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Abstract

A growing international consensus holds that science education must advance beyond
content coverage to cultivate robust understanding of the Nature of Science (NoS)—how
scientific knowledge is generated, justified, revised, and socially negotiated. Yet naive con-
ceptions persist among students and teachers, and effective, scalable classroom strategies
remain contested. This narrative review synthesizes research and practice on games and
playful activities that make epistemic features of science visible and discussable. We orga-
nize the repertoire into six families—(i) observation—-inference and discrepant-event tasks;
(ii) pattern discovery and rule-finding puzzles; (iii) black-box and model-based inquiry;
(iv) activities that dramatize tentativeness and anomaly management; (v) deliberately
underdetermined mysteries that cultivate warrant-based explanations; and (vi) moderately
contextualized games. Across these designs, we analyze how specific mechanics afford
core NoS dimensions (e.g., observation vs. inference, creativity, plurality of methods,
theory-ladenness and subjectivity, tentativeness) and what scaffolds transform playful
engagement into explicit, reflective learning. We conclude with pragmatic guidance for
teacher education and curriculum design, highlighting the importance of language sup-
ports, structured debriefs, and calibrated contextualization, and outline priorities for future
research on equity, assessment, and digital extensions.

Keywords: black-box modeling; games; game-based learning; playful learning; nature of
science; science education

1. Introduction

In the past decades, a broad international consensus has emerged around the need
to move science education beyond rote content coverage and into the terrain of epistemic
understanding: how scientific knowledge is generated, validated, revised, and situated
within human communities. Major curricular reforms have foregrounded the Nature
of Science (NoS)—which encompasses the epistemology, practices, social processes, and
cultural values of science—as a central pillar for developing scientific literacy [1,2]. Scientific
literacy for the twenty-first century demands not only familiarity with scientific facts and
theories, but also an appreciation for the habits of mind and forms of reasoning that
distinguish science from other ways of knowing [3-5].

Despite the rhetorical prominence of NoS in policy documents and teaching standards,
research continues to show that both students and teachers often hold fragmented or naive
conceptions of what science is and how it operates. Multiple studies have documented
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persistent misconceptions about the tentativeness, creativity, and social dimensions of
science among learners and educators, even after instruction [6-8]. Many view scientific
progress as a linear, methodical pursuit of absolute truth, rather than as a dynamic, cre-
ative, and communal enterprise shaped by uncertainty, debate, and negotiation. These
misconceptions persist even after traditional instruction, raising fundamental questions
about the limitations of didactic, content-driven approaches to science education [9,10].
Parallel to this, a vibrant field of research and practice has explored the use of games
and playful activities as vehicles for learning science. Recent reviews highlight the growing
interest in game-based and playful learning as strategies to boost engagement and foster
deeper understanding in science education [11,12]. The present review synthesizes current
research and practical guidance on the use of games and playful activities to teach the
NoS in ways that are explicit, reflective, and robustly aligned with the consensus princi-
ples outlined above. The review used purposive searching and iterative snowballing to
identify classroom-ready games and playful activities that explicitly target NoS learning
goals. Searches were conducted in Scopus, Web of Science Core Collection, ERIC, and
Google Scholar and backward citation tracking, complemented by targeted browsing of
professional association repositories and open curricular archives (gray literature). Core

s

queries combined “nature of science” with terms such as “game,” “playful,” “simulation,”

s a

“card game,” “rule-finding,” “black box,” “observation—inference,” alongside specific ti-
tles (e.g., “Eleusis”, “Wason rule” “black-box modeling”). Inclusion prioritized explicit
alignment with widely accepted NoS dimensions and replicability with typical school
resources. Exclusions removed entertainment-only games lacking NoS alignment. The
sources synthesized span from 1959 to 2025, covering both seminal foundational work
and contemporary research. Selection prioritized activities with documented classroom
implementation and explicit epistemic alignment. As a narrative review, this synthesis em-
phasizes critical interpretation, identification of patterns and gaps, and pragmatic guidance
for practice, rather than exhaustive systematic coverage.

Ultimately, our aim is to clarify which playful strategies best serve particular epistemic
goals, under what conditions, and with what forms of scaffolding. We argue that when
designed and implemented with intention and reflection, games and playful activities have
the power to transform science classrooms into genuine communities of inquiry—spaces
in which students do not merely learn about science, but experience and internalize its
foundational practices, values, and ways of thinking. The article concludes with a synthesis
of how these activities map onto the key principles of the NoS, and with recommendations
and prospects for sustaining innovation and equity in science education.

2. Theoretical Background

The NoS is a well-established area within science education, focusing on knowledge
about what science is and how it operates. It represents a form of metaknowledge de-
veloped from multiple disciplines, emphasizing ontological, epistemological, and social
aspects [6]. According to several authors [2,13], NoS topics are organized into two main
dimensions: cognitive-epistemological and social-institutional. For the purposes of this
review, the NoS is conceptualized in line with the synthesis proposed by Bell [14], who
identifies a set of key principles widely endorsed in the literature. These include the ten-
tativeness of scientific knowledge and its empirical grounding; the distinction between
observation and inference; the recognition that scientific theories and laws are different
types of knowledge, with neither subordinated to the other; the fact that science is not gov-
erned by a single, universal method, but rather encompasses a variety of approaches; the
central role of creativity and imagination in scientific practice; and the understanding that,
although science strives for objectivity, subjectivity—arising from individual backgrounds,
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perspectives, and social context—inevitably shapes scientific activity [5,14,15]. These prin-
ciples provide a contemporary framework for addressing NoS in educational settings.

Despite broad agreement on the importance of NoS, the literature identifies several
persistent challenges in its teaching and learning: the high cognitive demand involved,
which requires the use of sophisticated thinking skills; the insufficient understanding of
NoS among teachers, which is often linked to their own educational backgrounds; and the
scarcity of effective didactic resources [16]. A particularly salient issue in science teacher ed-
ucation is that preservice teachers—both at the elementary and secondary levels—typically
enter their training with naive or mixed views of the NoS [17-20]. These initial perspectives
commonly overemphasize factual knowledge and scientific procedures, and tend to adopt
a positivist or realist stance, often underappreciating the tentative, creative, and social
dimensions of science [21,22]. Common misconceptions include the belief in a universal
scientific method, the expectation that theories eventually become laws, and a limited
awareness of the sociocultural context of scientific activity [8,17,18]. Research has shown
that explicit, reflective approaches to NoS instruction can foster significant improvements
in preservice teachers’ conceptions [23-25]. Nevertheless, certain misunderstandings, es-
pecially regarding the distinction between scientific theories and laws or the institutional
and social character of science, often persist even after targeted intervention [8,20,22].
Collectively, these findings highlight the ongoing need for sustained and targeted NoS edu-
cation in teacher preparation programs, since the persistence of simplistic or fragmented
views among future teachers risks perpetuating distorted images of science in subsequent
generations of students [19,25].

Laboratory activities are traditionally used to address NoS [4]. However, some studies
argue that such activities may not be effective, as they tend to generate only short-term
interest [26]. Other conventional approaches, such as the integration of historical case
studies [27], the analysis of socioscientific issues [28,29], newspaper articles [30], inquiry-
based learning [31] or problem-based learning [32], have been proposed as alternative
means to make NoS concepts explicit and meaningful to students. Yet, as highlighted in
recent research, these approaches often face limitations regarding student engagement,
depth of conceptual change, and their translation into classroom practice [10,30].

In response to these limitations, recent studies [11,33,34] suggest that games may
provide a promising context for addressing NoS in science education, offering a more
interactive and motivating framework for learning. A game can be defined as “an action or
a set of actions, that includes one or more people, objects, or animals, usually in competition
with others, that follow a specific set of rules, in order to achieve a goal” [35], p. 16. Various
authors have argued that games, by their very nature, can foster environments in which
students are invited to negotiate rules, explore alternative explanations, experience uncer-
tainty, and engage collaboratively—features that mirror core aspects of scientific practice
and the epistemology of science [33,34]. Nevertheless, systematic research on the actual
mechanisms by which games facilitate epistemic learning remains scarce. For instance, Li
and Tsai [36] analyzed thirty-one studies on digital science games and found that none
addressed epistemic learning about scientific practice. Similarly, Arztmann et al. [37], in
their review, did not identify a single epistemic game at any educational level, further
underscoring the lack of resources specifically designed to teach NoS through games.

Game-based learning (GBL) can be defined as the use of digital or analog games for
expected learning outcomes [38,39]. Whereas some authors argue that games are not supe-
rior to traditional methodologies in terms of learning outcomes [40,41], some others defend
their potential to enhance learning and educational outcomes [42—44]. The use of games
in education has been associated with increased motivation, engagement, adaptability,
and the capacity for “graceful failure” [45,46], and this heightened excitement and moti-
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vation could translate into improved learning performance [38,47], learning persistence,
and self-efficacy [48,49]. GBL has been shown to be particularly effective in developing
skills such as critical thinking, creative thinking skills, interpersonal communication, and
debating [50,51], while also fostering environments where failure is perceived as an op-
portunity, thus encouraging risk-taking and exploration [52]. Moreover, games provide an
ideal setting for collaborative learning [53].

Despite these advantages, several barriers hinder the generalized implementation of
GBL: behavioral and attitudinal obstacles, school policy limitations, material and technolog-
ical restrictions, and issues related to game literacy [54]. Some teachers seldom incorporate
games into their daily practice [55,56], which may be explained by their lack of skills and
familiarity with this methodology [57,58]. Designing or using a game in an educational
context is not a simple endeavor [59]. Educational games require careful planning to ensure
effectiveness, balancing the need to achieve learning objectives while simultaneously pro-
viding a high-quality gameplay experience [60]. For this reason, adequate training in the
use of this methodology is essential within teacher education programs. Connecting GBL to
specific disciplines may also be necessary, as one of the main criticisms of this methodology
is that it often lacks sufficient depth and adequacy in addressing content knowledge [61].

GBL offers a promising approach to improve both science teaching and learning [62-64].
Although GBL has been widely used to support science education [65,66], its mechanisms
and effects are still not fully understood and this situation might lead to non-effective imple-
mentations [67,68]. Previous literature indicates that the initial interest in GBL's potential to
improve science education was centered on content acquisition [12,36], but in recent years this
interest has expanded to include motivation and general perceptions, while topics such as
cooperative learning, problem-solving skills, and communication skills have begun to gain
prominence [12]. Several studies have reported positive effects of games in science education,
including improvements in learning [63,69,70], motivation [71], attitudes [72], engagement [73],
and self-efficacy [74]. One reason why the connection between science and games appears so
natural is that both align with experiential learning theory [75], where learning is experiential,
exploratory, and problem-based [76]. In their review, Cadiz et al. [11] noted that the most
popular game-based approaches in science education are strategy games and role-playing.
The same authors found that the most frequently studied outcomes of GBL in science were
knowledge attainment and motivation, while skill attainment and reflection were much less
frequently addressed. Given that critical thinking and problem-solving skills are essential for
preparing students to face the challenges of the 21st century, innovative methodologies such
as GBL should prioritize their contribution to the development of these competencies.

Beyond game-based learning, the broader concept of playful learning has gained
prominence in educational research as an approach that deliberately incorporates elements
of play to enhance engagement, motivation, and creativity in the learning process. The
literature indicates that playfulness is assumed to have positive effects on learning [77],
and recent work further clarifies that playful learning encompasses, but is not limited to,
game-based environments—it also includes activities that integrate game-like features such
as challenge, feedback, narrative, and positive framing of failure [45,78]. This expanded
perspective recognizes that playful activities, even when not structured as complete games,
can foster deeper learning and support the development of skills crucial for 21st-century
science education.

Given the persistent challenges in NoS education—high cognitive demand, teacher
misconceptions, and scarcity of effective resources—games and playful activities offer
pedagogically aligned responses. By embedding epistemic reasoning in experiential, collab-
orative contexts, playful approaches can make abstract NoS principles concrete, discussable,
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and memorable. The following section presents six families of activities that operationalize
this potential.

3. Games and Playful Activities to Learn About the Nature of Science

This section gathers a repertoire of classroom-ready games and playful tasks that make
core NoS principles observable in action—from the empirical-inferential distinction and the
role of evidence to creativity, tentativeness, methodological plurality, and the communal ne-
gotiation of claims (see [14]). The activities are organized by epistemic emphasis rather than
difficulty or a recommended sequence: some surface how learners separate observation
from inference; others foreground pattern seeking and rule discovery; still others center on
modeling hidden mechanisms, coping with anomalies and unresolved cases, or working
within moderately contextualized disciplinary settings. Across all families, structured
debriefs are essential (as discussed in Section 2), transforming gameplay into a vehicle for
naming the targeted NoS ideas and connecting them to students’ prior knowledge and to
ongoing science units.

3.1. Playful Approaches to Observing and Inferring

A crucial entry point for NoS instruction is helping students distinguish between
observation and inference [79]—a foundational skill for scientific thinking. This section
presents a progression of playful, low-cost activities that are especially effective for intro-
ducing and reflecting on these concepts. By engaging with surprising demonstrations,
indirect evidence puzzles, and role-played argumentation, learners confront the limits of
perception, grapple with theory-laden explanations, and experience firsthand how scientific
reasoning is built on the iterative interplay between what is observed and what is inferred.

Discrepant-event demonstrations [80] such as the “burning candle” [81] and “crazy
ketchup” [81] offer memorable entry points. In the first, learners are invited to record
“observations” about what appears to be a lit candle, only to discover at the reveal that
it is actually a piece of string cheese with an almond sliver for a wick. In the second, a
squeeze bottle rigged with hidden yarn creates the illusion of an erupting ketchup mess;
students must reconsider which statements truly described what they saw versus what
they inferred. Parallel logic is found in the “fake plant” activity [82], where a highly
realistic silk plant prompts students to list characteristics, many of which—such as scent,
photosynthesis, or the presence of roots—are revealed to be inferences after the plant
is pulled from the pot. Similarly, in “raisidia” [82], students view raisins dancing in a
clear, carbonated drink from a distance and are prompted to observe these mysterious

e

“creatures”. Many students ascribe agency or intent—"diving,” “swimming”—that, upon
closer inspection, turn out to be narrative inferences rather than direct observations. Each
of these cases culminates in structured discussion about the empirical basis of claims, the
theory-ladenness of perception, and the tentativeness of conclusions, making visible how
easily inference masquerades as observation and highlighting the need for public criteria
and reflective dialogue to discipline the observation—inference boundary.

Building on these concrete experiences, learners are prepared to grapple with more
open-ended puzzles based on indirect evidence. The classic “track stories” sequence [83]
presents three successive panels of fossil-like footprints (see image in [84]) and asks students
to reconstruct what happened, updating their explanations as new but still incomplete
evidence appears. The task is purposely designed to allow for several defensible hypothe-
ses, and the iterative cycle of hypothesis, test, and revision echoes the logic of historical
sciences, where only traces remain. Modern versions of this activity, such as “Tricky Tracks,”
refs. [85,86] are specifically designed to also make students confront the difference between
inference and observation. At the start of the activity, students are given only the first panel
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of animal footprints and are asked to write a brief account of what they think happened,
thus encouraging them to propose an explanatory narrative based on incomplete evidence.
As the activity progresses, students are then shown the second panel—so they now have ac-
cess to both the first and second parts of the track sequence—and are prompted to describe
what they can observe in the newly revealed section. This instruction often reveals their
tendency to blend inference with observation. Finally, with all three panels visible, students
are asked to distinguish between their direct observations and further inferences, and to
consider whether any conclusion about what truly happened can ever be certain, or what
further information might be needed. A recent gamified adaptation [87], situates the task
within a narrative context to increase engagement and support collaborative argumentation
about the meaning of evidence, all while preserving the epistemic rigor of the original
activity. This carefully sequenced structure helps learners become aware of how scientists
draw on indirect evidence, how multiple reasonable explanations can fit the same data,
and why scientific conclusions remain tentative and subject to revision as new evidence
becomes available [86,88].

As a culminating move in this strand, The Card Exchange is a negotiation-based
learning game developed by Cobern [89] and further refined by Cobern and Loving [90,91],
designed to introduce the diversity of perspectives on the NoS and to stimulate explicit
debate around what counts as science. In this activity, participants circulate and trade cards
containing concise, sometimes contrasting statements about science—spanning theoretical,
empirical, scientistic, cultural, and pragmatic viewpoints—then negotiate in pairs and
small groups to reach consensus, culminating in a collaboratively authored statement
about the NoS and a whole-class discussion. The game’s deliberate inclusion of competing
perspectives fosters awareness of diversity within scientific worldviews and encourages
compromise and reflective argumentation, serving as a powerful set induction for deeper
NoS instruction and often followed by analysis of historical case studies (e.g., Semmelweis,
Newton) that anchor abstract claims in scientific practice [90,91]. However, research
by Allaire [92] revealed that the density and vocabulary of the statements sometimes
hinder participation, leading to the successful integration of literacy scaffolds such as
statement previews, small-group paraphrasing, and class-wide negotiation of meanings.
Allaire’s empirical study found that these strategies both enhanced engagement (over 80%
of participants “strongly agreed” that the supports improved the experience) and preserved
the game’s dialogic and reflective aims, making Card Exchange an even more effective and
inclusive entry point for NoS exploration in teacher education.

Together, these activities move learners from controlled, memorable surprises to
more complex reasoning with indirect evidence, laying a foundation for appreciating
core dimensions of the NoS: the empirical-inferential distinction, the tentativeness and
revisability of claims, the creative construction of explanations, and the need for public,
communal negotiation of knowledge.

3.2. Discovering Patterns and Principles

Beyond tasks focused on observation and inference, another family of playful logic
puzzles and games centers on the identification and testing of hidden patterns or “rules”
within complex systems, illustrating how scientists move from isolated observations to
generalizable principles.

Petals Around the Rose [93] is a classic inductive puzzle in which a facilitator repeat-
edly rolls five standard dice (physical or online [94]) and announces the result for each
throw; players must infer the underlying rule without it being stated, with the hint that
the name of the puzzle is significant (Figure 1). The answer for each roll is determined by
counting only the dots (“petals”) that surround the central dot (“the rose”) on each die:
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dice showing 3 contribute two petals each (the dots adjacent to the center), dice showing
5 contribute four petals, and all other faces (1, 2, 4, 6) contribute zero petals—since either
they lack a central dot or have no dots around “the rose”.

Figure 1. Petals Around the Rose. Example dice roll for which the result is 6.

Traditionally, the activity is considered complete only when a participant is able to
predict the correct answer on six consecutive rolls—a threshold that demonstrates genuine
mastery of the underlying rule rather than accidental success. In classroom settings [95], this
“six-in-a-row” criterion allows teachers to challenge participants to make public predictions
while keeping their inferred rule private after success, thereby preserving the discovery
experience for their peers. By ensuring that the solution is not immediately revealed, all
participants remain engaged in hypothesis generation and testing until multiple students
independently reach the solution.

The Wason rule discovery puzzle [96] presents learners with an apparently simple
sequence—such as “2, 4, 6”—that obeys a hidden rule. Participants propose their own
triples, receiving only yes/no feedback, and are invited to guess the rule once confident.
The original study found that most participants, including highly intelligent adults, sought
only to confirm their initial hypotheses (e.g., “numbers increasing by two”), rarely at-
tempting to falsify them through counter-examples. This “confirmation bias” led many to
incorrect or overly narrow solutions, and often to their astonishment, the actual rule may
be far more general—for example, “any increasing sequence of numbers.” This outcome
demonstrates how reliance on positive instances alone can impede genuine conceptual
understanding. Instead, scientific progress relies on attempts to eliminate or falsify com-
peting hypotheses, a logic mirrored in the task when participants test triples that might
disconfirm their assumptions [96,97]. Recent empirical work [98] showed that when logic
puzzles inspired by Wason's task are embedded in explicit-reflective NoS programs, pre-
service teachers significantly improve their understanding of scientific reasoning and bias,
especially regarding the importance of testing and revising claims.

Building on these logics, Eleusis is a card game invented by Robert Abbot in 1956 [99]
and revised in 1977 [100], in which one player acts as “Nature” and secretly defines a rule
that determines which card plays are accepted. Other players submit cards in turn, attempt-
ing to discover the rule by observing which plays are accepted onto the mainline and which
are rejected to the sidelines. As illustrated in Figure 2, the mainline displays the sequence
of cards that correctly follow the dealer’s hidden rule (in this example, alternating spades
and hearts, each exactly two higher than the previous card), while cards placed below the
mainline (sidelines) represent incorrect attempts that did not satisfy the secret pattern and
were thus rejected, creating a transparent record of both supporting and contradicting cases.
At any point, a player who believes they have discovered the rule may declare themselves
“Prophet” and take over the role of judging subsequent plays [101]. The dynamics of
play require participants to generate hypotheses, test predictions, revise their thinking
in response to new evidence, and defend their reasoning. This process operationalizes a
hypothetico-deductive approach, mirroring how scientific theories are articulated, tested,
and revised within a community [102]. Eleusis Express (Figure 2)—developed by John
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Golden—distills the core mechanics by removing the Prophet and allowing any player to
state the rule publicly immediately after a correct play; the dealer confirms or denies on the
spot, and a correct conjecture ends the hand [103]. Speed Eleusis is a version that accelerates
play and, distinctively, introduces the possibility for Research Teams to “publish” their pro-
posed rules, “replicate” the published rules of other teams if they agree, or “retract” prior
claims if subsequent evidence undermines them, thereby closely mirroring the communal,
competitive, and self-correcting features of real scientific practice [104]. Classroom research
shows that with Eleusis and its variants, learners can map game roles and moves onto
features of scientific practice [105], report high engagement and measurable improvements
in students’ abilities to formulate hypotheses, interpret evidence, and argue from data [16],
and achieve gains in NoS dimensions related to subjectivity and communal knowledge
building [106].

4 W YiAaivy
' V Mainlined
VY Y scept
Y VA A

‘
7 ‘ ‘ ‘ Sidelines
w H ‘ ‘ ‘ ‘ (rejected

cards)

Figure 2. Eleusis Express. Example from a round with the dealer’s secret rule: alternating spades and
hearts, each exactly two higher than the previous card.

As digital technologies expand the landscape of playful science learning, digital games
offer new opportunities to advance NoS instruction for younger learners. A notable exam-
ple is Snatch and Hatch, a story-driven mobile application that immerses children in sensor-
based inquiry and cultivates core scientific practices such as empirical testing, creativity, and
collaborative model revision [107]. In the game, players help “Professor Yuni” capture and
hatch virtual creatures using real-world sound amplitude, measured via the device’s micro-
phone. Gameplay centers on hypothesis generation, empirical testing, and iterative model
revision, with children using environmental sounds to trigger outcomes and reflecting on
their discoveries. The design explicitly scaffolds NoS principles—emphasizing the empiri-
cal and tentative character of science, creativity, methodological plurality, and the social
dimension of knowledge-building. A multi-day evaluation with children aged 8-12 [107]
found that Snatch and Hatch was highly motivating, fostered sustained engagement, and
improved attitudes toward science; children could articulate key scientific ideas such as the
role of evidence and the tentativeness of results.

Taken together, this sequence of games and puzzles moves students from isolated
pattern-seeking and confirmation bias toward increasingly sophisticated, collaborative, and
reflective engagement with the processes of science. These playful tasks not only mirror key
dimensions of scientific practice—hypothesis testing, evidence evaluation, theory revision,
and communal argumentation—but also foster transferable habits of mind that underpin
genuine NoS understanding.
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3.3. Inferring the Invisible: Black-Box Activities and Model-Based Reasoning

Building on the logic of pattern-discovery games—which reveal how scientists for-
mulate and test explicit rules—black-box (or mystery box) activities shift the epistemic
challenge to inferring hidden mechanisms from observable outcomes. Instead of seeking a
surface rule, learners are confronted with opaque systems whose internal workings cannot
be directly observed. These hands-on tasks require students to generate, test, and revise
models solely on the basis of indirect evidence, thereby foregrounding the role of model-
ing, the empirical-inferential distinction, the tentativeness of explanations, theory-laden
observation, and the social negotiation of claims [15].

Canonical implementations demonstrate that progress depends on cycles of hypoth-
esizing, testing, and model revision rather than on a single “scientific method,” and that
more than one internally coherent model can fit the same data. Pragmatically, teachers
can fabricate sturdy “inquiry boxes” from shoeboxes by gluing internal baffles and adding
a marble—an inexpensive, PD-friendly build that centers indirect evidence and model-
ing [82,108] or can opt for commercial solutions such as the Lab-Aids’ Ob-Scertainer®
(A Better Black Box”, Figure 3a), which reproduces the shoebox logic in sealed black plas-
tic Petri dishes, containing a small steel ball and dividers, and students tilt the dish from
side to side to infer what the divider pattern is [109-111]. When these tasks are gamified or
embedded in narrative-rich settings [87,112], black boxes shift from merely playful activities
to gameful experiences (storyline, time pressure, competition) that heighten motivation and
make public reasoning more salient. Recent work [113] has highlighted the epistemological
value of explicitly discussing the explanatory limits of black boxes in the classroom, helping
learners manage uncertainty and understand the inherent underdetermination of scientific
inference. This versatility extends to professional development and all school levels, as
teachers can adapt designs to their context and resources.

Figure 3. Three types of black-box (mystery box) designs. (a) Commercial Ob-Scertainer® device,
showing both the closed and open configurations. (b) Station-based mystery boxes with post-its.
(c) A homemade mystery tube.

Two design norms are especially instructive: first, the box should remain closed—
“answers” are neither revealed nor uniquely determined—so that students confront un-
certainty and scope limits of models; second, as emphasized previously, guided reflection
is required if NoS learning is to move beyond naive or episodic understandings [15,114].
Further, portfolios that deliberately vary evidence types and access—such as station-based
mystery boxes with post-its that scaffold phased clue-release and collaborative modeling
(Figure 3b) [115] or advanced twists that add constraints and new probes in secondary
settings [116]—show how instructional design can engineer anomalies and ambiguity to
force model revision without ever opening the box. Extensions that add new forms of evi-
dence (e.g., X-ray images of sealed boxes) clarify that novel instruments can both illuminate
and complicate inference at once [117], fueling debate over how communities adjudicate
competing models. At the primary level, lesson-study implementations of black-box games
report high engagement and productive, evidence-based argumentation, underscoring
feasibility for early NoS instruction [118].
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A widely used entry point is the Mystery Tube (Figure 3c), where rope motions at the
tube’s exterior are produced by a hidden internal linkage; students record observations,
propose and test models (often building physical replicas), and publicly defend revisions in
light of anomalies [15,81,114,119]. For more advanced learners, activities can incorporate
added constraints and hidden elements, as in more challenging tube variants—which
sustain iteration and underscore underdetermination, since multiple interior designs can
reproduce the same behavior, and highlight the value of peer critique—and, notably, classes
coupling this activity with explicit NoS discussion have outperformed comparison groups
on standardized NoS measures [120].

Another effective approach is the Water Black Box [121,122], a process-rich modeling
task with hidden tanks or siphons that yield non-obvious outputs—whether using phys-
ical apparatus or dedicated digital simulations [123]; this supports analysis of modeling
strategies and produces measurable gains in meta-modeling knowledge when paired with
reflection [121,122]. Recent research further deepens this line by unpacking alternative
internal mechanisms and the mechanistic explanations they elicit, showing how students’
reasoning adapts as hydraulic system complexity scales [124].

Similarly, in the Cube activity, learners infer the hidden face of a six-sided dice from
the visible pattern on the other five faces, publicly justifying competing models and revising
them as counter-examples emerge [15,86,111]. Finally, another parallel epistemic challenge
is posed by the Magic Glue activity [109,110], in which students observe a mysterious
adhesive effect whose causal mechanism is concealed and must be inferred; using a CER
(claim—-evidence-reasoning) argumentation scaffold [125], teams advance rival mechanistic
accounts, design discriminating tests, and argue why particular observations count as
evidence for (or against) each claim.

Black-box activities powerfully demonstrate how scientists construct models from
incomplete evidence. Together, these designs afford discussion of observation vs. in-
ference, creativity in modeling, plurality of methods, tentativeness, and the commu-
nal character of validation—precisely the NoS dimensions emphasized in contemporary
science-education frameworks.

3.4. Teaching Tentativeness

A foundational dimension of the NoS is the tentativeness of scientific knowledge: the
recognition that explanations are always provisional and subject to change as new evidence
emerges or unexpected results challenge prevailing models. The Extra Piece activity [126]
offers a compelling analogy for the creative, tentative, and communal nature of scientific
work. In this puzzle, each learner first arranges a set of tangram pieces (representing current
scientific data) into a perfect square (Figure 4a). The facilitator then introduces an additional
piece—framed as a new discovery—which prompts learners to reconstruct the square to
accommodate the new piece (Figure 4b). Typically, students begin individually and then
move to group collaboration as challenges arise, highlighting the role of dialogue, flexibility,
and collective problem-solving. Throughout the process, assembling the square stands
in for building scientific explanations, while the surprise piece dramatizes how science
must adapt to new evidence, requiring trial-and-error, resilience, and open discussion. This
sequence mirrors how scientific models are revised in response to new evidence.

Several instructional elaborations build on this core activity. For example, in one of
these variations [127], groups receive different incomplete piece-sets and assumptions, at-
tempt to build the most symmetric figure possible, and then face a mid-task change as a new
piece is added. Groups must decide whether to assimilate, reorganize, or ignore the new
data, then “publish” and compare their models—a direct parallel to scientific prediction,
theory-ladenness, peer critique, and community validation. Another implementation [82]
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employs strict communication constraints and distributed tangram envelopes, foreground-
ing teamwork and the need to revise hypotheses for collective progress. Globally, the Extra
Piece and its variants powerfully illustrate the interplay of observation and inference, the
limits of empirical evidence, the plurality of scientific methods, creativity, theory-ladenness,
tentativeness, and the vital role of consensus and critique in the scientific enterprise.

Figure 4. The Extra Piece activity. (a) Initial solution with original tangram pieces; (b) revised solution
when a new piece (marked X) is introduced.

3.5. Unresolvable Mysteries

While the Extra Piece (and other tangram puzzles) underscores model revision in the
face of new evidence, it carries a potential limitation: by design, all pieces ultimately fit to
form a perfect square—potentially leaving learners with the misleading impression that
scientific problems always yield complete, coherent solutions if only one searches long
enough. This “closure bias” does not align with the NoS, where evidence is often incom-
plete, explanations remain open to revision, and some puzzles resist definitive resolution.

The Checks Lab activity [128] directly addresses this epistemic gap. Here, learners
draw random batches of checks from a larger set, using these incomplete records to con-
struct a plausible narrative about what occurred. As new checks are revealed, groups revise
or sometimes abandon their initial hypotheses. The task cultivates skills in reasoning from
indirect evidence [129]: claims are warranted not by eyewitness access to events but by
traces whose probative force grows when multiple pieces of evidence cohere—while still
falling short of certainty. Crucially, the set of available evidence is always insufficient to de-
termine a single, correct story—different groups may select different checks and construct
divergent but plausible explanations. The activity is framed as an analogue for historical
sciences (e.g., geology, forensics), where only fragmentary traces remain and consensus
emerges from debate over the “most warranted” explanation, not absolute truth.

Building on this design, The E-mail Lab [130] updates the medium: groups receive
curated emails instead of checks. This format not only modernizes the artifact set but
also further emphasizes skills such as evaluating source credibility, handling conflicting
messages, and negotiating group interpretations as new information surfaces. Because
interpreting indirect evidence is inevitably theory-laden, debriefing should make explicit
the assumptions students bring to the records and how communities adjudicate among
plausible narratives [129]. Instructors prompt students to “publish” their evolving hypothe-
ses, critique others” accounts, and iteratively adjust their conclusions as additional emails
are disclosed—making the tentativeness and social negotiation of scientific knowledge
explicit [130].

The Case of the Missing Computer Chip [131] takes this concept further by embedding
it in a detective narrative, with layers of uncertainty and choice. Teams receive a map of
the scene and a packet of 14 clues. In the first round, groups draw five clues at random,
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construct a tentative hypothesis, and record their reasoning. In subsequent rounds, they
draw three more clues, prompting them to revisit and revise their explanation, always
aware that different teams have access to different evidence subsets and will likely reach
different conclusions. A key innovation is that, at a certain stage, groups are given the option
(but not the obligation) to share clues with another team—a direct analogy to scientific
collaboration and selective information sharing. The clues themselves vary in reliability:
some are robust forensic reports, others are potentially unreliable witness statements or
motives, and some are ambiguous. Students are challenged to debate the credibility and
relevance of each clue, weighing how strongly each supports their hypothesis. Importantly,
even after all rounds, not all clues are used and there is no solution key—the activity is
deliberately underdetermined, and groups must justify the best-supported account possible
with the available information. Empirical research with preservice teachers has shown the
power and educational value of this approach. In one study [132], a recurrent pattern was
premature closure: most groups ultimately indicted a suspect even while acknowledging
that the evidence was insufficient or conflicting—an instructive manifestation of the closure
bias discussed earlier. In another higher-education setting, the same mystery was adapted
as part of a Harry Potter—themed course arc, further motivating reflection on scientific
uncertainty and the handling of unresolved evidence [133].

Taken together, these games and playful activities vividly illustrate the theory-
ladenness and subjectivity of scientific interpretation, as different teams often reach different
conclusions from similar data [79]. The processes of clue sharing, argumentation, and pub-
lic negotiation dramatize the communal and negotiated character of scientific knowledge.
Most distinctively, by ensuring that some puzzles cannot be definitively solved—even after
thorough investigation—these designs powerfully underscore the limits of science and
highlight the centrality of seeking the “most warranted” explanation, rather than a single
“final” answer.

3.6. The Power of Moderately Contextualized Playful Activities

The games and playful activities discussed in Section 3.1-3.5 are, by design, largely
decontextualized—they offer powerful simulations of reasoning, model construction, or
argumentation, but are not anchored in specific disciplinary content or authentic scien-
tific cases. This decontextualization is both a strength (allowing focus on core epistemic
processes) and a limitation, as students may perceive them as “not real science” unless
instructors scaffold explicit connections to scientific content or stories. Activities that are
moderately contextualized—embedding epistemic reasoning within historical narratives
or authentic practices—are especially effective for bridging this gap [134].

Extending the epistemic thread from Section 3.5—where the limits of evidence and the
possibility of non-closure were foregrounded—while anchoring reasoning in disciplinary
chemistry, a domain-authentic illustration is the classic mystery powders investigation.
In its standard form [135,136], students analyze a set of common white powders (e.g.,
sodium bicarbonate, cornstarch, ascorbic acid, sodium chloride) using a magnifying glass
to observe their physical properties, followed by systematic testing with three reagents:
vinegar, iodine solution, and water (Figure 5). By carefully comparing the observable
reactions of each known substance, learners establish diagnostic patterns. These tests are
then repeated on an unknown white sample, which may correspond to one of the previ-
ously studied substances, a new substance, or a mixture. Students are thus challenged to
identify unknown substances based on their observable properties and chemical reactivity,
constructing evidence-based claims that mirror core scientific practices such as observation,
inference, and argumentation from evidence [129,137]. Recent implementations convert
this task into a competitive game or narrative-rich challenge [138,139], and some variants in-
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troduce a deliberate epistemic obstacle: after characterizing the reference powders, students
are confronted with a “mystery” sample that may be or contain a substance not included
in the initial set [140]. This design ensures that, even with systematic testing and careful
argumentation, definitive identification is not always possible—forcing learners to grapple
with uncertainty, acknowledge the limitations of empirical methods, and appreciate that
some scientific questions may remain unresolved [14].
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Figure 5. Mystery powder investigation. Diagnostic reactions of four known white solids—sodium
bicarbonate, cornstarch, ascorbic acid, and sodium chloride—are compared with those of
an unknown sample.

The Periodic Patterns Puzzle [141] marks a departure from this trend, offering a
moderately contextualized activity anchored in the genuine historical and conceptual
challenge faced by Mendeleev in constructing the periodic table. Rather than simply sorting
items by superficial attributes [142], students must discern multidimensional periodicity,
justify leaving principled gaps, and use observed patterns to predict the properties of a
missing or unknown element—mirroring the creativity and inferential reasoning at the
heart of Mendeleev’s achievement. In this task, students work with cards (the deck can be
downloaded from [143]) that are characterized by several independent features, including
color, numbers at the top and bottom, a central star whose number varies from card to
card, and a variable number of triangles on the right side and holes on the left side; the
activity often includes a “misfit” card, compelling students to negotiate what counts as
a regularity, and how to deal with apparent anomalies [144]. Instructors usually opt to
remove a card from the deck (cards 14 or 19 work well [141,143]), challenging students
to predict its properties based on the arrangement of the remaining cards—an explicit
analogue to Mendeleev’s strategy of leaving gaps in his periodic table and predicting
the existence and characteristics of unknown elements (Figure 6). This puzzle compels
learners to coordinate multiple attributes, defend gap-based predictions, and justify why a
particular card cannot fit, thus engaging them in complexity, communal negotiation, and
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the tentativeness and revisability of scientific knowledge—all qualities that align with the
true intellectual achievement of Mendeleev and situate the task as a robust platform for
NoS instruction [141,144].

Figure 6. Example of student work in the Periodic Patterns Puzzle activity. The empty space marks
the position of card 19, whose properties must be deduced from its context within the “periodic table”
constructed by the group. Card 39, which does not fit any pattern, is excluded.

Beyond its structural and epistemic sophistication, the Periodic Patterns Puzzle hu-
manizes chemistry and brings to life the creative, situated, and social NoS. Instructors can
draw on vivid historical narratives—including the journey of Mendeleev and his mother,
who rode on horseback across Russia to ensure his education, and the now-classic story of
Mendeleev’s inspiration for the periodic table during a long train journey, where his experi-
ence as a card player led him to arrange element “cards” to reveal hidden patterns [145,146].
Such stories not only illustrate resilience and serendipity, but also ground the lesson in the
authentic, human dimensions of discovery, as emphasized by recent scholarship on the role
of historical narrative in science education [147]. The puzzle also invites critical reflection
on the status of “laws” in chemistry: while Mendeleev’s periodic law allowed for successful
prediction and organization, it was, an interpretative and pattern-based regularity, not a
deductive physical law—distinctions that become salient as students encounter exceptions
or misfits in their own solutions [148-150]. The challenge of leaving gaps and predicting
missing cards directly echoes Mendeleev’s strategy of forecasting undiscovered elements,
as well as the scientific process of managing anomalies and recognizing when data do not
fit a prevailing model [145,146].
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Another example of a moderately contextualized game is a board game about the NoS
set in the history of astronomy, developed for high school students in Taiwan [151]. In
this activity, students take on the roles of scientists and “travel” through key episodes in
astronomical history from the 5th century BCE to the 16th century, making and revising
claims, interacting in a simulated community of scholars, and experiencing firsthand the
process of scientific negotiation and model revision. The intervention, delivered over two
hours within a single week to 149 high-school students, combined the board game with a
companion app to facilitate gameplay and information sharing. Evaluation with pre—post
tests showed a significant improvement in students’ recognition of the creative dimension
of science [151].

Lastly, an innovative recent approach to addressing both the History and NoS in initial
teacher education is the card game Cronociencia [152]. Adapted from the commercial game
Timeline, this teaching sequence invites preservice elementary teachers to collaboratively
build two decks of cards: one documenting the historical evolution of a chosen scientific
concept and the other containing statements about various aspects of the NoS, each reflect-
ing a range of naive, intermediate, or informed views. The didactic sequence unfolds over
several sessions, combining small-group research, synthesis of historical information, and
the creative design of playing cards, followed by gameplay in mixed teams. The gameplay
centers on reconstructing a chronological sequence of scientific events and classifying NoS
statements according to levels of epistemic adequacy, thus prompting discussion, negoti-
ation, and explicit reflection on epistemological themes such as tentativeness, empirical
evidence, model evolution, and the social and technological context of discovery. Empirical
results indicate that participation in Cronociencia significantly exceeds student expecta-
tions, increases motivation and engagement, and is perceived as highly innovative and
transferable to future teaching practice [152].

4. Conclusions and Prospects

This review has shown how games (e.g., Eleusis, Card Exchange, Petals Around the
Rose, Cronociencia, Snatch & Hatch) and playful activities—when purposefully integrated
into science education—can make the core principles of the NoS visible in practice. Across
designs, learners are asked to generate and scrutinize observations, advance and defend
claims, and revise explanations as new information emerges, experiencing science as an
iterative, communal, and creative enterprise rather than a fixed procedure.

Distinguishing observation from inference is at the heart of discrepant-event demon-
strations and open-ended modeling tasks. Activities like the burning candle, crazy ketchup,
and the fake plant initially prompt students to describe what they see, only to reveal how
much of their reasoning is colored by assumption or prior knowledge. In “raisidia”, what
appears to be the behavior of living creatures is, upon closer analysis, a product of physical
phenomena—provoking reconsideration of what counts as genuine observation. The Tricky
Tracks sequence and the cube activity similarly force students to confront how often they
infer “what happened” rather than report simply “what is seen,” a realization that becomes
central in subsequent argumentation and modeling.

Creativity and imagination are unmistakable in games that require learners to con-
struct, adapt, or invent explanatory models. The logic puzzles of Eleusis and its variants
demand that students generate and test candidate rules, learning through failure as well as
success. The Extra Piece tangram and the Periodic Patterns Puzzle go further, encourag-
ing exploration of multiple solutions, defense of rival constructions, and even prediction
of “missing” elements—recapitulating the imaginative leaps characteristic of discovery.
Cronociencia and other timeline-based games place creative synthesis directly in students’
hands, who research and generate the cards that drive collaborative play.
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Theory-ladenness and subjectivity emerge naturally as different groups, working with
the same materials, arrive at contrasting interpretations. Whether sorting statement cards
in Card Exchange, debating the best account for a set of clues in the Missing Computer
Chip activity, or prioritizing different features in the Periodic Patterns Puzzle, learners ex-
perience first-hand how prior knowledge, perspective, and even preference shape scientific
judgment. This diversity of interpretation is not a flaw but a feature of authentic science,
which advances through public contestation and refinement of ideas.

The tentativeness of scientific knowledge becomes concrete in activities where new
evidence or unexpected results force revision, abandonment, or defense of prior claims. In
black-box investigations, students must be ready to discard favored models when new data
undermine their fit. Rule-discovery games like Eleusis and its variants explicitly dramatize
the provisional status of every claim. Even in contextualized tasks like the Periodic Patterns
Puzzle, the deliberate inclusion of misfit cards or the need to leave gaps echoes real scientific
practice in managing uncertainty and the limits of current understanding. Mystery powders
tasks that incorporate unknowns which cannot be definitively identified reinforce the idea
that some scientific problems remain unresolved and invite students to experience the
genuine open-endedness and tentativeness that characterizes authentic inquiry.

A plurality of methods is evident across the corpus. Some tasks foreground empirical
manipulation and repeated testing (e.g., mystery boxes); others rely on logical deduction
and pattern recognition (Eleusis, Petals Around the Rose, Wason’s rule discovery); still
others center on historical or creative synthesis (Cronociencia). This diversity helps students
appreciate that there is no single “scientific method,” but rather a repertoire of strategies
adapted to different questions, constraints, and contexts.

Empirical evidence is foregrounded wherever learners must collect, accumulate, and
weigh data before advancing claims. In black-box investigations, Magic Glue and the
Checks/E-mail /Chip sequence, students gather repeated observations, design tests, and
compare multiple traces to reach defensible conclusions, highlighting that one result is
never sufficient. Games like Eleusis and its variants model this principle through public
records of trial and error, and the need for revision when counterexamples emerge. Even
minimal puzzles, such as Petals Around the Rose and Wason’s rule discovery, reinforce
the necessity of seeking disconfirmation across many trials, emphasizing evidence that is
systematic, convergent, and open to revision.

The interplay among laws, theories, and models is dramatized in tasks that require
students to propose, test, and revise representations of phenomena. Whether modeling
the interior of a cube, finding the rule in Eleusis, or justifying a pattern-based “law” in the
Periodic Patterns Puzzle, learners are encouraged to see regularities as provisional, subject
to revision, and always contingent on available evidence and interpretation. The very
structure of many games—requiring explanation, critique, and re-explanation—mirrors the
living, evolving character of scientific models and theories.

While this review synthesizes a broad repertoire of classroom-ready activities for NoS
instruction, it does not claim comprehensive coverage of all possible playful or game-based
approaches, nor does it systematically evaluate their empirical impact across contexts. The
selection of activities is based on documented epistemic alignment and practical feasibility,
rather than exhaustive experimental evidence. As such, the effectiveness and transferability
of each approach may vary depending on context, teacher expertise, and student character-
istics. These limitations highlight the need for ongoing empirical investigation and critical
evaluation of playful approaches in diverse educational settings.

Looking ahead, two priorities stand out for both practice and research. First, there
is a need to calibrate contextualization: decontextualized puzzles can efficiently surface
core reasoning, while moderately contextualized designs—anchored in historical cases
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or disciplinary content—deepen meaning and support transfer, provided cognitive load
is well managed. Sequencing from observation—inference tasks to hidden-rule discov-
ery, model-based black boxes, and then contextualized cases offers a pragmatic stair-
case that progressively increases demands on evidence coordination and social negotia-
tion. The second priority is to make the explicit-reflective layer non-negotiable: short,
named debrief routines (such as claim—evidence-reasoning, model-comparison protocols,
or public criteria for “what counts as evidence”) should be deliberately planned with
the targeted principle in mind, as learning gains consistently hinge on these moments of
metacognitive consolidation.

Building on these priorities, future work should focus on refining principle-aligned
assessments capable of capturing growth within specific NoS dimensions, as well as on
developing accessible language scaffolds and logistical templates—such as station guides
or clue-release scripts—to broaden uptake across diverse learners and settings. In addition,
research should explore digital and narrative extensions not merely for engagement, but
to simulate communal processes such as publication, replication, and the adjudication
of competing claims. Finally, centering equity and inclusion is essential, ensuring that
all students can participate in, and see themselves within, the communal enterprise of
scientific knowledge building. Used intentionally, the designs reviewed here can do more
than teach about the NoS; they can cultivate the habits of mind, resilience, and curiosity
that sustain scientific inquiry.

Ultimately, these playful, principle-informed approaches do not merely enhance
science lessons; they have the potential to foster a deeper scientific literacy—empowering
future citizens to navigate a world shaped by evidence, uncertainty, and collective reasoning.
When thoughtfully implemented, such experiences can transform science education from
rote learning into an invitation to participate authentically in the ongoing human endeavor
of making sense of the world.
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