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PAPER

Integrating Philosophical Strategies in Introductory 
Quantum Physics: Design and Validation of an 
Instrument for Assessing Higher-Order Critical Thinking

ABSTRACT
Critical thinking is one of the fundamental competencies for 21st-century education; however, 
its promotion and assessment remain limited in scientific and technical degree programmes. 
This study forms part of a broader project aimed at qualitatively examining the develop-
ment of higher-order critical thinking skills—Analysis, Synthesis, and Evaluation—through 
philosophical strategies applied to the learning of introductory quantum physics content in 
engineering students. The present paper reports the design and preliminary validation of 
an assessment instrument consisting of open-ended questions distributed across the ten ses-
sions of the instructional sequence. Two validity criteria consistent with qualitative research 
approaches were applied to examine the instrument: credibility, established through expert 
judgement by seven specialists; and dependability, assessed through a stability test across 
two independent cohorts. Regarding credibility, a global Aiken’s V coefficient of .93 (95% 
CI [.75, .98]) was obtained, leading to a final version composed of 21 open-ended questions, 
seven for each skill. For dependability, the applied coefficients (Pearson’s r, Spearman’s ρ, 
Kendall’s tb, and Lin’s concordance correlation coefficient) indicated moderate-to-high stabil-
ity when the instrument was considered as a global construct. When examined by skill, these 
results were confirmed for Analysis and Synthesis; however, some inter-cohort instabilities 
were observed in the Evaluation skill. Further psychometric confirmation will allow for a 
deeper understanding of the specific characteristics of this skill and guide future research.
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1	 INTRODUCTION

1.1	 Background

In university physics education, the practice of memorising formulas and equa-
tions remains widespread and deeply internalised among students [1], who tend to 
equate learning physics with recalling equations, without recognising the importance 
and role of critical thinking and its application in their studies [2]. This problem is 
further intensified by the demands imposed by Industry 4.0 in this field [3], particu-
larly in relation to emerging technologies, artificial intelligence, and big data. In addi-
tion, the limited incorporation of reflective and philosophical approaches in science 
education [4], despite their potential to cultivate diverse competencies, together with 
evidence of deficiencies and medium-to-low levels of critical thinking skills among 
university students across different countries [5], reflects the still modest benefits that 
higher education appears to generate in this area [6]. In this context, given the abstract 
nature of many physics concepts, which often hinder students’ understanding and 
negatively affect their motivation and participation, there is a clear need for innova-
tive learning approaches that actively engage learners [7]. Consequently, there is sub-
stantial room for alternative pedagogical strategies that require students to make their 
reasoning explicit and justify their responses. Within physics, quantum theory—given 
its conceptual complexity, epistemological depth, and technological significance— 
provides a particularly suitable context for implementing philosophically grounded 
pedagogical approaches aimed at cultivating higher-order critical thinking.

Accordingly, this study outlines the process that led to the preliminary validation 
of an assessment instrument developed within a broader research project in which 
critical thinking constituted the central object of inquiry, quantum physics provided 
the disciplinary framework, and philosophy functioned as the principal pedagogical 
strategy, implemented with students from various engineering programmes. The dis-
ciplinary content focused on introductory topics, appropriate for learners encoun-
tering a first-semester course in modern physics. The philosophical component was 
embedded in an instructional design that did not require prior formal training in 
this field from either instructors or students. Greater challenges arose in relation to 
the construct of critical thinking, given the multiplicity of definitions, theoretical per-
spectives, and assessment models reported in science and engineering education [8]. 
In more general higher education interventions, the systematic review conducted by 
Schoute and Alexander [9] likewise highlighted the difficulty of drawing robust con-
clusions, owing to limited methodological transparency in the studies examined and 
the absence of agreement regarding whether critical thinking should be understood 
as a general or domain-specific competence. In this regard, most investigations draw 
on classical formulations, such as Dewey’s [10] association of critical thinking with 
reflective thought; Ennis’s [11] emphasis on the evaluation of claims, conclusions, 
and arguments; and the definition reached by a 46-member Delphi panel of experts, 
coordinated by Facione, which achieved consensus on the following formulation:

We understand critical thinking to be purposeful, self-regulatory judgement 
which results in interpretation, analysis, evaluation, and inference, as well as 
explanation of the evidential, conceptual, methodological, criteriological, or con-
textual considerations upon which that judgement is based. [12, p. 3]

Among the most widely recognised instruments for assessing critical think-
ing at the international level are the Watson–Glaser Critical Thinking Appraisal,  
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the California Critical Thinking Skills Test, the California Critical Thinking Disposition 
Inventory, the Cornell Critical Thinking Test, the Halpern Critical Thinking Assessment 
Using Everyday Situations, and the Ennis–Weir Critical Thinking Essay Test, among 
others [13]. However, these measures tend to adopt a highly generalist orientation 
and are therefore not always suitable for specific instructional purposes. Moreover, 
standardised assessments of this kind do not consistently capture the developmental 
changes they are intended to measure, particularly when they are not aligned with 
the curriculum [14].

By contrast, science-based interventions employing instruments specifically 
designed to assess critical thinking within disciplinary contexts remain compara-
tively underdeveloped [15]. Although the relevance of critical reading and writing is 
widely acknowledged in fields such as engineering [16], these competencies continue 
to receive insufficient emphasis in curricular practice [8]. In this regard, Ramadani 
et al. [4], in their review of critical thinking research in science education, reported a 
clear predominance of quantitative approaches and explicitly identified the Socratic 
method as the only philosophical strategy documented in the studies analysed.

Against this backdrop, the research was initiated within a scientific domain par-
ticularly conducive to stimulating critical reflection—quantum physics—given its 
distinctive features, the profound challenges it poses to classical thought [16], the 
plurality of competing interpretations, the emergence of new paradigms, and the 
intrinsic difficulty involved in conceptualising its foundational principles [17]. From 
this perspective, modern physics calls for assessment tools capable of evaluating 
not only basic procedural skills but also higher-order critical reasoning abilities. Yet 
a central limitation lies in the scarcity of valid and reliable instruments specifically 
designed for courses in this field [18], reflecting the broader need for fairness and 
validity in higher education assessment practice [19]. Furthermore, most measures 
developed to verify students’ understanding of quantum principles address critical 
thinking only indirectly, insofar as they implicitly require the use of some founda-
tional cognitive skills. This is the case for approaches focused on identifying prior 
misconceptions [17], [20], [21], which are known to be highly resistant to change and 
constitute a key element in physics learning processes [7]; experimental or virtual 
laboratory-based learning [22], [23]; or inquiry into formal concepts and core prin-
ciples [24], [25], [26]. Fewer studies, however, employ quantum learning contexts to 
explicitly differentiate among distinct critical thinking skills when designing their 
assessment frameworks, as observed in the work of Juandi et al. [18], Didis et al. [27], 
Doyan et al. [28], and Çoban and Erol [29].

Even more anecdotal are interventions that incorporate a reflective– 
philosophical dimension to varying degrees, for instance, through students’ inter-
pretations of the nature of science [30], [31]; the organisation of small-group 
debates [32], or the extent to which learners are able to adapt ideas drawn from 
prominent twentieth-century philosophers within different physics courses [33]. 
Among such initiatives, the work of Tereshchuk et al. [34] is particularly notewor-
thy. Drawing on critical rationalism and the hypothetical–deductive method, they 
assessed the development of critical thinking in secondary school students encoun-
tering quantum theory for the first time. Overall, philosophical tools are seldom inte-
grated into the teaching of this domain at any educational level; at the university 
stage, instruction continues to be dominated by mathematical approaches, alongside 
a limited availability of validated assessment instruments [35].

In light of these considerations, the general objective of the study was to validate 
a qualitative assessment tool designed to examine critical thinking within a didactic 
sequence grounded in philosophical strategies and implemented with engineering 
students beginning their study of quantum principles.
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1.2	 Theoretical framework

The study was theoretically grounded in the document entitled “Critical Thinking 
Toolbox” (Caja de Herramientas de Pensamiento Crítico), developed by the Inter-
American Teacher Education Network (Red Interamericana de Educación Docente, 
RIED) [36], an initiative promoted within the framework of the Organisation of 
American States (OAS) and aimed at strengthening teacher education and fostering 
critical thinking. The RIED proposal does not introduce a locally confined concep-
tion of critical thinking; rather, it explicitly draws on widely recognised theoretical 
foundations, particularly the original cognitive taxonomy proposed by Bloom [37].  
This taxonomy serves as a reference for structuring and sequencing cognitive skills—
knowledge, comprehension, application, analysis, synthesis, and evaluation— 
while integrating a range of teaching methodologies broadly disseminated and 
implemented across diverse educational and sociocultural contexts. The Toolbox sys-
tematises these approaches through clear pedagogical guidelines, implementation 
strategies, planning examples, and assessment orientations. Although the RIED frame-
work originated in the context of teacher education in Latin America, its pedagogical 
principles converge with approaches widely adopted in engineering education, such 
as problem-based learning (PBL) and inquiry-based learning. These strategies are 
consistently recognised in the international literature on engineering education as 
effective means of promoting higher-order thinking skills and epistemic reflection.

Accordingly, to differentiate among critical thinking skills, the study adopted 
Bloom’s original taxonomy [37], as recommended in the RIED framework [35]. Why 
was the revised version of Bloom’s taxonomy [38], favoured in other studies, not 
selected? The updated classification introduces substantial modifications to the orig-
inal formulation, including the addition of a knowledge dimension complement-
ing the cognitive process domain; the replacement of nouns with action verbs; the 
reordering of the two highest levels; and the renaming and redefinition of several 
categories. This model centres on a two-dimensional matrix—cognitive process (first 
dimension) and knowledge (second dimension)—designed to promote alignment 
among learning objectives, instructional activities, and assessment while assigning a 
prominent role to metacognition. Such an emphasis, however, was not central to the 
purposes of the present investigation. In this intervention, the skill of synthesis was 
understood as the integration of perspectives, the reconciliation of physical models, 
and the articulation of coherent explanations. Within this interpretation, it aligned 
more appropriately with the fifth level of the original taxonomy—as a category 
of integration—rather than being subsumed under its counterpart in the revised 
framework (creation, which occupies the highest level): Students were not required 
to generate an original product but to construct conceptual integration. Moreover, 
several critiques have questioned both the strict hierarchical ordering and the rigid 
separation among levels [39], [40], noting that abilities such as analysis, synthesis, 
and evaluation may emerge simultaneously across different phases of cognitive 
activity rather than occupying fixed or mutually exclusive positions [41]. From this 
standpoint, the incorporation of a second dimension could render subsequent anal-
ysis more complex, further supporting the continued relevance and suitability of 
Bloom’s original taxonomy. Indeed, this classification remains firmly established as a 
reference framework in engineering education, with broad international adoption. 
It is employed in curriculum analysis and instructional design [42], [43], [44], [45], 
[46], in the construction and evaluation of examinations and classroom tasks [47], 
[48], [49] and in studies based on students’ self-perceptions and reflections on their 
own learning processes [50], [51], among other applications.
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Within this framework, the work of Hains et al. [52] is particularly pertinent, as 
it examines various taxonomic models from the standpoint of professional practice 
and civil engineering education, emphasising that the cognitive domain constitutes 
the core component of professional knowledge. The authors argue that, in this field, 
synthesis-orientated tasks—such as design—are subordinated to evaluative pro-
cesses, particularly review, critique, and validation conducted by more experienced 
engineers. This professional structure supports the retention of the hierarchical 
ordering proposed in Bloom’s original taxonomy. They further contend that incorpo-
rating the knowledge dimension of the revised model would introduce unnecessary 
complexity into learning outcome assessment systems and that the reordering of syn-
thesis and evaluation levels poses conceptual difficulties for the profession. On the 
basis of these considerations, the American Society of Civil Engineers (ASCE) adopted 
Bloom’s original taxonomy as the reference framework for civil engineering educa-
tion, introducing only formal adjustments that do not modify the three highest cog-
nitive levels [52]. This decision has subsequently been reaffirmed and maintained by 
the association itself [53]. Given that the articulation of higher-order cognitive skills is 
comparable across other engineering disciplines, this institutional position reinforces 
the appropriateness of employing Bloom’s original taxonomy as a valid framework in 
the present study, which involves students from multiple engineering programmes.

Moreover, as noted in the background section, although numerous instruc-
tional strategies are widely employed to promote critical thinking, approaches that 
explicitly integrate philosophical tools into the teaching of quantum physics remain 
limited when compared to other pedagogical alternatives. This gap reinforces the 
interest in exploring one of the pathways suggested by the RIED framework, inspired 
by dialogical dynamics rooted in the Socratic tradition. Consistent with this orien-
tation, the present study was situated within the philosophical didactics proposed 
by Sumiacher [54], who conceives philosophy as an effective method for fostering 
meaningful learning and positions dialogue as the formative core of a practice aimed 
at cultivating critical reflection. This perspective understands learning as a process 
that begins with the formulation of open, expansive, and thought-provoking ques-
tions capable of challenging prior beliefs; continues through attentive listening that 
enables the articulation of further inquiry and the construction of new ideas; and 
remains active through the introduction of dilemmas and contradictions that stimu-
late the search for answers and the expansion of perspectives. Such an approach is 
particularly well suited to the teaching of quantum physics, a domain characterised 
by enduring epistemological questions. In this context, philosophical dialogue creates 
spaces that encourage critical reflection on scientific models and their limitations.

2	 MATERIALS AND METHODS

2.1	 Participants

The instrument’s credibility was examined through expert judgement involving 
seven evaluators—three holding doctoral degrees and four with master’s degrees—
selected for their experience in education and physics education research. Inter-
cohort stability (dependability) was assessed using a convenience sample of 14 
students during the 2024-I semester and 11 students in 2024-II (80% male and 
20% female), aged between 19 and 22 years. The assessment tool and its associ-
ated didactic sequence were implemented within the course “Waves and Modern 
Physics” (third or fourth semester), offered across several engineering programmes 
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at a university in the Colombian Caribbean region. All participants were enrolled 
in the course for the first time and had comparable backgrounds in foundational 
science subjects.

In accordance with institutional regulations, this study was classified as 
minimal-risk educational research conducted within the context of regular class-
room instruction and, therefore, did not require formal review by an Institutional 
Ethics Committee. Nevertheless, the investigation adhered strictly to established eth-
ical standards for research involving human participants. Students were informed 
of the study’s objectives, the voluntary nature of their participation, and the con-
fidentiality of their responses. Participation had no impact on course grades, and 
students were free to decline or withdraw at any time without academic penalty. 
Informed consent was obtained prior to data collection. All information was ano-
nymised and coded to safeguard participants’ identities, and findings are reported 
exclusively in aggregate form.

2.2	 Research design

The assessment tool was developed for integration into a broader qualitative 
study grounded in content analysis of open-ended responses designed to elicit dif-
ferent critical thinking skills. These responses were collected following instruction in 
quantum physics, focused specifically on wave–particle duality, delivered through 
philosophically informed teaching strategies (see Figure 1).

Fig. 1. Schematic representation of the research design and the role of the assessment instrument
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The didactic sequence comprised ten sessions of 100 minutes each, combining 
popular science readings, audio-visual materials (produced by the researchers and 
adapted from online sources), Socratic seminars, and open-ended questions structured 
around key topics in quantum theory, including both standard interpretations [55] 
and alternative perspectives [56]. Socratic dialogue functioned as the central peda-
gogical strategy, in alignment with Sumiacher’s philosophical didactics [54] and the 
guidelines proposed by the RIED framework [36]. These sessions were organised 
around provocative questions designed to activate prior conceptions and subject 
them to collective examination within the disciplinary context of quantum princi-
ples. Throughout the argumentative exchange, participants confronted their own 
explanations with those of the instructor, fostering processes of self-critique as they 
identified contradictions, limitations, or unwarranted assumptions in their rea-
soning. The tension generated by this exchange acted as a catalyst for knowledge 
construction, without aiming to reach definitive answers. The instructor played a 
pivotal role as facilitator of the dialogical process, guiding the discussion through 
further questioning rather than presenting closed solutions or imposing interpre-
tations. In this respect, the Socratic format differs from competitive or adversarial 
debate models, as it does not seek to defend opposing positions or persuade an inter-
locutor, but instead promotes shared critical exploration of the conceptual issues 
under consideration.

Following pilot testing, the three highest-order skills were selected for assess-
ment, as they were considered more amenable to development through the philo-
sophical strategy. This decision led to a first version of the instrument comprising 24 
open-ended questions distributed across the ten sessions. The targeted skills were 
defined as follows: analysis (decomposing and categorising components); synthesis 
(integrating elements to generate or predict outcomes); and evaluation (assessing, 
judging, or making informed decisions).

2.3	 Credibility

In qualitative research, the concept of validity is associated with descriptive rich-
ness, interpretative depth, and contextualisation of the phenomena under study. 
Accordingly, alternative criteria are proposed for its confirmation when compared 
to quantitative inquiry [57]: credibility, dependability, transferability, and confirma-
bility. In the present study, the validation process focused specifically on the first two 
dimensions: credibility and dependability. Credibility refers to the extent to which 
the instrument’s results faithfully represent the phenomena analysed, whereas 
dependability concerns the stability observed when the procedure is repeated under 
comparable conditions.

In this investigation, credibility was established through expert judgement 
using a validation form completed by seven subject-matter specialists (available 
in its original language at https://forms.gle/uxy4cLEmsagmiKr5A). Each evalua-
tor received the 24 open-ended questions along with a rubric (refer to Table 1) 
assessing coherence, relevance, clarity, and sufficiency [58]. Items were rated on a  
four-point Likert scale, and space was provided for qualitative feedback and 
suggestions.

https://online-journals.org/index.php/i-jep
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Table 1. Evaluation rubric for item rating by expert judges

Category
Rating

1
Very Low Level

2
Low Level

3
Moderate Level

4
High Level

Coherence
The item has a logical relationship with 
the dimension or indicator being assessed

Relevance
The item is essential or important

Clarity
The item is easily understood

Sufficiency
The set of items within the same 
dimension is sufficient to adequately 
assess that dimension

To quantify the degree of agreement assigned by the judges to each item, Aiken’s 
V coefficient was calculated as follows:

	 V
X l

k
�

� ,

where X  represents the mean rating; l denotes the minimum value of the Likert 
scale (equal to 1); and k corresponds to the scale range, defined as the difference 
between the maximum and minimum values (equal to 3). The coefficient ranges 
from 0 (lowest level of agreement) to 1 (highest level of agreement).

Items were considered valid if their Aiken’s V value in the coherence category 
reached a lower bound of the 95% confidence interval ≥ .70, following the recom-
mendation of Soto and Segovia [59]. The relevance and clarity categories were used 
to refine wording and focus; items with relevance values < .70 were retained pro-
vided they met the coherence threshold. The lower confidence limit was computed 
using the formula proposed by Penfield and Giacobbi [60]:

	 L
nkV z z nkV V z

nk z
V
m

�
� � � �

�
� �

2 4 1

2
7

2 2

2

( )

( )
. ,

where n denotes the number of judges (equal to 7), and z represents the criti-
cal value of the standard normal distribution corresponding to a 95% central confi-
dence interval (equal to 1.96).

2.4	 Dependability

Because the instrument was not designed to calculate performance across par-
allel tasks within the same skill domain, the use of internal consistency indicators 
was deemed inappropriate. Items associated with a given skill could display pro-
gressively increasing levels of difficulty and complexity throughout the didactic 
sequence, thereby violating the homogeneity assumption required by so-called 
tau-equivalence. For this reason, an inter-cohort stability analysis was conducted 
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by administering the instrument across two student cohorts during the 2024-I 
and 2024-II semesters, once the credibility criterion had been met and the nec-
essary adjustments implemented. To this end, data were drawn from the broader 
research project in which the instrument was embedded, specifically through the 
use of the “categorical polarity index” (r), employed by the researchers to quan-
tify the quality of students’ responses, after first developing a codebook (see  
Appendix 9.1). During the deductive categorisation process, each code received 
a positive designation, COD (+), when the demonstrated skill was expressed in a 
deep or accurate manner and a negative designation, COD (-), when it was super-
ficial or inaccurate. To examine progression, the categorical polarity index was 
calculated as the ratio between the difference and the sum of positive and nega-
tive coding [61]. This coefficient ranges from -1 (minimum response quality) to +1 
(maximum response quality):

	 r � � � �
� � �

COD COD

COD COD

( ) ( )

( ) ( )

Using the aggregated values of this index, by session and by critical thinking 
skill, dependability across the two cohorts was examined through correlation 
analyses, employing multiple coefficients: Pearson’s r, Spearman’s ρ, Kendall’s tb 
and Lin’s concordance correlation coefficient (CCC). The use of several estimators 
provided a more comprehensive assessment of stability. Pearson’s r evaluated lin-
ear associations between ratios under the assumption of normality; Spearman’s 
ρ and Kendall’s tb assessed ordinal and monotonic relationships without requir-
ing normal distribution, with Kendall’s statistic being both more robust in 
small samples and more stringent; and Lin’s CCC measured absolute agreement 
between cohorts by integrating precision (correlation) and accuracy (closeness to 
equality).

3	 RESULTS

3.1	 Credibility

The expert-judgement validation yielded overall satisfactory outcomes. Based 
on Aiken’s V coefficient, 62 of the 75 evaluated criteria exceeded the lower bound 
of the 95% confidence interval. Within the coherence category, only two items fell 
below this threshold. Table 2 presents the mean scores, organised by critical think-
ing dimension and by the rubric categories established for the instrument.

Table 2. Mean Aiken’s V indices and 95% confidence intervals (CI), based on expert judges’ ratings

Skills

Categories

 Coherence  Relevance  Clarity  Sufficiency

V CI V CI V CI V CI

Analysis .95 (.78, .98) .93 (.75, .98) .90 (.71, .96) 1.0 (.85, 1.0)

Synthesis .95 (.78, .98) .93 (.75, .98) .91 (.72, .97) .95 (.79, .99)

Evaluation .96 (.79, .99) .92 (.74, .97) .89 (.69, .95) .90 (.71, .97)
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Overall, the instrument achieved a mean Aiken’s V of .93 (95% CI [.75, .98]), exceed-
ing the minimum acceptable threshold of .70 and indicating a generally favourable 
appraisal by the expert panel across the evaluated criteria. When examined by crit-
ical thinking dimension, this pattern remained consistent: Analysis reached V = .95 
(95% CI [.77, .98]); Synthesis, V = .94 (95% CI [.76, .98]); and Evaluation, V = .92 (95% 
CI [.73, .97]). Across rubric categories, sufficiency obtained the highest ratings, fol-
lowed by coherence and relevance. Clarity showed somewhat more modest scores, 
with the lower confidence limit marginally below the acceptable threshold in the 
Evaluation dimension. Although these findings supported the overall credibility of 
the instrument, a detailed item-level review was conducted to identify statements 
requiring revision or removal (Appendices 9.2 and 9.3 report all Aiken’s V coeffi-
cients by item and category). Based on the judges’ qualitative feedback, items #14, 
#7, and #24 were discarded, and wording adjustments were introduced in those 
prompts that received weaker clarity scores. The final version of the questionnaire 
(Appendix 9.4) comprises 21 open-ended questions, seven per targeted skill. The 
complete didactic sequence, integrating session-by-session activities and prompts,  
is accessible via the link provided in Appendix 9.5.

3.2	 Dependability

Table 3 reports the critical thinking polarity ratios obtained after administering 
the instrument to the 2024-I and 2024-II cohorts. The results are disaggregated by 
session and skill, following the coding of responses using the established codebook. 
Table 4 presents the results of the correlation coefficients applied to examine the 
instrument’s dependability across the two cohorts.

Table 3. Critical thinking polarity ratios (2024-I and 2024-II cohorts)

Skills

Session
Analysis Synthesis Evaluation

2024 I 2024 II 2024 I 2024 II 2024 I 2024 II

#1 .11 .05

#2 .00 .13 -.21 -.22

#3 -.08 -.33

#4 -.55 -.75 -.20 -.33

#5 -.10 -.37 -.17 -.16 .17 -.09

#6 .20 -.24 .00 .09 .09 .17

#7 .20 .25

#8 .14 .22 .08 .08

#9 .43 .41 .13 .09 .17 -.17

#10 .41 .45 .09 .08 .08 .11

Notes: In each session, no more than one question was assigned to each level of Bloom’s taxonomy. 
Empty cells indicate that no item targeting that level was included in the corresponding session, as other 
cognitive processes were prioritised in accordance with the sequence design.
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Table 4. Correlation coefficients between the outcomes of the 2024-I and 2024-II cohorts

Coefficient
Skills

Analysis Synthesis Evaluation Global Critical Thinking

Pearson’s r Estimated value .898 .944 .380 .834

p-value .002 .000 .211 .000

CI (95%) (.449, .985) (.660, .992) (-.523, .881) (.630, .930)

Spearman’s ρ Estimated value .901 .901 -.109 .629

p-value .002 .002 .416 .001

CI (95%) (.437, .986) (.437, .986) (-.807, .716) (.256, .838)

Kendall’s tB Estimated value .781 .781 -.150 .456

p-value .005 .005 .303 .002

CI (95%) (.186, 1.00) (.186, 1.00) (-.720, .419) (.153, .759)

Lin’s CCC Estimated value .838 .916 .210 .773

p-value .007 .004 .410 .001

CI (95%) (.443, .961) (.698, .979) (-.276, .622) (.561, .890)

At the aggregate level, without distinguishing among specific skills (see the last 
column of Table 4), the findings were satisfactory across all coefficients considered. 
Nevertheless, the influence of item ordering became apparent in the comparatively 
more moderate values observed for Spearman’s ρ and Kendall’s tB. More specifically, 
the Analysis and Synthesis dimensions exhibited strong inter-cohort associations, 
reflecting a high degree of linear correspondence in response patterns. Spearman’s 
and Kendall’s coefficients supported the stability of rank ordering, while Lin’s CCC 
indicated both consistency and substantial agreement between measurements. By 
contrast, the Evaluation dimension yielded a moderate-to-low and non-significant 
Pearson coefficient, together with negative values (Spearman and Kendall). These 
findings are discussed in depth in the following section.

4	 DISCUSSION

In the validation process, technological tools were used for organisational pur-
poses. However, the categorisation of students’ responses was conducted exclu-
sively by the researchers. This reflects the need to preserve expert judgement when 
evaluating nuanced aspects such as interpretation, subtle reasoning, and originality, 
which remain difficult to capture through automated systems. Although technol-
ogies such as AI may assist in data processing, they still present limitations that 
prevent their use as substitutes for human evaluators in high-stakes assessment 
contexts [19].

Turning to the results, the high credibility levels (as measured through Aiken’s V)  
obtained across the three critical thinking skills examined are not easily compara-
ble with those reported for other assessment tools, largely due to the absence of a 
unified definition of critical thinking [62]. This conceptual plurality renders cross-in-
strument comparison inherently problematic [63]. Methodological variability 
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further complicates such contrasts. Many studies do not employ Aiken’s V index, 
relying instead on inter-rater agreement percentages or alternative coefficients, and 
in several cases no quantitative evidence of content validity is reported at all [3], 
[64], and [65], regardless of the thematic focus of the instrument. These challenges 
are compounded by the limited availability of tools that explicitly integrate criti-
cal thinking with quantum physics content. Most instruments prioritise the assess-
ment of conceptual understanding [17], [20], [21], without systematically addressing 
higher-order reasoning dimensions. Even when items are adapted from established 
frameworks, content validation procedures often remain predominantly qualitative 
in nature [66], [24], and [67].

The reliability criterion, operationalised in terms of dependability, indicates that 
when the instrument is treated as a single construct (see the last column of Table 4), 
inter-cohort correlations reflect coherence in the overall response pattern. Rank-
based coefficients (Spearman and Kendall) yielded moderate values, suggesting 
only partial ordinal correspondence between cohorts. This outcome aligns with the 
instrument’s design. Although the questions were arranged according to a concep-
tual progression throughout the didactic sequence, the tool was not intended to 
preserve a rigid ordinal structure that would allow fine-grained ranking equiva-
lence across cohorts. Rather, it was conceived to capture interpretative shifts from 
a qualitative perspective. From this standpoint, the comparatively lower Spearman 
and Kendall coefficients should be understood as consistent with the expected 
absence of strict ordinal alignment in an instrument aimed at tracing cognitive 
development.

Continuing with inter-cohort stability and focusing on specific skills, the 
Analysis and Synthesis dimensions exhibited stronger coefficients in both mag-
nitude and relative ordering. This pattern may be associated with lower inter-
nal heterogeneity, as these sections grouped items designed to activate a similar 
type of cognitive operation. In these domains, response patterns tend to be more 
predictable than in Evaluation, showing reduced variability between cohorts, 
since they depend less on complex judgment and on the evolving dynamics of the 
instructional strategy. By contrast, Evaluation—one of the least frequently assessed 
skills in engineering programmes [8]—integrates the preceding levels in order to 
enable capacities such as appraisal, critique, and argumentation. The literature 
reports mixed effects depending on instructional approach and educational level: 
positive outcomes in some cases [68], particularly when philosophical strategies 
are employed, and negative results in others [64], especially in contexts centred 
on mathematical proof. This issue has also been identified as a methodological 
limitation in instruments applied to conceptually dense topics, where overall reli-
ability indices have likewise been moderate or low [20], [24], [67]. Adams and 
Wieman [69] further noted the adverse impact of partially independent constructs 
on reliability estimates, an effect that emerged naturally here due to the hetero-
geneity of topics addressed and the need to integrate them coherently to develop 
the most demanding critical thinking skill. This may be interpreted as reflecting 
the cognitive complexity inherent at this level, whose integrative nature requires 
the simultaneous mobilisation of multiple concepts and procedures characteristic 
of quantum physics. Consequently, even a well-designed instrument—having met 
credibility standards—may encounter limitations inherent to the disciplinary con-
tent on which it is applied.

Continuing the analysis of the lower dependability results observed for the 
Evaluation skill, previous studies have highlighted the difficulty of discriminat-
ing specific levels within critical thinking, particularly when memorisation and 
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reasoning are not clearly distinguishable [70], leading to conceptual overlap among 
skills. This challenge becomes more pronounced at higher levels of the taxonomy, 
reaching its peak in Evaluation, which depends on the integration of the preceding 
processes. One way to avoid the appearance of anomalous findings in validation 
procedures has been to present instruments as unified structures, without differ-
entiating specific skills, thereby portraying critical thinking as a global construct, 
emerging from the overall measure [2], [3], [14], [33], [64], [65], [71], [72], [73], [74], 
[75], [76]. In the absence of an explicit taxonomy, potential weaknesses in demand-
ing dimensions such as Evaluation may be absorbed by strengths observed in oth-
ers. Accordingly, although aggregating the 21 items into a single composite score 
would likely yield more favourable overall indices, such an approach would obscure 
the distinct behaviour of each of the three targeted skills.

This monolithic tendency in instrument design and analysis is consistent with 
the findings of Betancourth et al. [77], who showed that even tools validated by 
experts and intended to assess differentiated critical thinking skills may fail to 
manifest distinct factors in subsequent analyses. In studies integrating quantum 
physics and critical thinking, Waitzman et al. [22] developed and validated a ques-
tionnaire on quantum reasoning whose items may be associated with higher-order 
levels of Bloom’s taxonomy, yet without explicitly separating dimensions. Similarly, 
Juandi et al. [18], although considering reflection, inference, analysis, and evalua-
tion during instrument development, conducted validation as a single block using 
the Rasch model, thus assuming a dominant construct rather than examining each 
skill independently. This pattern—items targeting different abilities but validated as 
a unitary structure—remains common in the literature [29].

Other investigations [28], [78], [79], [80], while initially identifying distinct 
indicators of critical thinking, provide insufficient detail regarding the nature 
or validation of the instrument employed. This is also the case for Tereshchuk 
et al. [34], who additionally rely on philosophical tools as their primary instruc-
tional strategy, making direct comparison with the present findings unfeasible. 
Moreover, the structural reconfiguration of upper-order categories in the revised 
Bloom’s taxonomy—where Creating becomes the highest level and Evaluating 
is repositioned—may influence how these skills are conceptualised and opera-
tionalised in empirical studies. From this perspective, the instability observed in 
the Evaluation dimension (r = .380) may partly reflect definitional boundaries 
between evaluation and synthesis/creation, rather than solely indicating a psy-
chometric shortcoming.

From a different perspective, these anomalous findings may be related to the 
distinct temporal dynamics characterising each skill. Analysis and Synthesis tend to 
evolve cumulatively, building on previously introduced concepts, worked examples, 
and progressively internalised technical language. Such a progression may foster 
relatively parallel improvement trajectories across cohorts. In contrast, Evaluation 
involves the formulation and application of criteria for judgement, processes that, 
in quantum physics, are shaped by competing interpretative frameworks (e.g., real-
ism versus instrumentalism) and cannot be easily separated from the content being 
assessed. Unlike the other skills, Evaluation remains tightly coupled to the specific 
domain under consideration, thereby increasing its dependence on students’ prior 
preparation and cognitive maturity. This dimension typically emerges at a later stage, 
grounded in conceptual change processes and activated particularly in situations of 
conflict and position-taking, as encouraged through Socratic dialogue. The dialogical 
nature of these exchanges introduces greater sensitivity to the cases discussed and to 
the way in which instructional prompts are formulated. Each question was designed 
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to elicit a specific manifestation of critical thinking within a context strongly shaped 
by the unfolding of the debate, whose starting point was predetermined by the 
instructor, but whose development remained open-ended. Consequently, responses 
requiring appraisal, judgement, or critique are less amenable to straightforward 
quantitative comparison across cohorts.

It cannot be ruled out that the inherent conceptual difficulty of the subject 
exerted a stronger influence than students’ actual capacity to develop this partic-
ular skill, manifesting differently across the two cohorts. Incomplete conceptual 
transitions, from naïve physical models to more formal quantum frameworks, 
have been identified in previous research [22] as indicative of insufficient founda-
tional understanding. Such gaps tend to become more visible when students are 
required to formulate and apply their own criteria in responding to prompts, while 
having a comparatively lesser impact on Analysis and Synthesis tasks. In many 
instances, students resorted to appeals to authority [81], introducing substantial 
variability between cohorts depending on group dynamics and interactions with 
the instructor.

Taken together, the findings, particularly those concerning the Evaluation dimen-
sion, underscore the difficulty of achieving a clear-cut separation among higher- 
order levels of critical thinking. This pattern suggests that students’ responses may 
rely on an integrated processing of multiple cognitive competencies, including 
lower-level processes such as knowledge, comprehension, and application, which 
were not explicitly targeted within the didactic sequence.

5	 LIMITATIONS AND FUTURE RESEARCH

The limited number of items per assessed skill constrained the application of 
more advanced statistical procedures. Expanding the instrument, potentially incor-
porating closed-ended questions, would strengthen future psychometric analyses. 
Although exploratory factor analysis was not conducted, as the items were inten-
tionally aligned with predefined dimensions rather than designed to identify emer-
gent structures, its inclusion in subsequent studies could enhance the instrument’s 
robustness. Such analysis may help clarify whether Evaluation operates as a trans-
versal competence rather than as a parallel dimension, despite its differentiated sta-
tus in taxonomies such as Bloom’s. Furthermore, the pilot procedures leading to the 
initial version of the instrument considered students’ perceptions of the prompts, 
yet this feedback was gathered informally. A more systematic implementation of this 
stage would complement the expert-based validation process and reinforce over-
all validity.

The time span allocated to the didactic sequence may also have been insufficient 
to detect sustained changes in the targeted skills. However, extending the duration 
of the intervention would not necessarily guarantee significant gains across all crit-
ical thinking categories, as longitudinal research has shown that certain subdimen-
sions may remain stable despite prolonged instructional efforts [82].

6	 CONCLUSIONS

This study presented the preliminary validation of an assessment instrument 
designed to accompany a didactic sequence aimed at qualitatively examining 
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the development of higher-order critical thinking skills—Analysis, Synthesis, and 
Evaluation—during the learning of foundational concepts in quantum physics 
through philosophical strategies. In doing so, it sought to address certain lim-
itations commonly associated with standardised and decontextualised assess-
ment tools.

When considered as a unified structure, the questionnaire yielded satisfactory 
results under the criteria of credibility and dependability. A dimension-specific 
examination supported the validity of the Analysis and Synthesis components but 
revealed certain weaknesses in Evaluation under the dependability criterion. This 
comparatively unstable behaviour at the highest level of Bloom’s classical taxonomy 
does not appear to stem from flaws in item design—each having been validated 
by experts—but rather from multiple interacting factors: its integrative character, 
greater item heterogeneity, the difficulty of disentangling judgement from disci-
plinary content, the longer time required for stabilisation, and the inherent com-
plexity of quantum physics, particularly given the absence of a single interpretative 
framework.

Accordingly, the findings should be interpreted with caution. The evidence pro-
vides preliminary indications of stability when the instrument is treated holistically, 
without warranting definitive claims of psychometric robustness. These analyses 
serve a complementary role within a primarily qualitative research design focused 
on ensuring content validation and coherence between the instrument and the 
instructional sequence in which it is embedded. Future studies with larger sam-
ples will allow further examination of the instrument’s psychometric stability. At the 
same time, this tool represents a contribution to higher education in STEM contexts 
by fostering dialogue between scientific content and reflective approaches tradition-
ally associated with the humanities.
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9	 APPENDIX

9.1	 Researcher-developed codebook: categories and predefined codes

Levels of 
Critical Thinking Main Categories Main  

Codes Subcategories and Subcodes

Analysis to Abstract to Generalise to Infer

of Elements AE AEA AEG AEI

of Relationships AR ARA ARG ARI

of Principles AP APA APG API

Synthesis to Collect to Predict to Conclude

in Communication SC SCR SCP SCC

in the Creation of a Plan SP SPR SPP SPC

in the Derivation of Abstract 
Relationships

SA SAR SAP SAC

Evaluation to Assess to Criticize to Argue

according to Internal Criteria EI EIV EIC EIA

according to External Criteria EE EEV EEC EEA
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9.2	 Main results of expert validation of the evaluation instrument 
(coherence, relevance, and clarity)

Judges rating (from 1 to 4 points): Coherence – Relevance – Clarity1

Aiken V-Index4
Lower Limit 

of Confidence 
Interval5 (L)Question2 J1

3 J2 J3 J4 J5 J6 J7

AN
AL

YS
IS

1 4 4 4 3 4 4 4 3 3 4 4 4 4 4 4 4 4 3 4 4 4 .95 .95 .90 .77 .77 .71

2 4 3 3 4 4 4 4 4 4 4 4 3 4 4 4 4 4 3 4 3 4 1.00 .90 .86 .85 .71 .65

3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 3 1.00 1.00 .95 .85 .85 .77

4 4 4 3 4 4 4 2 1 3 4 4 4 4 4 4 4 4 4 4 4 4 .90 .86 .90 .71 .65 .71

5 4 4 4 4 4 4 3 3 4 4 4 4 4 4 4 4 4 4 3 3 4 .90 .90 1.00 .71 .71 .85

6 4 4 4 3 4 4 4 4 2 2 2 3 4 4 4 4 4 4 4 4 4 .86 .90 .86 .65 .71 .65

7 4 4 3 4 4 3 4 4 4 4 4 4 4 4 4 4 4 3 4 4 3 .00 1.00 .81 .85 .85 .60

8 4 4 4 4 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 3 .00 .95 .90 .85 .77 .71

SY
NT

HE
SI

S

9 4 4 4 4 4 4 4 4 3 3 4 3 4 4 4 3 3 3 4 3 4 .90 .90 .86 0.71 0.71 0.65

10 4 4 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 3 1.00 1.00 .90 0.85 0.85 0.71

11 4 4 4 4 3 4 4 4 3 4 4 4 4 4 4 4 4 4 4 4 3 1.00 .95 .90 0.85 0.77 0.71

12 4 4 4 4 3 4 4 4 4 4 4 3 4 4 4 4 4 4 4 3 4 1.00 .90 .95 0.85 0.71 0.77

13 4 4 4 4 4 4 4 4 3 4 4 4 4 4 4 4 4 4 4 3 4 1.00 .95 .95 0.85 0.77 0.77

14 3 4 3 3 4 4 4 4 4 3 3 3 4 4 4 4 4 4 4 4 4 .86 .95 .90 0.65 0.77 0.71

15 4 4 4 4 3 4 4 4 3 4 4 4 4 4 4 4 4 4 3 4 4 .95 .95 .95 0.77 0.77 0.77

16 4 4 4 4 4 4 4 2 3 3 3 3 4 4 4 4 4 3 3 4 4 .90 .86 .86 0.71 0.65 0.65

EV
AL

UA
TI

ON

17 4 4 4 4 4 4 4 4 1 4 4 3 4 4 4 4 4 3 4 3 3 1.00 .95 .71 .85 .77 .50

18 3 4 3 4 3 4 4 2 4 4 4 4 4 4 4 4 4 4 4 4 3 .95 .86 .90 .77 .65 .71

19 4 4 4 4 3 3 4 4 3 4 4 4 4 4 4 4 4 4 4 4 4 1.00 .95 .90 .85 .77 .71

20 4 4 4 3 4 4 3 3 2 4 4 3 4 4 4 4 4 4 4 4 4 .90 .95 .86 .71 .77 .65

21 4 4 4 4 4 4 4 3 2 4 4 4 4 4 4 4 4 4 4 4 4 1.00 .95 .90 .85 .77 .71

22 3 4 3 4 3 4 4 4 4 4 4 4 4 4 4 4 4 4 3 3 3 .90 .90 .90 .71 .71 .71

23 4 4 4 4 4 4 4 4 3 4 4 4 4 4 4 4 4 4 4 3 3 1.00 .95 .90 .85 .77 .71

24 4 4 4 4 4 4 3 1 4 4 4 4 4 4 4 4 4 4 3 4 4 .90 .86 1.00 .71 .65 .85

Notes: Values shown in red indicate that the item did not reach the minimum expected threshold to be accepted without modification.
1Seven expert judges (J1 to J7) rated each item from 1 (lowest degree of compliance) to 4 (highest degree of compliance) according to its 
adequacy in the categories of Coherence, Relevance, and Clarity.
2The first column indicates the item number, with a total of 24 items, divided into three blocks: 1 to 8 for Analysis questions; 9 to 16 for 
Synthesis questions; and 17 to 24 for Evaluation questions.
3Each judge’s ratings are distributed across three columns: the first for Coherence, the second for Relevance, and the third for Clarity.
4,5Aiken’s V values and the lower bound of the 95% confidence interval (L) are also presented in three separate columns: the first for 
Coherence, the second for Relevance, and the third for Clarity.

9.3	 Main results of expert validation of the evaluation instrument (sufficiency)

Skill J1 J2 J3 J4 J5 J6 J7
Aiken  

V-Index
Lower Limit of 

Confidence Interval1 (L)

Analysis 4 4 4 4 4 4 4 1.0 .85
Synthesis 4 4 4 4 4 4 3 .95 .77
Evaluation 4 4 3 3 4 4 4 .90 .71

Note: 195% Confidence interval.
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9.4	 Final questionnaire

Session Questions

1 Evaluation: In this first session, after having been introduced to the wave and particle concepts presented by a theoretical 
physicist and an experimental physicist in the video about light and photons, provide a reasoned opinion on the possibility that 
certain physical properties might exist that cannot be conceived (or imagined) from within the framework of reality, thus requiring 
us to give up understanding those objects in classical terms.

2 Analysis: Drawing an analogy between the Allegory of the Cave and the development of science, who or what could represent the 
prisoners, the light, the shadows, and the cave in today’s world?

Synthesis: In the text titled “A critique of reality and locality,” the following paragraph appears:
“…that reality is local means that position and velocity can only be modified by something that affects the ball locally, through close 
contact. If you strike, the pins fall because the ball hits them locally. If the ball ends up in the gutter, the pins don’t fall. Now imagine 
the ball ends up in the gutter, but some pins fall anyway, without being hit locally. Quantum physics breaks with the requirement 
that all influence effects must occur locally. Sometimes, quantum objects influence each other without local contact, doing so 
instantly, across large distances.”
Propose some examples of phenomena that could influence others in a non-local way.

3 Evaluation: After reading the 1902 interview with Lord Kelvin, including both his accurate and inaccurate predictions, to what 
extent can we trust the forecasts made by authoritative scientific voices when deciding to follow the paths they suggest for guiding 
our research?

4 Analysis: Based on the reading of Gherab-Martín [55], explain Einstein’s position regarding wave–particle duality, both before and 
after reading De Broglie’s thesis.

Synthesis: Without yet knowing the correct quantum model that explains atomic stability, imagine how the electron in a hydrogen 
atom could adapt to its orbit by using the concepts of standing waves studied in classical wave physics, and connect them with De 
Broglie’s hypothesis. Create a drawing and show how the corresponding wavelength would be obtained.

5 Analysis: In the article by Gherab-Martín [55], the following statement appears: “The motion of particles follows the laws of 
probability, but probability itself propagates according to the law of causality.” What main idea or proposal can be inferred from 
this statement?

Synthesis: The Copenhagen interpretation is the most widespread in the teaching of quantum physics, but it is not the only 
one. Think of a realistic physical model—different from the one proposed by Copenhagen—that uses wave-based concepts and 
avoids some of the conceptual difficulties posed by the double-slit experiment. How do you think your interpretation of quantum 
physics would address the wave–particle duality problem? In future sessions, we will explore alternatives to the Copenhagen 
interpretation.

Evaluation: Evaluate the anti-realist interpretation of the wave–particle phenomenon, according to which there is no objective 
reality before we experiment with the object, and instead, we ourselves create that reality by forcing it to be described either as a 
classical wave or as a classical particle.

6 Analysis: In light of the discussion in Okon’s article [32], what conclusions can be drawn regarding the measurement process and 
the wave–particle phenomenon when compared to the classical conception of measurement?

Synthesis: In the double-slit experiment, a detector has been placed to observe which path the electron takes, showing that it 
passes through the upper slit 5 times and the lower slit 10 times. Referring to the statement in Okon’s article [32]: “The list of 
possible values consists of the eigenvalues of the corresponding operator, and the probabilities are determined by the way the 
specific coordinates of the quantum state vector are distributed,” imagine and propose a mathematical expression consistent with 
this statement. Use your knowledge of linear algebra and vector properties to decompose the electron’s quantum state |e〉 into two 
components: one corresponding to detection at the upper slit |s〉 and the other at the lower slit |i〉. You may also use a graphical 
representation if preferred.

Evaluation: Considering the introduction of probabilistic elements in quantum theory, how might this apparent uncertainty in 
results be reconciled with the desire to continue describing reality as it was done in classical physics?

7 Analysis: In terms of the number of photons and the energy of each one, what is the difference between two laser pointers of the 
same power that emit different colours?

(Continued)
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8 Synthesis: Having already explored concepts such as realism, determinism, and locality, as well as the characteristics of the main 
alternatives to the Copenhagen interpretation, reflect on the following question:
How could you relate the following statements to the various interpretations of quantum theory?
Statement 1: Wittgenstein: “The world is everything that happens. The world is the totality of facts, not of things.”
Statement 2: Russell: “The ultimate elements of reality are things.”

Evaluation: After reading several excerpts from selected scientific articles, provide a reasoned opinion on the measurement 
problem. Could this issue be empirical in nature—solvable through improved technological devices—or theoretical, requiring 
a redefinition of the concept of measurement itself?

9 Analysis: In the tunnelling effect simulator we used, what differences do you observe between the behaviour of a “classical” 
electron and a “quantum” electron?

Synthesis: A few weeks ago, we studied that an electromagnetic wave, in addition to exhibiting electric and magnetic field 
magnitudes, must also be characterised by its polarisation state—that is, by the way the fields change (rotate) their direction in 
the plane perpendicular to the wave’s direction of propagation. Therefore, in the particle-like view of an electromagnetic wave, 
a single photon—besides carrying energy and momentum and being describable by a wavelength—also possesses the property of 
polarisation (which, like the others, can be measured).
So, referring to wave–particle duality (for example, in the case of an electron, proton, or neutron), could material particles also 
exhibit some kind of polarisation state? How do you imagine those states, or the effects they might produce?

Evaluation: Based on the new knowledge acquired in recent days, justify the importance of the non-zero value of Planck’s constant 
for explaining, within the standard model, the double-slit experiment and wave–particle duality, as well as other phenomena that 
are inexplicable from the perspective of classical physics.

10 Analysis: Read the following text [83]
“Indeed, it seems to me that the observations on ‘blackbody radiation,’ photoluminescence, the production of cathode rays by 
ultraviolet light, and other phenomena involving the emission or transformation of light can be better understood by assuming 
that the energy of light is discontinuously distributed in space. According to the hypothesis considered here, when a beam of 
light propagates from a point, the energy is distributed discontinuously in an increasingly larger volume, but it consists of a finite 
number of energy quanta, localised in space, which move without dividing and can only be emitted or absorbed as a whole.”

What ideas in this reading represented a rupture from the established knowledge of that time?

Synthesis: A monoenergetic electron beam (all electrons having 
the same energy), moving approximately horizontally, passes 
through an opening of width d and reaches a detector screen 
located at a distance L. The impact marks on the screen spread 
out to a size s, as shown in the attached figure.
Due to the uncertainty in the vertical position of the electrons, 
they exhibit an uncertainty in vertical momentum (as stated 
by Heisenberg’s uncertainty principle), which causes them 
to disperse, increasing the value of s. For this reason, the 
mathematical expression for s includes two opposing terms: 
if the slit size decreases, the first term is reduced, but the second 
increases. Relate Heisenberg’s uncertainty principle to the 
de Broglie wavelength in order to derive the expression for 
s provided.

Evaluation: If the simple act of measuring can fundamentally affect the outcome of that measurement, it would seem that 
the measurable properties or magnitudes of systems do not belong to the systems themselves, but rather that a unity is formed 
between observer and observed. In turn, this unity could be considered another, broader quantum system—one in which certain 
magnitudes may be well-defined, while others are not. Only if a second observer intervened would it make sense to speak of 
these latter measurements. Reflect on the meaning of the existence and ownership of physical magnitudes independently of the 
measurement process.

(Continued)
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9.5	 Final version of the didactic sequence

The complete didactic sequence, in its original language, is available at the fol-
lowing link (it can be automatically translated using the options provided by the 
corresponding web browser):

https://view.genially.com/65cb753ff6eacd001449cfd0/interactive-image- 
secuencia-didactica-final
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