025 Conference. 

visualization and conceptual understanding, while 
university-level studies more frequently address formal 
and mathematical aspects. 

Beyond formal education, several recent studies have 
examined informal outreach and community-engaged 
efforts to build quantum literacy (Angara et al., 2022; 
Bondani & De Renzi, 2025; Bondani et al., 2022; De Renzi 
et al., 2025a, 2025b; Darienzo et al., 2024; Foti et al., 2021). 
Informal initiatives—including public lectures, science 
festivals, and online resources—aim to engage broader 
audiences and raise public interest in quantum science, 
though their educational impact is less frequently 
assessed through systematic research. Additionally, 
educational games have emerged as promising tools to 
promote interactive learning and curiosity about 
quantum phenomena in informal environments, with 
evidence indicating positive effects on engagement and 
conceptual understanding (Bondani et al., 2024; López-
Incera & Dür, 2019; López-Incera et al., 2020; Seskir et al., 
2022). 
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In both formal and informal education, interest has 
recently grown in the use of demonstrator materials 
(DM), both digital and haptic. A recent review (Folkers 
et al., 2026) surveyed and analyzed publications on DM 
for QP, highlighting various strategies and offering 
pedagogical insights. While available DM for topics such 
as entanglement, quantum cryptography, and quantum 
computing are mostly simulation-based and rely on 
standard optics experiments, considerable opportunities 
remain to develop and expand demonstrators, 
particularly those incorporating tactile and haptic 
elements (Weisberg & Newcombe, 2017). 

Over the past four years, as part of the Italian 
Quantum Weeks project, we have developed and tested 
outreach activities focused on QP for both the public and 
secondary school students and teachers. Since 2022, we 
have designed and showcased four editions of 
exhibitions in various Italian cities, introducing 
foundational concepts of QP and quantum technologies. 
A distinctive feature of these exhibitions is a collection of 
specially designed objects and activities that help 
visualize abstract and unfamiliar quantum concepts. 
Rather than relying on computer simulations or complex 
illustrations, these tangible objects serve as interactive 
demonstrators to engage visitors directly. 

We believe these objects can be of significant interest 
to the quantum education community, offering practical 
and adaptable aids for teaching quantum concepts. Due 
to their simplicity and affordability, these demonstrators 
can be easily reproduced and tailored to diverse 
educational settings, ranging from large public 
exhibitions to smaller classroom activities. This paper 
focuses on the design and use of these demonstrators, 
providing a brief overview of the exhibition as a whole 
and a detailed description of sections directly related to 
their implementation. Additionally, we present results 
from a satisfaction survey, analyzing audience 
characteristics and outcomes of the exhibition. 

THE “QUANTUM” EXHIBITION 

The 2025 edition, titled “Quantum”, has been held in 
several Italian cities throughout the year, with its 
inauguration taking place in Modena in March 2025. The 
exhibition includes informative panels, key experiments, 
hands-on demonstrations, and interactive activities, all 
led by expert guides, such as researchers, postdoctoral 

fellows, and PhD students in physics. It aims to 
introduce the fundamental principles of quantum 
mechanics from scratch, using analogies and visual tools 
– rather than mathematical formalism – to help 
understand the new rules that govern the quantum 
world. In this way, it also becomes possible to provide a 
meaningful glimpse of quantum technologies and their 
applications. Within the context of informal education, 
our scope is to design QP-activities able to bridge the gap 
between complex scientific truths and public 
understanding, accepting the challenge of simplifying 
quantum concepts without diluting their essence, 
avoiding the pitfalls of oversimplification and 
inaccuracy.  

The exhibition is briefly outlined below, without 
providing a full description, which would be beyond the 
scope of this paper. The narrative begins with a brief 
historical introduction motivating the need for a new 
theory to explain experimental evidence from the 
microscopic world, in particular discussing those 
phenomena—such as emission and absorption lines in 
atomic spectra—revealing the quantization of energy 
exchange between matter and the electromagnetic field. 
Before entering this new quantum framework, we recall 
how classical physics describes the state of a system, its 
deterministic evolution, and the origin of probability—
concepts that remain foundational but acquire new 
meanings in quantum mechanics. To illustrate this point, 
we use the example of satellite motion. In classical 
physics, the state of a system is defined by observables 
such as position and velocity. If the initial state and the 
interactions are known, the future evolution can be 
predicted exactly, and the dynamics is deterministic. 
Probabilistic descriptions—such as weather 
forecasting—arise only from incomplete knowledge of 
initial conditions or interactions. 

The principles of quantum mechanics—such as 
superposition, measurement, and incompatible 
observables—are then introduced using the DM 
described in the next section, namely the quantum dice 
(Q-dice) and the quantum cards (Q-cards). An explicit 
comparison between the classical and quantum cases 
highlights analogies (the definition of a physical state in 
relation to observables, and the deterministic evolution 
of the state) and differences (the intrinsic origin of 
probability, and the impossibility of measuring all 

Contribution to the literature 

• This study proposes an exhibition-based framework for introducing and explaining fundamental QP 
concepts to non-expert audiences through visual analogies, interactive demonstrators, and staging 
activities. 

• It contributes two original and replicable demonstrator designs (quantum-dice and quantum-cards), 
developed and tested within the “Quantum” exhibition. 

• It provides preliminary empirical evidence of the potential of low-tech demonstrators to support 
engagement and conceptual accessibility in quantum outreach settings. 
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observables simultaneously). These concepts are further 
explored by introducing the electron spin and examining 
the Stern-Gerlach experiment. The focus then moves to 
atomic systems and the double-slit experiment, 
illustrating the wave function as the position 
representation of superposition. A subsequent section 
focuses on simple experiments and demonstrations 
exploiting the analogy between light polarization and 
two-state quantum systems, which allows the concepts 
previously introduced with Q-dice and Q-cards to be 
revisited and reinforced.  

Finally, a section devoted to quantum technologies 
discusses quantum cryptography, quantum computing, 
and quantum algorithms, illustrating their basic 
principles through activities on the BB84 protocol and 
quantum walks (Bondani & De Renzi, 2025; De Renzi et 
al., 2025a). In parallel, the exhibition includes a section 
on entanglement, with activities on Bell inequalities and 
the experiments demonstrating their violation, as 
described in detail in our recent paper (De Renzi et al., 
2025b).  

The Quantum Dice 

The rules governing quantum systems are introduced 
axiomatically by means of a fictitious but tangible 
system represented by a die, whose faces are colored 
either red or blue, as shown in part a in Figure 1). The 
observable defining the state of the system is the color, 
and a measurement is operationally defined as throwing 
the die and observing the color of the upper face. If all 
six faces have the same color (red or blue), the 
measurement outcome is certain, and the die is said to be 
in an eigenstate of the color observable. If the die has 
both red and blue faces, the outcome cannot be predicted 

 
1 Within this analogy, probability amplitudes and phases cannot be introduced. While central to QP, these concepts require 

mathematical formalism that may hinder initial understanding for a general audience; they are addressed later in the exhibition, 
for example in the discussion of Feynman’s experiment. 

deterministically. In this case, the state of the die is 
described as a superposition of eigenstates (i.e., a linear 
combination of the red (|R⟩) and blue (|B⟩) eigenstates), 

|𝐶⟩  = 𝑐𝑅  |𝑅⟩  +  𝑐𝐵|𝐵⟩ with |𝑐𝑅|2  +  |𝑐𝐵|2  =  1. (1) 

When the state of the die is known, the probabilities 
of the outcomes (P[R]) and (P[B]) can be predicted and 
correspond to the fractions of red and blue faces, 
respectively 

In the formal analogy, these probabilities are 
associated with the coefficients of the state vector, 
𝑃(𝑅) = |𝑐𝑅|2 and 𝑃(𝐵) = |𝑐𝐵|2.  

A further postulate is then introduced: state 
reduction as a consequence of measurement, namely the 
assumption that a measurement forces the system out of 
the superposition and into the eigenstate corresponding 
to the observed outcome. To make this abstract rule 
more concrete, a “magic” measuring black box is 
presented, as shown in part b in Figure 1). The box takes 
a die as input and produces as output a new die that is 
either entirely red or entirely blue (in practice, two such 
dice, a red one and a blue one, are hidden inside the box). 
The “trick” consists in pretending that the initial die has 
changed its state as a consequence of the measurement. 
The mechanism behind the box is deliberately simple 
and immediately transparent: its purpose is not to 
simulate a physical process, but to provide a visual and 
tangible representation of state reduction. This 
deliberately naïve implementation helps emphasize that 
the device is merely a representational aid for an abstract 
postulate, rather than a realistic model of a quantum 
measurement.  

The Q-dice tool thus offers a simple and effective way 
to introduce the axioms of quantum mechanics, with 
several features worth discussing:  

• The Q-dice are inexpensive, concrete, and closely 
connected to everyday experience with 
probabilistic outcomes. Crucially, the 
probabilistic nature of the outcomes is presented 
as intrinsic, rather than arising from ignorance of 
the state. Within the analogy, knowledge of the 
quantum state (i.e. of the number of red and blue 
faces) exhausts the information that can, in 

principle, be obtained1. The probabilistic behavior 
can be further explored using the demonstrator 
shown in part c in Figure 1), where an ensemble 
of 25 dice, prepared in the same state, is measured. 
This helps clarify the relation between relative 
frequency and probability, connecting to 
concepts—such as the law of large numbers—that 
are usually familiar to the public.  

 
Figure 1. Q-dice representing eigenstates (red and blue) and 
one among different possible superposition states (a), the 
“magic” black box used to simulate measurement collapse 
(b), & the dice ensemble (c) (the authors’ own work) 
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• The assumption of a finite and discrete set of 
possible outcomes is introduced ad hoc but can be 
readily accepted as part of the “rules of the game”. 
Similarly, the operational definition of 
measurement—considering only the upper face or 
the outcome of the magic box—naturally connects 
to the broader notion of observables defined 
through measurement procedures.  

• We should observe that the die is not a quantum 
object itself, but rather a concrete representation of 
a quantum state. The earlier discussion of the 
notion of state in classical physics supports this 
distinction between a physical system and its state 
description. While this difference may be difficult 
to articulate fully in an exhibition setting, it is 
relevant in a more formal discussion.  

• Mathematical formalism is not required. 
Depending on the audience, one may omit 
equations entirely while still conveying the core 
ideas or introduce mathematical expressions to 
deepen understanding. Likewise, the fact that the 
coefficients are, in general, complex numbers may 
be mentioned or left implicit.  

The Quantum Cards 

Non-commuting observables are a central concept in 
QP and a key focus of our exhibition. To illustrate this 
idea, we developed a novel educational tool—the Q-
cards—which represents a system characterized by two 
distinct, dichotomous observables: color (Blue or Red), 
displayed on the back of the card, and figure (Jack or 
Queen), displayed on the front. As shown in part a in 
Figure 2), the Q-cards resembles a standard playing 
card, with two attached, independently flipping halves. 
Depending on how these halves are flipped, the card can 

 
2 In this version of the card, the analogy is not extended to include relative phases of the coefficients. We are considering 

introducing a distinction between |+⟩ and |−⟩ states in future versions.  

be prepared in different states, as illustrated in part b in 
Figure 2). As with the dice, the cards can be prepared in 
a color eigenstate (|B⟩ or |R⟩) or in a super- position 
1

√2
(|B⟩ + |R⟩). With the introduction of a second 

observable—the figure—the state may equivalently be 
described in the figure basis, either as a figure eigenstate 

(|Q⟩ or |J⟩) or as a superposition 
1

√2
 (|Q⟩ + |J⟩)2. These 

two representations correspond simply to observing the 
back or the front of the card.  

Crucially, the card is designed so that an eigenstate of 
one observable corresponds to a superposition on the 
basis of the other, and vice versa; the two observables are 
therefore non-compatible. During the guided tour, 
visitors can interact directly with the card, compare its 
properties with those of standard playing cards—where 
both observable outcomes can be defined 
simultaneously (e.g., a red Queen or a blue Jack)—and 
discover this non-compatibility for themselves. The 
measurement procedure is also explicitly defined. As 
shown in part c in Figure 2), the card is first placed inside 
an envelope—playing a role analogous to the black box 
used for the die—and one half is then randomly 
extracted, analogous to observing only the upper face of 
a die. In this way, a single outcome (Red or Blue, Jack or 
Queen) is obtained, regardless of the card initial 
preparation. State reduction following measurement is 
simulated by fully extracting the card and flipping one 
half, accordingly, thereby inducing the collapse. 
Allowing visitors to manipulate the card, perform 
measurements themselves, and openly revealing the 
underlying mechanism helps make the abstract concept 
of non-commuting observables concrete and accessible.  

After their introduction and visitors’ exploration of 
the Q-card’s properties, the cards are used throughout 
the exhibition. For instance, they serve as an aid during 

 
Figure 2. Q-card is made of a main body (Blue on the back, half-Queen half-Jack on the front), to which are attached two 
flipping half-cards (both Red on the back, either half-Queen or half-Jack on the front) (a), examples of eigenstates of one 
observable (|B⟩ on the left, |Q⟩ on the right), corresponding to superposition states of the other (b), & cards in the 
envelopes, illustrating the measurement procedure (c) (the authors’ own work) 
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the presentation of the gedankenexperiment based on a 
Stern-Gerlach sequence, which provides a concrete 
example of genuinely non-compatible physical 
observables, namely the z- and x-components of spin. 
Moreover, the Q-cards play a central role in the BB84 
activity, which is proposed in the part of the exhibition 
devoted to quantum technologies. This activity, 
described in detail elsewhere (Bondani & De Renzi, 2025; 
De Renzi et al., 2025a) actively involves the public in 
staging the BB84 protocol for secure key distribution and 
introduces the basic concepts of quantum cryptography. 
In this context, the Q-cards play the role of polarized 
photons, with the color and figure bases corresponding 
to polarization bases rotated by 45° with respect to each 
other.  

VISITORS’ SURVEY RESULTS 

In this section, we briefly present the results of a 
survey designed to gauge participant interest and 
satisfaction. While rigorous assessment of learning 
outcomes is difficult in an informal exhibition setting, 
levels of engagement and appreciation can be more 
readily explored.  

We first report basic information on the participants’ 
educational background and then summarize the main 
survey results concerning interest and overall 
satisfaction with the exhibition activities.  

The “Quantum” exhibition held in Modena attracted 
approximately 700 visitors, including about 300 high-
school students (13 classes). The visitors took part in 
guided tours lasting about 90 minutes having master 
and PhD students as moderators. The survey was 

 
3 Note that this simulation was used by the guides during explanations and was not experienced independently by visitors. 

conducted to all visitors immediately after the event as 
an online questionnaire accessible via mobile devices. 
Due to limited local Wi-Fi connectivity, only a subset of 
attendees completed the survey (N = 157), including 
high school students and independent visitors, the 
majority of whom were adults. Among adult visitors, 44 
% of the respondents had a STEM background, only a 
minority (19%) were physicists, while a substantial 
fraction (30%) studied humanities or economics. Most 
visitors reported having very limited prior knowledge of 
QP, mainly derived from television, cinema, or the web. 
This result, together with the fact that most respondents 
(147 out of 157) would recommend the exhibition to 
friends and relatives, suggests that the exhibition is 
accessible to a general audience and effectively engages 
visitors without requiring specific prior preparation.  

Figure 3 presents visitors’ evaluations of specific 
components of the exhibition—namely the guided tour, 
the explanatory panels, and the simulation of Feynman’s 
double-slit experiment3—across four dimensions: 
interest, understanding, engagement, and perceived 
educational value. Overall, all components received 
highly positive ratings. Activities involving 
demonstrators and direct visitor participation achieved 
the highest scores across all dimensions, particularly in 
understanding and engagement. The highest ratings 
were observed for the polarization activities and for the 
cryptography activities based on the Q-cards. 

Furthermore, visitors’ perceived difficulties were 
specifically addressed. Respondents indicated their level 
of agreement on a 5-point Likert scale for two questions: 
(1) “I found the exhibition easier to follow than I 
expected” and (2) “I found it difficult to understand the 

 
Figure 3. Results for selected key survey questions are presented (visitor responses were measured on a 5-point Likert 
scale, ranging from “totally agree” to “strongly disagree;” “I don’t know” (light blue) was also always available as a 
response option; the histograms show visitors’ opinions regarding different parts or aspects of the exhibition, expressed in 
statements such as “I found the guided tour interesting/understandable/engaging/instructive;” & the pie charts refer to 
question (1) and question (2), as described in the text) (the authors’ own work) 
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topics presented in the exhibition.” Slightly more than 
half of respondents scored 4 or 5 on question (1), while 
46% scored 1, 2, or 3 on question (2). The Pearson 
correlation between the two sets of responses was found 
to be -0.95, indicating a strong anticorrelation, as 
expected. Moreover, for question (1), the percentage of 
respondents scoring 4 or 5 is similar among those with 
higher education (graduate and PhD; 62%) and those 
with a diploma (58%), but lower among high-school 
students (38%). In contrast, perceived difficulty 
(percentage scoring 4 or 5 on question 2) is higher among 
adults (35% for graduates and 26% for diploma holders) 
than among pupils (16%). 

DISCUSSION AND CONCLUSION 

While the survey results do not provide a formal 
assessment of learning outcomes, they clearly indicate 
strong public appreciation in terms of engagement and 
understanding, suggesting that the exhibition 
successfully balances conceptual depth with 
accessibility. Notably, this balance is not achieved 
through sophisticated digital technologies, but rather 
through intentionally low-tech activities grounded in 
direct manipulation, embodied interaction, and material 
experience (Weisberg & Newcombe, 2017). This design 
choice appears to be pedagogically significant.  

All components received positive evaluations, with 
most responses in the top two categories of the 5-point 
Likert scale (5 and 4). Guided tours received particularly 
positive feedback, especially regarding engagement and 
interest. However, some variability emerged in the 
dimension of perceived understanding. This variation 
may reflect differences in guides’ communicative clarity, 
pedagogical strategies, and responsiveness to visitors’ 
questions. From a didactical standpoint, this highlights 
the importance of mediator training: even well-designed 
materials require coherent and adaptive facilitation to 
fully support conceptual comprehension. The 
explanatory panels and non-interactive simulations 
were also evaluated positively and regarded as 
informative and interesting. Nonetheless, they were 
rated slightly lower in engagement and understanding. 
One plausible interpretation is that these elements rely 
more heavily on verbal explanation and abstract 
reasoning. Without embodied or manipulative 
components, visitors may experience greater cognitive 
load, particularly when encountering counterintuitive 
quantum concepts. In contrast, the most highly rated 
activity across all four dimensions was the exploration of 
light polarization properties. This finding aligns with 
our observations during the visits: this part of the 
exhibition was the most playful and surprising, and 
likely also the easiest to understand. Its success may be 
attributed to several didactically relevant features: clear 
cause-effect relationships, visible transformations, 
opportunities for prediction and testing, and a relatively 

low threshold for conceptual entry. In other words, 
polarization may function as an effective “conceptual 
anchor,” allowing visitors to ground abstract ideas in 
concrete perceptual experience. 

Notably, both the DM and the related cryptography 
activity, which simulates the BB84 protocol, received 
very high scores—almost comparable to the most 
engaging activity, polarization. This indicates that 
visitors appreciated the interactive manipulation of the 
Q-cards despite the cognitive effort required to 
understand all phases of the protocol. 

Taken together, these results highlight the central 
role of demonstrators in facilitating visitor engagement 
and understanding. Activities involving direct 
interaction with demonstrators consistently received the 
highest ratings, indicating that guided explanations and 
hands-on participation are key to making complex 
quantum concepts accessible while maintaining a 
playful and engaging experience.  

Currently, these demonstrators and activities are 
being adapted for use in more formal educational 
contexts, including secondary education and teachers’ 
training. Future research will focus on systematically 
investigating their impact on conceptual understanding, 
epistemological beliefs about science, and long-term 
retention. In particular, comparative studies between 
informal exhibition settings and classroom 
implementations could clarify how contextual factors 
influence learning processes. 

In conclusion, the exhibition provides promising 
evidence that complex quantum concepts can be 
communicated in ways that are simultaneously 
rigorous, playful, and accessible. By integrating 
embodied interaction, guided mediation, and cognitive 
challenge, the project offers a transferable didactical 
framework for addressing quantum concepts in both 
informal and formal learning environments. 
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