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Abstract

Learning from errors (LFE) constitutes a complex, multilevel process whose pedagogical
value depends on how errors are elicited, interpreted, and corrected. This narrative re-
view critically synthesizes research on LFE and its implications for science instruction in
school and higher education. The reporting of the purposive, non-exhaustive search was
strengthened with reference to the Scale for the Assessment of Narrative Review Articles
(SANRA) criteria. The synthesis traces the historical transition from error avoidance to con-
ditional error-as-resource perspectives and integrates five complementary lenses: error type,
negative knowledge, cognitive load and prior knowledge, affective and self-regulatory
processes, and the Generating Errors/Detecting and Correcting Errors model. It then
evaluates instructional approaches including productive failure, erroneous examples, peer
instruction, formative feedback, conceptual-change strategies, Predict–Observe–Explain,
refutation texts, and gamification. Evidence is strongest when errors are embedded in
structured cycles of manageable challenge, explanation, feedback, and revision; however,
effects are heterogeneous and moderated by learner expertise, task demands, feedback
design, classroom error climate, and safety constraints. Domain-specific evidence is most
developed in physics, chemistry, biology, and health-professions simulation, whereas Earth
and climate sciences and teacher professional development remain comparatively under-
examined. The review concludes with an integrative framework and actionable design
principles for science teacher education, while identifying methodological, cultural, and
empirical gaps for future research.

Keywords: science education; learning from errors; productive failure; error climate;
metacognition; feedback; peer instruction; conceptual change; teacher education

1. Introduction
The contemporary educational landscape is increasingly characterized by growing

concerns about students’ disengagement from scientific disciplines [1]. The persistence
of traditional methodologies has been associated with negative perceptions regarding
science [2], as well as inefficient content acquisition [3]. Furthermore, frustration constitutes
a prevalent emotional response when students encounter complex scientific material [4],
a phenomenon frequently associated with making errors during the learning process [5].
School science can sometimes present knowledge acquisition as a linear progression toward
a single correct answer, whereas scientific practice advances through conjecture, evidential
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criticism, revision, and the disciplined correction of error [6,7]. Consequently, there is a
need for innovative approaches and for a shift in attitudes toward the role of errors in
the classroom.

Although errors have historically carried negative connotations due to their adverse
impact on summative assessments [8], the analysis of errors offers significant pedagogical
value. Specifically, it provides educators with critical insights into the underlying sources
of student misconceptions while simultaneously enabling students to differentiate between
productive and unproductive lines of reasoning [9]. Rather than conventional practices
that seek to avoid errors entirely [10], evidence suggests that integrating errors into the
instructional process yields educational benefits [11]. This approach has been investigated
across diverse disciplines, including mathematics, medical education, and science learn-
ing [12–15]. Despite growing interest in Learning from Errors (LFE), the literature remains
dispersed across educational domains and has not, to our knowledge, been integrated
into a science-education synthesis that connects cognitive, affective, metacognitive, and
instructional mechanisms [5,16].

In response to this literature gap, this review aims to synthesize the most relevant
empirical and theoretical findings intersecting LFE with science education. Specifically, it
addresses four overarching research questions: (1) How has the educational significance of
errors evolved historically? (Sections 3.1–3.3), (2) Through which cognitive, emotional, and
metacognitive processes can errors foster learning? (Section 4), (3) What are the primary
challenges and boundary conditions associated with using errors in instruction? (Section 5),
(4) Which instructional approaches leverage errors as learning opportunities, and under
what conditions? (Sections 6 and 7). The review also examines practical applications
across science disciplines and concludes by consolidating design principles for teacher
education, highlighting systemic limitations, and identifying evidence-based priorities for
future research and instructional design.

2. Scope and Approach of the Review
This article is a narrative review designed to build a conceptually coherent synthesis

across educational psychology, science education, mathematics education, and adjacent
high-stakes training domains. The search was purposive and non-exhaustive: sources
were selected for their capacity to clarify concepts, mechanisms, boundary conditions,
instructional approaches, or science-specific applications rather than to estimate a single
pooled intervention effect. The revised reporting was checked against the six SANRA
domains—importance, aims, search description, referencing, presentation of evidence
levels, and reporting of relevant outcome data—while recognizing that SANRA is an
appraisal aid rather than a substitute for a systematic-review protocol [17].

Eligibility was applied at the level of conceptual or empirical contribution (Table 1).
The review included peer-reviewed journal articles, scholarly books and chapters, and
selected conference proceedings published between 1950 and 2026. The final literature
search and retrieval process was concluded on 5 June 2026. English-language work was
prioritized, with selected non-English sources retained when historically or conceptually
important. Sources had to address errors, mistakes, failure, misconceptions, corrective
feedback, or closely related instructional processes in school, higher education, teacher
education, or adjacent scientific training contexts. Studies concerned only with error rates,
without an educational or learning interpretation, were excluded.
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Table 1. Eligibility framework used in the narrative review.

Dimension Included Excluded

Publication status
and period

Peer-reviewed articles; scholarly books/chapters;
selected conference proceedings; 1950–2026.

Unpublished manuscripts and
non-scholarly commentary, except

when a historically necessary
definition was unavailable elsewhere.

Educational setting School, higher education, teacher education, and
adjacent scientific or safety-critical training.

Work with no plausible
instructional, learning, assessment, or

training relevance.

Substantive focus

Error generation, error detection/correction, error
climate, misconceptions, failure, feedback,

productive failure, incorrect examples, conceptual
change, or related mechanisms.

Descriptive error counts with no
analysis of learning, reasoning,
feedback, or instructional use.

Evidence role
Theoretical frameworks, primary empirical

research, evidence syntheses, and
methodologically informative historical sources.

Sources that did not materially
contribute to one of the
four research questions.

Language Primarily English; selected non-English sources
when historically or conceptually relevant.

Non-English sources that could not
be evaluated reliably by the authors.

Literature retrieval was iterative and purposive across the Web of Science Core Col-
lection, Scopus, and ERIC. Google Scholar was used only for supplementary backward
and forward citation tracking. Searches were conducted in titles, abstracts, and keywords
where database interfaces permitted. Rather than relying on a single rigid Boolean string,
the search used clusters of terms that were combined according to the conceptual question
being examined. Table 2 documents those clusters and the search fields used.

Table 2. Search-term clusters and their analytical purposes.

Analytical Purpose Representative Terms

Core construct learning from errors; learning from error; error-based learning;
errorful learning; error management training; mistake failure

Cognitive and metacognitive mechanisms
negative knowledge; error generation; error detection; error

correction; metacognition; self-regulation; cognitive load; prior
knowledge; desirable difficulties

Instructional approaches
productive failure; problem solving before instruction;

incorrect/erroneous examples; corrective/formative feedback; peer
instruction; refutation text; Predict–Observe–Explain; gamification

Science and adjacent domains
science education; physics; chemistry; biology; ecology; geoscience;
climate education; Nature of Science; medical/nursing simulation;

forensic training

Potential sources were assessed through titles, abstracts, and, when relevant, full
texts for their capacity to contribute to the conceptual framework or the domain-specific
synthesis. Backward and forward citation tracking was used to identify foundational texts
and newer extensions. The initial search was conducted by one of the authors and yielded
223 records. After removing sources that did not align with the focus of the review or
failed to meet the inclusion criteria, the final corpus comprised 139 sources. This final
screening was performed independently by two authors, who subsequently reconciled any
discrepancies through discussion with the rest of the authors to achieve full consensus.

For descriptive transparency, each cited source was assigned one primary domain
and one primary contribution type according to its predominant role in this review. These
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categories are interpretive rather than bibliometric, because several sources span more than
one discipline or method. The resulting profile is shown in Table 3.

Table 3. Descriptive profile of the final cited corpus.

Classification Primary Category Number of Sources Representative Contribution

Source domain Science education and
science teacher education 47

Misconceptions, conceptual change,
disciplinary interventions, Nature of

Science, and teacher knowledge.

Source domain
Educational psychology,
learning sciences, and

general education
57

Errorful generation,
affect, metacognition,

feedback, self-regulation, and
instructional design.

Source domain Mathematics education 22
Error climate, teacher error handling,

incorrect examples, and problem-
solving-before-instruction studies.

Source domain Health, medical, forensic,
and safety-critical training 6

Simulation, clinical reasoning,
productive failure, and safe

error exposure.

Source domain
Organizational,

human-factors, and
workplace learning

6
Error taxonomies, error

management training, transfer, and
negative consequences.

Source domain Review
methodology/reporting 1 Narrative-review quality

and transparency.

Contribution type Primary empirical research 84
Experimental, quasi-experimental,
observational, survey, qualitative,

and mixed-methods studies.

Contribution type Evidence synthesis 25 Systematic/narrative reviews
and meta-analyses.

Contribution type Theoretical, conceptual, or
methodological framework 14

Models of LFE, conceptual change,
feedback, metacognition, and

error management.

Contribution type Books, chapters, proceedings,
and reference resources 16 Foundational monographs, chapters,

conference studies, and definitions.

Mathematics education supplies a substantial part of the evidence on error climate,
teacher response, erroneous examples, and problem solving before instruction. Transfer to
science education is therefore treated as an analytical proposition rather than an assump-
tion. Mathematical and scientific errors can both reveal reasoning and support comparison,
but scientific claims are additionally constrained by empirical evidence, representational
models, material apparatus, and—in laboratory or health contexts—physical safety. Ac-
cordingly, mathematics-based findings are used to formulate candidate mechanisms and
design conditions, while science-specific evidence is prioritized when disciplinary claims
are made.

The review uses a qualitative evidence-strength appraisal to avoid implying a level of
precision that the heterogeneous corpus cannot support. “Strong” indicates convergent evi-
dence from meta-analytic synthesis and/or replicated findings across settings with broadly
consistent conclusions; “moderate” indicates support from several empirical studies or
from an evidence synthesis affected by substantial heterogeneity, inconsistency, or trans-
fer limitations; and “emerging” indicates a small, domain-specific, indirect, or primarily
conceptual evidence base. These labels are interpretive summaries rather than formal
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GRADE assessments or study-level risk-of-bias assessments. The labels characterize the
evidential basis for the review’s synthesized claims rather than the methodological quality
of individual studies.

3. Error Definitions and Historical Evolution: From Error Avoidance to
Error as a Resource
3.1. Terminology

A working definition is needed before examining the educational role of error. Al-
though a broad cross-cultural taxonomy is provided by Vanderheiden and Mayer [18],
pedagogical research often uses “mistake,” “error,” and “failure” inconsistently. James [19]
distinguishes an unintentional, performance-based lapse that a learner can self-correct
from a deeper error that reflects faulty knowledge or reasoning. The present review adopts
a broad definition of error as the outcome of an action that deviates from an expected
standard or intended goal [20,21], while Table 4 clarifies how neighboring terms are used.

Table 4. Working terminology used throughout the review.

Term Working Definition Use in This Review

Mistake An unintended performance lapse that the learner can
often recognize and self-correct [19].

Used when the cited source specifically
concerns slips or self-correctable

performance failures.

Error An action, response, representation, or conclusion that
deviates from an expected standard or goal [20,21].

The umbrella construct used for LFE; an
error does not necessarily imply a

stable misconception.

Failure
Failure to attain a task goal or generate a canonical

solution; it can contain several errors but is not
synonymous with any single error [21,22].

Retained in established constructs such as
Productive Failure.

Misconception/alternative
conception

A noncanonical scientific explanation that may be
relatively coherent or may arise from context-sensitive

knowledge elements [23,24].

Used only when evidence supports a
recurring conceptual structure, not for

every wrong answer.

Negative knowledge
Knowledge of what is incorrect, ineffective, or

inappropriate, together with cues for avoiding that
pathway in the future [25,26].

Treated as one possible learning outcome
of diagnosing and correcting errors.

Rasmussen’s classification [27], developed in human-factors research, distinguishes
skill-based lapses during automated activity, rule-based errors caused by misapplication or
forgetting of a rule, and knowledge-based errors in unfamiliar or complex situations. Rule-
based and knowledge-based errors are especially relevant to conceptual science learning,
although skill-based errors remain important in laboratory procedures. Representational
errors are treated in this review as a cross-cutting pedagogical form—an incorrect diagram,
model, equation, or worked solution—rather than as a fourth level in Rasmussen’s taxonomy.

3.2. The Legacy of Error Avoidance

Historically, behaviorist paradigms viewed errors as adverse events that should be
minimized, presuming that the rehearsal of incorrect responses reinforces undesirable
stimulus-response associations [10,13]. This perspective is exemplified by Skinner [28], who
argued that instructing students accurately from the outset fosters effective knowledge and
skill acquisition by minimizing errors through incremental, progressive steps. Within this
theoretical framework, errors should be prevented because they are presumed to solidify
incorrect cognitive pathways, thereby increasing the difficulty of subsequent remedial
instruction [10]. Consequently, behaviorist models imply that errors can be minimized
through effective listening, flawless instructional delivery, and an optimized learning
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environment. By suggesting that errors can be largely avoided under ideal instructional
conditions, this paradigm tends to overlook the role of individual differences and the
pedagogical significance of errors.

When errors occurred, behaviorist traditions used behavioral modification techniques
to weaken the undesired response. These included extinction through the withdrawal
of reinforcement, suppression through aversive consequences, and vicarious learning
from the observed consequences of another person’s response [29]. Such techniques differ
substantially from contemporary approaches that ask learners to explain why an answer is
wrong and how it should be revised.

Risk-averse approaches are justified when physical safety or immediate operational
accuracy is non-negotiable. In ordinary science learning, however, strict error avoidance
can conceal learner reasoning, restrict hypothesis generation, and remove opportunities
to compare intuitive explanations with accepted scientific models [6,23]. Preventing the
public expression of an error does not necessarily eliminate the underlying conception; it
may simply make that conception less visible to the teacher. Conversely, constructivist
and conceptual-change frameworks reframed errors as evidence of learners’ attempts to
make sense of experience [23]. Within these traditions, incorrect responses are valued not
because error commission is intrinsically beneficial, but because it reveals how learners
actively organize and structure their experiences. This shift was especially important for
science education. Decades of research show that students routinely interpret scientific
phenomena through their own logical, even if scientifically incorrect, frameworks [22,30].

Stevenson and Stigler’s cross-national account [31] described broad differences be-
tween classroom practices in the United States and East Asia at the time, including greater
public examination of student-generated solution methods in Japanese lessons. Students
in the East Asian systems discussed in that work also performed better on standardized
mathematics assessments. This comparison is historically suggestive, but it does not isolate
error handling as the causal factor: curriculum, teacher preparation, instructional time,
assessment, and cultural norms also differed.

Conceptions of science and scientific error have likewise changed over time. Science
was often represented publicly as an authoritative body of finished knowledge, while errors
were treated as embarrassing blunders caused by individual incompetence. Historical
and philosophical analysis instead shows that error detection, criticism, and revision are
recurrent features of scientific practice [6,32].

3.3. Errors as Learning Opportunities

Contemporary research does not support the view that errors are intrinsically benefi-
cial. Benefits are most likely when the task creates a manageable rather than overwhelming
difficulty, the learner activates relevant prior knowledge, and the error is followed by
informative correction and an opportunity to revise [10,22,33–35]. Under these conditions,
engagement with errors can support attention [36], argumentation [37], self-regulation [38],
retention and critical thinking [39], and effort regulation [40]. Classroom studies also report
associations between constructive error handling, achievement, and motivation [41,42],
although the size and direction of effects depend on context. Paradoxically, learners may
benefit from generating errors even when they do not recognize that benefit. In a study by
Huelser and Metcalfe [43], students subjectively perceived that studying directly paired
cue-target words was superior for their learning compared to a condition requiring initial
error generation prior to receiving the correct response. However, objective performance
metrics revealed that the error-generation condition yielded significantly higher retention
and memorization scores.
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This conceptualization of errors as instructional resources necessitates careful con-
sideration of the broader social context. Students do not encounter errors in isolation;
rather, they experience them within classroom environments where instructors and peers
actively frame the meaning of those errors. Research focusing on the perceived “error
climate” demonstrates that learners clearly differentiate between classrooms where errors
are tolerated, analyzed, and utilized as learning opportunities, and those where errors are
treated as threats to personal competence or social reputation [40]. This environmental
distinction is critical, as identical cognitive discrepancies can prompt deep reflection in a
supportive climate but trigger behavioral withdrawal in a punitive one.

Longitudinal and intervention studies further indicate that teacher responses shape
whether learners engage with or avoid their errors. A constructive error climate can buffer
declines in adaptive responses over time [44,45], and short professional-development
interventions can improve students’ perceptions of teacher support during errors, even
when deeper anxiety and learning orientations are harder to change [46]. These findings
are relevant to science education, where complex reasoning is often public and evaluative,
but they should be transferred cautiously because much of the underlying evidence comes
from mathematics classrooms. Scientific progress itself frequently depends on identifying
and correcting flawed claims or methods [6].

4. Why Errors Can Support Learning: Cognitive, Emotional, and
Self-Regulatory Mechanisms

Errors can arise from interacting sources, including gaps or conflicts in prior knowl-
edge, excessive cognitive load, ambiguous task interpretation, limited motivation, and
constraints in instructional materials or support [10,35]. Reflection on an error can con-
tribute to “negative knowledge”: knowledge of what a concept or action is not, which
pathways are ineffective, and when they should be avoided [25,47]. The value lies not
in preserving the error but in using the contrast between an unsuccessful pathway and a
warranted alternative.

Negative knowledge can help learners anticipate the consequences of actions and con-
nect new experiences with prior cases. Errors perceived as relevant can become memorable
episodes that guide more adaptive responses in analogous situations [48]. This account is
especially plausible when the learner can explain why the initial pathway failed and can
retrieve that explanation later.

In a biology intervention, students who diagnosed an incorrect energy-flow represen-
tation gained more conceptual knowledge than peers who evaluated a correct representa-
tion [49]. The present review interprets this finding as compatible with selective rejection of
inaccurate model components and integration of better-supported information. However,
the study measured conceptual outcomes rather than internal representational “tagging”;
the proposed updating mechanism should therefore be understood as an explanatory inter-
pretation, not as a directly observed cognitive process. Oser and Spychiger [26] similarly
argue that negative knowledge is embedded in broader knowledge structures and helps
learners recognize why previously accepted premises are untenable.

Error management training (EMT) provides evidence that actively exploring and
learning from errors can improve later adaptation. In Keith and Frese’s experimental work,
emotion control and metacognitive activity mediated transfer benefits [50]. A subsequent
meta-analysis of 24 studies found a positive overall effect of EMT (d = 0.44), with larger
effects for adaptive transfer to structurally different tasks (d = 0.80) [51]. Because most EMT
studies concern workplace or computer-skill training, transfer to school science should
be treated as mechanistic support rather than direct classroom evidence. Beyond purely
cognitive dimensions, affective factors also shape LFE. According to the learning model

https://doi.org/10.3390/encyclopedia6090192

https://doi.org/10.3390/encyclopedia6090192


Encyclopedia 2026, 6, 192 8 of 26

formulated by Tulis et al. [5], a comprehensive instructional approach to errors must ac-
count for emotional, self-regulatory, and motivational dynamics. From a neuroscientific
perspective, individual variations in error processing can serve as predictors for the risk
of developing anxiety disorders [52]. This raises an important developmental question:
can young children learn from failure when it is appropriately supported, or do educators
sometimes limit such opportunities by over-protecting them from experiences perceived as
harmful [53]? While certain researchers have noted that youth frequently conceptualize
failure as inherently detrimental—associating it with negative affective states and a dimin-
ished sense of academic belongingness (e.g., [54])—others have generated contradictory
evidence indicating more resilient orientations [55].

In this affective landscape, Dweck and Reppucci [56] examined “learned helplessness”
as a psychological state wherein a student perceives a stressful situation as entirely beyond
their locus of control. In these scenarios, students seeking to bypass the frustration of failure
often solicit immediate pedagogical intervention from the instructor without attempting
autonomous problem-solving; conversely, educators frequently intervene prematurely
merely to mitigate student distress [53]. These situations are common in science-making
contexts [57]. Furthermore, Crowe and Higgins [58] demonstrated that an individual’s
regulatory focus modulates how they respond to errors. Whereas individuals operating
under a promotion focus are primarily oriented toward achievement and accomplishment,
those with a prevention focus prioritize security, accuracy, and institutional responsibility.
While these regulatory orientations often reflect stable personality traits, instructional
design can manipulate them by deliberately framing how error consequences are presented
in the learning environment.

A third mechanism is metacognition, understood as knowledge about cognition
together with the monitoring and control of one’s cognitive activity [59]. To learn from
an error, students must notice a discrepancy, judge its likely cause, select a corrective
strategy, and evaluate whether the revision resolves the problem. Higher education research
increasingly treats strategic knowledge for learning from errors as a measurable competence,
showing that learners differ not only in error frequency but also in whether they know how
to respond productively after an error [60].

Corrective information alone may therefore be insufficient. Learners need structured
opportunities to compare their work with criteria or exemplars, generate self-feedback, and
act on that comparison through revision [61–63]. Nicol and Rose [61] found that exemplars
examined after students had produced work generated more actionable and context-specific
self-feedback than exemplars provided beforehand, because learners could relate the compari-
son to difficulties in their own work. Zhang and Fiorella’s model [22] organizes learning from
self-generated errors into two major phases: Generating Errors (GE), which can activate and
differentiate relevant prior knowledge, and Detecting and Correcting Errors (DCE), in which
comparison, self-explanation, and feedback support revision. The model also recognizes that
emotion, motivation, individual differences, and design features condition both phases.

An Integrated Conceptual Architecture

The theoretical resources reviewed above are complementary rather than interchange-
able. Rasmussen’s taxonomy identifies the form and origin of the error; negative knowl-
edge describes one possible learning product; cognitive-load and prior-knowledge research
specify when an error can be processed; the affective and self-regulatory model explains
engagement or withdrawal; and the GE/DCE model specifies a temporal sequence through
which generation, detection, explanation, feedback, and correction can become produc-
tive [5,22,25,27,35]. Table 5 integrates these dimensions and carries them forward into the
appraisal of instructional approaches and science domains.
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Table 5. Integrative matrix linking error forms, mechanisms, instructional approaches, and boundary conditions.

Error Form Manifestation GE/DCE Mechanism Potential Instructional
Approaches Key Moderators Evidence Appraisal

Skill-based

Slip or lapse during a
familiar procedure; e.g.,

incorrect instrument setting
or omitted laboratory step.

DCE dominates: rapid
detection, procedural
feedback, rehearsal,

and automation.

Immediate corrective feed-
back; checklists; simula-

tion; worked examples; de-
liberate practice.

Physical safety, time
pressure, fatigue, and

whether the procedure can
be practiced without

real-world harm [27,64].

Moderate in training and
safety-critical domains;

limited direct
science-classroom synthesis.

Rule-based
A known rule is forgotten,

overgeneralized, or applied
in the wrong context.

GE exposes the selected rule;
DCE requires comparing

conditions of applicability
and explaining the mismatch.

Incorrect examples; peer
instruction; targeted

feedback; POE;
refutation tasks.

Prior knowledge, clarity of
rule boundaries, feedback
specificity, and cognitive

load [65–67].

Moderate; findings vary
with prompting and

learner expertise.

Knowledge-based

Reasoning in an unfamiliar
or conceptually complex

situation produces a
noncanonical explanation or

unsuccessful solution.

GE activates and
differentiates prior

knowledge; DCE supports
conceptual reorganization,
negative knowledge, and

self-explanation.

Productive failure;
inquiry/POE;

peer argumentation;
conceptual-change tasks;

refutation texts.

Task complexity, age,
domain knowledge, affect,
scaffolding, consolidation

quality, and error
climate [22,35,68,69].

Moderate overall, with
strong evidence

for some conceptual-
change strategies and

substantial heterogeneity.

Representational
(cross-cutting)

Incorrect diagram, model,
equation, graph, or
worked solution.

DCE requires locating the
discrepancy, explaining why
it matters, and revising the

representation; negative
knowledge can support

future avoidance.

Erroneous examples;
model critique; concept

cartoons; peer instruction;
visual comparison.

Risk of retaining incorrect
visual information,

representational
competence, confidence,

and explanation
prompts [49,70–73].

Emerging-to-moderate;
average effects of

erroneous examples are
small unless explanation is

well designed.

Note: The matrix is an interpretive synthesis, not a claim that each instructional method maps exclusively to one error type.
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5. Challenges and Boundary Conditions
5.1. Not All Errors Are Equally Useful

The pedagogical value of errors is conditional. Some are slips, inattentive omissions, or
misreadings; others expose rule misapplication or deeper conceptual commitments. Some
occur in tasks that learners can meaningfully analyze, whereas others exceed available
knowledge and working-memory resources. Mera et al.’s review [35] identifies error type,
prior knowledge, feedback timing and specificity, semantic relatedness, learner motiva-
tion, and outcome measure as important moderators. Thus, one synthesis should not be
mistaken for evidence that all errors or all forms of struggle are educationally equivalent.
Evidence from an adjacent high-stakes science domain illustrates this point. In medical
education, learning from erroneous clinical case examples substantially improved reason-
ing, but additional prompts intended to support self-explanation increased extraneous
cognitive load and were particularly problematic for learners with low self-efficacy [74].
The lesson is not that prompting is ineffective, but that error-based designs can become
counterproductive when they overburden novice learners. The instructional challenge is to
make errors visible enough to be educative without making the task so demanding that
learners cannot interpret them.

5.2. Teacher Beliefs, Ambivalence, and Preparation

In alignment with the theory of negative knowledge and foundational empirical
research, an error-tolerant classroom culture constitutes an important condition for students
to effectively learn from their errors [75]. Teachers’ attitudes toward errors can either
support or hinder students’ ability to learn from failure, depending on whether errors are
treated as learning opportunities or as signs of deficiency [55,76]. The Learning Error and
Formative Feedback (LEAFF) model posits that learners require an emotionally secure
environment to explicitly articulate their cognitive errors or underlying misconceptions [11].
Consequently, instructors play a decisive role in establishing these supportive conditions,
and their beliefs influence how they use errors in instruction [77]. Previous research
suggests that teachers who adopt a behaviorist orientation often either overlook errors or
correct them immediately, rather than using them as opportunities for reflection [78].

Conversely, educators adopting constructivist perspectives more often treat student
errors as generative learning opportunities [79]. Students’ achievement and motivation are
associated with how teachers handle errors in class [41], but the available multilevel evi-
dence does not by itself establish a simple causal effect of teacher attitudes. Even teachers
who endorse the value of errors often use them only to a limited extent [79]. This gap may
reflect the difficulty of valuing errors cognitively while managing the negative emotions
they evoke in public classroom interaction [80]. Furthermore, Zamora et al. [81] found that
early childhood and primary preservice teachers were significantly less likely than their
peers in secondary teacher education to view classroom errors as learning opportunities,
and reported higher levels of frustration intolerance. Crucially, these specific psychological
traits were identified as robust predictors of the teachers’ attitudes regarding their own
professional or personal errors. These findings highlight the need for specialized teacher
preparation programs designed to equip preservice teachers with effective, actionable
error-management strategies for classroom implementation. Ultimately, despite the doc-
umented benefits of error engagement in fostering student self-regulation strategies [50],
the systematic integration of academic error analysis within contemporary teacher training
curricula has historically remained limited [82].

The cultural scope of error-climate evidence also requires caution. Much of the con-
struct’s development and longitudinal validation comes from German-speaking or broadly
Western mathematics classrooms [40,44,45,75], with a smaller body of work in other na-
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tional contexts such as Tanzania [46]. Norms governing public disagreement, face-saving,
teacher authority, and the social meaning of an incorrect answer vary across educational
cultures. A supportive error climate should therefore be operationalized and validated
locally rather than assumed to function identically across settings.

5.3. Science-Specific Tensions

Science education also involves a particular tension: some errors are harmless and
conceptually valuable, whereas others may have safety implications. This is especially
evident in laboratory work and in health professions education, but it also matters in
school science, where inaccurate handling of equipment, chemicals, or electrical setups
cannot be treated simply as another opportunity for exploratory failure. For this reason,
science pedagogy often needs protected environments—paper-and-pencil representations,
simulations, worked examples, or virtual labs—in which conceptual or procedural errors
can surface without endangering people or materials.

The distinction between productive and harmful error is therefore central. LFE in
science does not mean celebrating every incorrect action. It means designing environments
in which the kinds of errors worth discussing are pedagogically accessible, emotionally
manageable, and physically safe. This point becomes especially clear in adjacent high-
stakes science training fields, where the instructional use of error is carefully separated from
the acceptance of preventable failure in real practice [64,83]. These boundary conditions
explain why LFE requires designed instructional structures rather than the mere permission
to make errors.

6. Instructional Approaches That Leverage Errors
The contemporary literature does not present a single error pedagogy. Rather, it offers

a family of approaches that differ in how errors are elicited, who generates them, what
forms of feedback are provided, and whether revision is immediate or delayed.

6.1. Productive Failure

The sequence of instruction remains contested: instruction followed by problem
solving (I–PS) can reduce initial cognitive burden, whereas problem solving followed
by instruction (PS–I) can prepare learners to notice critical features and knowledge
gaps [69,84]. Productive Failure (PF) is a structured form of PS–I in which learners
first generate incomplete or noncanonical solutions and then participate in an explicit
consolidation phase. PF should not be equated with leaving novices in minimally guided
discovery for an entire unit; its proposed benefits depend on the subsequent comparison,
explanation, and instruction [85–87].

PF is perhaps the most influential contemporary framework for intentionally leverag-
ing learner error. In Kapur’s original formulation, students first struggle with a complex,
novel problem without being shown the canonical procedure, and only afterwards receive
instruction that helps them compare and consolidate solution methods [85,86]. The key
claim is not that failure itself teaches, but that unsuccessful generation activates prior
knowledge, differentiates problem features, and prepares learners to learn more deeply
from later explanation.

Meta-analytic evidence is favorable but conditional. Sinha and Kapur’s synthesis of
53 studies reported a moderate advantage of PS–I over I–PS (Hedges’ g = 0.36, 95% CI
[0.20, 0.51]), with larger effects when implementations more closely adhered to PF design
principles [88]. However, younger learners in Grades 2–5 and domain-general skills showed
trends favoring I–PS, and age, duration, study design, and implementation fidelity moder-
ated outcomes. Further studies have not always replicated a PF advantage: fifth graders
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showed no benefit over direct instruction in one boundary-condition study [89], and ob-
serving a peer’s complete failed problem-solving process equaled or exceeded learners’
own problem solving in another experiment [90]. These findings indicate that unsuccessful
generation is not automatically the active ingredient and that PF is best treated as a design
family with explicit boundary conditions.

Within science and health-science education, the evidence base is promising but
smaller and context-specific. PF has supported future learning in health-professions educa-
tion [91] and was associated with gains of about five percentage points on relevant topics
in one large undergraduate biology quasi-experiment, with particularly visible benefits for
lower-performing students [92]. These studies support further disciplinary experimentation
but do not justify assuming equal effects across ages, concepts, or outcome types.

6.2. Incorrect Examples, Self-Diagnosis, and Incorrect Representations

A second family of approaches relies on providing incorrect examples. Here the
pedagogical work lies in diagnosing and explaining a visible error. In physics classrooms,
Yerushalmi and Polingher asked students to analyze “incorrect answers” collected from
exam responses and found that the main difficulty was not merely spotting the flawed
claim, but constructing an argument that explained why it was wrong and what a correct
statement should look like [93]. This emphasis on argument structure is especially relevant
to science, where the replacement of a wrong answer by a correct one is insufficient unless
the conceptual warrant is also made explicit.

Video-based worked examples containing errors can support more accurate procedural
representations and anticipatory knowledge about errors to avoid [70]. Yet the overall
evidence is modest and design-sensitive. A meta-analysis of 42 papers found a statistically
significant but small average benefit of erroneous examples; self-explanation prompts and
instructional explanations strengthened their effectiveness relative to designs without error
explanation [73]. Additional prompting can also overload novices, as shown in medical
case-vignette research [74]. Reaño’s STEAM intervention further illustrates the risk of
unresolved confusion when deliberate errors are left uncorrected for too long [94].

Representational errors are especially relevant in science, where diagrams, mod-
els, equations, and graphs mediate abstract concepts. Wernecke et al. [49] embedded a
misconception-based error in a biological energy-flow diagram; students who success-
fully identified and explained the inaccuracy achieved greater conceptual gains than peers
who evaluated a correct diagram. The benefit was therefore conditional on diagnostic
explanation, not mere exposure to an incorrect image. Nevertheless, one must account for
the potential risks of exposing learners to incorrect representations, as they may inadver-
tently internalize and retain flawed information. Research indicates that when textual and
visual data conflict, students frequently prioritize the information presented in illustra-
tions [71,72].

Misrepresentations in children’s science books [95] and misleading scientific informa-
tion online [96] can be repurposed as instructional material, but only when the task requires
students to justify the error and reconstruct a warranted representation. Future studies
should include delayed tests and process measures to determine whether learners retain
the correction rather than the visually salient error.

6.3. Peer Instruction and Dialogic Comparison

Peer instruction deserves special attention because it originated in university physics
and remains one of the clearest examples of error-driven discussion becoming routine
classroom practice. In Mazur’s model, students first commit to an individual answer to a
conceptual question, then discuss their reasoning with peers before revoting and receiving
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explanation [97,98]. The pedagogical power of the method lies precisely in the public
visibility of competing conceptions. Students confront errors not as isolated private failures
but as discussable alternatives that must be justified, criticized, and revised. An example
of combining concept cartoons with peer instruction in science education is detailed by
Jiménez-Valverde [99].

For science education more broadly, peer instruction matters because it links concep-
tual conflict with explanatory accountability. The method does not rely on humiliation or
teacher correction alone. Instead, it creates a structured space in which wrong answers
prompt argumentation. In disciplines where everyday intuitions are strong and persistent,
this social comparison of explanatory resources can help students see why some answers
feel plausible yet remain scientifically inadequate. This makes peer instruction especially
relevant to science learning, where argumentation is not merely a communication skill but
a core epistemic practice: students must evaluate claims, justify evidence, and compare
competing explanations.

6.4. Feedback

Feedback is central to LFE, but it is not uniformly beneficial. Feedback Intervention
Theory proposes that effects depend partly on where feedback directs attention; a major
meta-analysis found a positive average effect but also reported that more than one third
of feedback effects were negative [100]. In error-based learning, effective feedback should
reduce the gap between the learner’s current response and a warranted standard without
shifting attention toward threat, shame, or an undifferentiated judgment of the self.

Hattie and Timperley’s model distinguishes feedback at the task, process, self-
regulation, and self-levels and organizes it around three questions: Where am I going?
How am I going? and Where to next? [62]. For LFE, task-level information identifies
what is incorrect; process-level feedback explains why the reasoning or strategy failed;
and self-regulation feedback supports monitoring, help seeking, and revision. Person-
focused praise or blame provides little information for correction and can redirect attention
away from the task. Formative feedback is most useful when it is specific, non-evaluative,
appropriately timed, and usable in a subsequent action [63].

The magnitude of feedback effects is heterogeneous. A meta-analysis of 435 studies
reported an average effect of d = 0.48, but effects varied substantially with the information
conveyed and were generally stronger for cognitive and motor outcomes than for moti-
vational or behavioral outcomes [101]. Therefore, the question is not whether to provide
“more feedback,” but which information should be provided, at what level, and whether
the learner has an opportunity and sufficient knowledge to use it.

Error-specific research further suggests that self-generated responses can create a
productive basis for correction [102], particularly when feedback revisits the reasoning
that produced the error and supplies progressively informative hints [103]. Evidence on
timing is mixed: delayed feedback can support retention in some tasks [104], whereas
other work attributes apparent delay benefits to proximity to the final test [105] or shows
that timing interacts with task structure [106]. The hypercorrection effect adds another
qualification: corrections can be especially memorable when a learner was highly confident
in an incorrect answer [107], although high confidence can also make public correction
emotionally threatening.

6.5. Other Conceptual-Change and Complementary Methodologies

In addition to the main methods discussed above, teachers use several other strategies
to handle student errors. These techniques include pattern establishment, the formulation
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of cognitive paradoxes, cognitive modeling, conceptual association, and the deployment of
analogies [29].

Conceptual-change research provides a major science-education framework for in-
terpreting persistent incorrect ideas. The classical account treats some misconceptions
as relatively coherent alternative frameworks that must become dissatisfied, intelligible,
plausible, and fruitful before replacement [23]. Knowledge-in-pieces accounts instead de-
scribe reasoning as the context-sensitive activation and coordination of smaller knowledge
elements. The two perspectives imply different error responses: replacing an integrated
framework in the first case, or refining and reorganizing productive resources in the sec-
ond [24]. Accordingly, the present review avoids assuming that every wrong answer reveals
a unitary intuitive theory.

A meta-analysis of 218 primary studies found a large mean effect of science conceptual-
change strategies (Hedges’ g = 1.10), including cognitive conflict, cognitive bridging, and
ontological-category approaches [108]. The wide prediction interval and substantial hetero-
geneity nevertheless show that strategy labels alone do not guarantee success. Instruction
must diagnose the learner’s starting conception, make relevant discrepancies interpretable,
and provide resources for constructing a better explanation.

Refutation texts explicitly state a common misconception, reject it, and explain the
accepted scientific account. Reviews and meta-analytic evidence indicate that such texts can
outperform non-refutation texts in confronting scientific misconceptions [109–111], partly
because the misconception and corrective explanation are co-activated [112]. Effects have
been demonstrated for energy concepts [113]. Predict–Observe–Explain (POE) similarly
elicits a prediction, contrasts it with an observation, and requires explanation, making
prior models visible and creating an opportunity for revision [114,115]. Lastly, gamification
may complement LFE methodologies when game elements are deliberately aligned with
formative feedback, visible progress, low-stakes attempts, and opportunities for revision.
Its pedagogical value does not lie in the mere addition of points, badges, or rewards, but
in its capacity to organize feedback-rich cycles in which learners can test ideas, identify
and tolerate errors, regulate their performance, revise their reasoning, and try again while
maintaining engagement. This interpretation is consistent with work identifying feed-
back, progressiveness, experimentation, and error tolerance as key principles for gamified
learning design [116,117]. Recent gamification studies in science teacher education further
suggest that experience and health points systems, progress indicators, collaborative chal-
lenges, and iterative tasks can make attempts, feedback, consequences, and progress visible;
however, they also show that gamification must be carefully calibrated, since reward or
penalty-based mechanics can generate frustration, pressure, or disengagement when poorly
aligned with learners’ motivational needs (e.g., [118]).

7. Teaching Science Through LFE
The evidence is uneven across science domains. Table 6 summarizes representative

designs, what they currently support, and the most visible gaps. The table distinguishes
direct science-education evidence from mechanisms imported from adjacent fields.
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Table 6. Representative empirical evidence and research gaps across science domains.

Domain Representative Designs and Evidence Current Implication Principal Gaps

Physics and chemistry

Diagnostic studies, peer instruction,
incorrect-answer analysis, laboratory
experience sampling, and instructor

error-framing studies [93,98,119–121].

Incorrect answers can reveal conceptual
resources and support argumentation;
framing should focus on ideas rather

than public deficiency.

Few studies isolate the effects of error framing
or compare correction sequences with delayed

conceptual and affective outcomes.

Biology and ecology

Incorrect-representation experiments,
writing-to-learn with peer review,

model-evaluation studies, and
teacher-knowledge analyses [49,122–124].

Representations and peer revision can
expose misconceptions, but success

depends on explanation quality,
knowledge, and confidence.

Limited replication across biological topics,
age groups, and long-term transfer; risk of
propagating misconceptions through weak

peer feedback.

Health and medical sciences
Quasi-experimental simulation studies,
erroneous clinical cases, and conceptual
models for safe failure [74,91,125,126].

Protected environments can preserve the
epistemic value of errors while

controlling real-world risk.

Transfer to ordinary science classrooms is
uncertain; studies rarely compare emotional,

conceptual, and safety outcomes together.

Earth, environmental,
and climate sciences

Diagnostic drawing/conception studies,
social-representation research, and
refutation-text evidence applied to

misinformation [111,127,128].

Spatial models and public claims offer
rich material for diagnosis and refutation.

Very few controlled LFE interventions; limited
evidence on probabilistic reasoning, systems

thinking, and durable correction of
climate misinformation.

Nature of Science
Historical-error cases, historical

apparatus replication, storytelling, and
game-based synthesis [6,129–131].

Errors can humanize science and
foreground revision, evidence, and
argumentation when discussion is

explicit and reflective.

Need comparisons of narrative formats,
measures of epistemic understanding, and

evidence beyond short-term attitudes.

Science teacher education

Teacher misconception knowledge, error
framing, preservice attitudes, and
error-focused pedagogical content

knowledge [81,121,124,132].

Teachers need diagnostic, discursive,
affective, and safety-related competence,
not merely positive beliefs about error.

Few longitudinal studies link preparation to
later classroom practice or pupil outcomes;
cultural validity remains underexamined.
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7.1. Physics and Chemistry

Physics and chemistry offer fertile ground for LFE because students often rely on
intuitive explanations of force, motion, matter, heat, electricity, and energy. Some wrong
answers may reflect relatively coherent alternative frameworks, while others arise from
context-sensitive knowledge elements; this coherence-versus-pieces debate remains unre-
solved and has direct instructional implications [23,24]. Error analysis should therefore ask
what reasoning resources produced the answer rather than presume that every error is an
isolated fact or a complete intuitive theory. Incorrect statements and worked contradictions
can be useful when students must articulate the principle violated and justify a better ac-
count [30,93]. Recent evidence from misconception research strengthens this interpretation.
A systematic review of misconceptions in natural sciences found that physics is the most
frequently studied domain and that recurrent difficulties are concentrated around mechan-
ics, thermodynamics, waves and sound, and radiation/light; importantly, the review also
links these misconceptions to everyday experience, teacher preparation, decontextualized
instruction, formula-heavy materials, and insufficient inquiry practices [119].

For this reason, students’ wrong answers in physics and chemistry should be treated
as diagnostic traces rather than as merely deficient performances. Cross-disciplinary work
using diagnostic tests across physics and chemistry has shown that patterns of item difficulty
can help teachers identify where misconceptions are concentrated, while related work with
Indonesian students and prospective science teachers confirms that misconceptions cut across
scientific domains and may persist into teacher preparation [133,134].

In laboratory-based chemistry, the affective consequences of error are equally important.
Momentary assessment research in undergraduate chemistry laboratories indicates that error
situations interact with situational engagement: errors may increase perceived challenge, but
their educational value depends on whether students can connect theory and practice and
seek support without the situation being interpreted as personal incompetence [120].

The same point appears in studies of error framing in undergraduate physics and
chemistry contexts. Graduate teaching assistants can be trained to frame incorrect ideas as
natural and useful for learning, yet the way this is operationalized matters: students tend
to respond more positively when instructors use implicit, idea-focused framing rather than
explicitly marking a student’s contribution as wrong in front of peers [121].

The principal research need in physics and chemistry is comparative intervention ev-
idence that separates error elicitation, public framing, explanation, and feedback. Delayed
measures are especially important because an intervention may improve immediate correction
while leaving conceptual transfer, confidence, or willingness to participate unchanged.

7.2. Biology and Ecology

In biology, LFE is particularly useful when concepts are abstract, multilevel, or easily
conflated across representational systems. The energy concept is a case in point. Students
commonly confuse energy flow with matter cycling or assume that plants obtain energy
from soil. As previously mentioned, Wernecke and colleagues demonstrated that a deliber-
ately incorrect biological representation can make these confusions discussable and thereby
improve conceptual understanding [49]. The result is important because it suggests that
biology instruction does not always need more simplified representations; it sometimes
needs more interpretable discrepancies.

Related problems occur in respiration, genetics, homeostasis, ecology, and other multi-
level topics where diagrams can conceal the point at which causal reasoning diverges from
scientific models. Reviews document incomplete or inaccurate frameworks across these
domains [135], while model-evaluation studies show that students differ in their ability
to detect intentionally introduced biological errors [123]. LFE tasks are therefore most
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defensible when they make the target discrepancy explicit enough to analyze and require
learners to revise the causal model rather than merely memorize labels. A recent review of
misconceptions in biology likewise shows that students’ erroneous explanations frequently
involve incomplete or inaccurate conceptual frameworks across genetics, ecology, physiol-
ogy, and related fields. This is relevant for LFE biology teaching because the aim is not only
to replace a wrong label with a correct one, but to make visible the explanatory structure
that leads students to apply biological knowledge incorrectly in new contexts [135].

One productive route is to combine error elicitation with revision. In introductory
biology, writing-to-learn assignments followed by peer review have been shown to surface
misconceptions and, when peer comments are sufficiently directed, to support their correc-
tion during revision; however, the same study also warns that vague peer feedback may
propagate or even introduce additional misconceptions [122].

Model-based reasoning provides another pathway. Undergraduate students vary
substantially in their metacognitive monitoring and error detection during biology model
evaluation, and accuracy depends on subject-matter knowledge and confidence [123].
Error detection should therefore be taught as part of modeling competence rather than
assumed to occur automatically. At the level of teaching expertise, the importance of
anticipating student error is supported by evidence from high-school life science: teachers’
subject-matter knowledge predicts student learning, but teachers’ knowledge of students’
misconceptions is an even stronger predictor when items contain popular wrong answers.
In practical terms, the teacher’s ability to foresee the likely error is itself a condition for
making that error instructionally useful [124].

Biology research would benefit from replications across topics and developmental
levels, delayed tests of corrected representations, and studies that trace whether peer
explanations repair or propagate misconceptions. Process measures could distinguish
successful error diagnosis from superficial answer replacement.

7.3. Health and Medical Sciences as High-Stakes Science Learning

A particularly developed body of adjacent intervention research comes from medical,
nursing, and simulation-based education. This literature is valuable because it addresses
a central tension in science teaching: how to use errors for learning without turning real
practice into unacceptable risk. Simulations and case vignettes provide one answer. They
create protected spaces in which learners can make conceptual, diagnostic, or procedural
errors and then compare those errors against best practice [74,125,126].

These findings should not be generalized uncritically to all science classrooms, but they
do reinforce a key design principle: when the real environment is too risky for exploratory
error, the learning environment must be engineered so that errors remain epistemically
visible while their consequences remain educationally manageable. This principle also
appears in adjacent forensic training research, where errors made during training are
treated as opportunities to strengthen later performance and should not simply be used to
discredit the learner [64].

This lesson is transferable to school and university science only if the domain-specific
risks are respected. In physics and chemistry laboratories, for example, some procedural
errors must be prevented for safety reasons, whereas conceptual and representational errors
can be relocated into diagrams, simulations, case narratives, peer discussion, or written
explanations. The key design problem is therefore not whether errors should be allowed,
but which errors can be made visible, discussed, and corrected without creating physical,
emotional, or epistemic harm [120,121].

Future work should test which features of simulation-based error learning—authenticity,
emotional safety, debriefing, repeated attempts, or expert modeling—are transferable to school
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and university science. Comparisons should also distinguish conceptual errors that can be
explored safely from procedural violations that must be prevented.

7.4. Earth, Environmental, and Climate Sciences

Earth and environmental sciences are high-value contexts for LFE because learners
often rely on intuitive spatial, temporal, and systems models. Vasconcelos and Paz [127]
found that elementary pupils and teachers shared misconceptions about island formation
and the relation between islands and the seafloor, illustrating how drawings can function
as diagnostic representations. An LFE task might ask learners to draw an island, compare
it with a geological cross-section, identify what is missing below sea level, and revise the
model in relation to formation processes. Such a task should be treated as an illustrative
design derived from diagnostic evidence, not as an intervention whose effectiveness has
already been established.

Climate and environmental education adds challenges of scale, probability, causality,
systems interaction, and public misinformation. Preservice teachers may conflate climate
and biodiversity processes or rely on socially circulating simplifications [128]. Refutation
texts can juxtapose a claim such as “climate change is ordinary weather variation” with
long-term records, energy-balance reasoning, and an explanation of why short-term vari-
ability does not invalidate a trend. Meta-analytic evidence supports refutation texts across
scientific misconceptions [111], but controlled LFE studies specifically addressing climate
reasoning remain scarce.

Research priorities in this domain include interventions on probabilistic and systems
reasoning, delayed correction of misinformation, culturally diverse climate narratives,
and measures that distinguish factual correction from changes in explanatory models and
decision making.

7.5. Nature of Science

The Nature of Science (NoS) is a fundamental pillar of science education. Meaningful
science education must acknowledge that even the most prominent historical figures made
errors. When students realize that their own academic struggles mirror the hurdles faced
by prominent scientists, they perceive science as a gradual, iterative journey rather than a
flawless, finished product [30].

This argument aligns with contemporary accounts of scientific practice that explicitly
include error as an opportunity. García-Carmona and Acevedo-Díaz argue that science
education should not restrict NoS to statements about scientific knowledge, but should
also address the nature of scientific practice through principles such as questioning, ex-
perimentation, modeling, cooperation, argumentation, evaluation, and the use of errors as
opportunities for learning [7].

However, NoS instruction cannot rely on the mere presence of historical errors. Re-
views indicate that some NoS dimensions are persistently difficult for students and teachers,
especially the tentativeness of scientific knowledge, the distinction between theories and
laws, the social and cultural embeddedness of science, and the rejection of a single universal
scientific method. Consequently, historical errors must be accompanied by explicit and
reflective discussion of why a claim was plausible, why it became untenable, and how
evidential and social processes shaped its correction [136,137].

Historical narratives can support this work when they are designed as epistemic cases
rather than decorative anecdotes. Empirical research on historical storytelling shows that such
narratives can improve students’ understanding of imagination and creativity in science, while
work on the replication of historical scientific apparatus suggests that re-enacting historical
experiments may improve students’ attitudes toward science and provide groundwork for
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richer understandings of scientific practice [129,130]. Furthermore, game-based learning (GBL)
might provide a useful framework for exploring NoS, demonstrating how the correction of
errors is precisely what allows scientific progress to occur [131].

The remaining gap is not a shortage of historical anecdotes but a shortage of compara-
tive evidence about how different error narratives shape epistemic understanding. Future
studies should test whether learners can transfer insights about revision, evidence, and
fallibility from historical cases to contemporary scientific claims.

7.6. Design Principles for Science Teacher Education

Teacher education should translate the foregoing synthesis into observable design and
discourse practices. Table 7 states eight actionable principles, links each to representative
evidence, and indicates the present strength of that evidence. The strength labels follow
the qualitative convention described in Section 2.

Table 7. Actionable design principles for science teacher education.

Design Principle Action in Teacher Preparation Representative Evidence Evidence Strength

1. Diagnose before correcting.

Train preservice teachers to distinguish
slips, rule misapplications,

knowledge-based reasoning,
misconceptions, and representational errors

before selecting a response.

[27,78,124,132]
Moderate: convergent diagnostic
and teacher-knowledge evidence,

but few intervention studies.

2. Separate safe error exposure
from unsafe practice.

Use simulations, diagrams, written cases,
or virtual laboratories for errors that would

be hazardous in real settings; explicitly
teach non-negotiable safety boundaries.

[64,74,125,126]
Moderate in health/simulation;

emerging for ordinary
science classrooms.

3. Calibrate challenge to
prior knowledge.

Design GE tasks that activate relevant
resources without overwhelming novices;
supply preparatory examples or scaffolds

when element interactivity is high.

[35,66,67,69,87] Moderate and heterogeneous.

4. Always provide a
DCE pathway.

Require detection, causal explanation,
comparison with criteria or exemplars,

corrective feedback, and an opportunity to
revise or retry.

[22,61–63,65,68]
Strong for feedback and

comparison; moderate for specific
error-task formats.

5. Protect dignity while keeping
reasoning visible.

Practice revoicing incorrect ideas,
depersonalizing critique, eliciting

alternative explanations, and avoiding
public labels of incompetence.

[40,45,80,121]
Moderate; cultural

generalizability requires
further study.

6. Teach explanation, not
answer replacement.

Use erroneous examples, peer instruction,
refutation texts, and POE tasks that require

why/how explanations and
evidence-based warrants.

[73,93,98,109,114]
Moderate overall;

explanation prompts are a
consistent moderator.

7. Connect error handling to
Nature of Science.

Use historical and contemporary cases to
discuss why a claim was plausible, how

evidence challenged it, and how scientific
communities revised knowledge.

[6,7,129,130]
Moderate for NoS understanding

and attitudes; limited
comparative evidence.

8. Evaluate learning, affect, and
transfer separately.

Assess immediate correction, delayed
conceptual understanding, confidence,

participation, and transfer to novel contexts
rather than assuming one outcome

represents all others.

[5,35,41,51,101]
Strong rationale; implementation
evidence remains uneven across

science domains.

Taken together, these principles define error-focused pedagogical content knowledge
as the capacity to anticipate likely errors, infer their sources, create safe opportunities
for explanation and revision, and evaluate whether correction changes both scientific
reasoning and learners’ willingness to engage. Positive beliefs about error are necessary
but insufficient unless teachers can enact these practices in real interaction.
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8. Conclusions and Future Directions
8.1. Answers to the Research Questions

RQ1—Historical evolution. The educational status of error has shifted from a pre-
dominantly avoidance-oriented view, in which incorrect responses were minimized or
extinguished, toward a conditional resource perspective. Contemporary approaches value
errors not as ends in themselves but as diagnostic and generative events that can support
learning when they are made interpretable, correctable, and emotionally manageable.

RQ2—Mechanisms. Errors can foster learning through prior-knowledge activation
during GE, discrepancy detection, negative knowledge, explanation, corrective feedback,
metacognitive monitoring, and self-regulated revision during DCE. Affective appraisal
determines whether the learner treats the discrepancy as a manageable challenge or a threat.
No single mechanism explains every benefit, and the internal updating processes proposed
by theory are not always directly measured.

RQ3—Boundary conditions. The usefulness of an error depends on its type, the
learner’s prior knowledge, cognitive load, motivation and confidence, feedback content
and timing, opportunities for revision, the classroom error climate, cultural norms, and
physical or epistemic safety. Findings transferred from mathematics, workplace training,
or medical simulation require explicit disciplinary justification.

RQ4—Instructional approaches. The most defensible approaches organize errors
within a complete learning cycle rather than merely permitting failure. Feedback and
conceptual-change research provide the broadest evidence base; PF, erroneous examples,
peer instruction, refutation texts, POE, simulation, and carefully designed gamification can
contribute under specified conditions. Meta-analytic evidence repeatedly shows hetero-
geneity, making fidelity, explanation quality, learner expertise, and outcome type central
to interpretation.

8.2. Limitations of the Review

This synthesis has several limitations. First, it is a purposive narrative review rather
than a systematic review. Second, no formal study-level risk-of-bias assessment or quantita-
tive synthesis across the full corpus was undertaken. Third, the literature is heterogeneous
across constructs, methods, age groups, disciplines, and outcomes, and the descriptive
corpus coding in Table 3 necessarily simplifies sources that span categories. Fourth, much
error-climate research originates in Western and especially German-speaking mathematics
contexts, so cultural transfer remains uncertain. Fifth, science-domain coverage is uneven:
medical simulation and some physics, chemistry, and biology topics are better represented
than Earth, climate, and longitudinal teacher-education research. Finally, adjacent-domain
evidence clarifies mechanisms but cannot substitute for direct science-education trials.

8.3. Priorities for Future Research

Future research should be organized around the gaps identified by domain rather
than around a generic expectation that errors will help. Priorities include: (1) comparative
studies that separate error generation, explanation, feedback, and revision; (2) delayed
and transfer measures alongside immediate correction; (3) process evidence from think-
aloud, interaction analysis, eye tracking, or learning analytics to test proposed mechanisms;
(4) longitudinal teacher-development studies linking preparation to classroom discourse
and pupil outcomes; (5) cross-cultural validation of error-climate constructs; and (6) science-
specific work in Earth, environmental, and climate education.

Adaptive technologies and artificial intelligence may support timely diagnosis and
individualized feedback, but this direction should be evaluated rather than presumed
effective. Reviews of generative-AI feedback in higher education identify opportunities
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for timely, personalized support alongside concerns about accuracy, transparency, and the
continuing role of human judgment [138]. A systematic review of AI-driven intelligent
tutoring systems in K–12 education found generally positive learning effects, but advan-
tages were attenuated when compared with non-intelligent tutoring and the evidence was
dominated by short quasi-experimental studies [139]. Future LFE research should therefore
test whether adaptive systems correctly diagnose the reasoning behind an error, provide
explainable and developmentally appropriate feedback, protect data and learner agency,
and improve durable scientific understanding beyond conventional alternatives.

For science education to reflect scientific practice, it should neither demand flawless
performance nor romanticize failure. Its aim should be the disciplined, reflective, culturally
responsive, and safe navigation of error.
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