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Purpose of the study: This study develops and validates an integrated,
multimodal framework for assessing 21st-century competencies—critical
thinking, creative problem-solving, and character formation—in secondary
physics. It aims to provide an evidence-based alternative to conventional
assessments that inadequately measure higher-order skills essential for real-
world application.

Methodology: A sequential mixed-methods design was employed with 320
secondary students and 15 teachers in Germany and Pakistan. The intervention
used multimodal tasks (socio-scientific debates, engineering challenges)
assessed with validated instruments, including the Watson-Glaser Critical
Thinking Appraisal, Creative Problem-Solving rubrics, the Ethical Sensitivity
Scale, and Augmented Reality simulations using GeoGebra.

Main Findings: Multimodal assessments significantly outperformed traditional
tests, with open-response tasks yielding a 48.8% gain in critical thinking.

Creative Problem-Solving Stage 4 (Solution Planning) demonstrated a 133%
skill gain and a strong correlation with student resilience (r=0.69). AR-based
labs enhanced conceptual understanding by 25 percentage points over
traditional labs. However, 78% of teachers reported inadequate training for
implementation.

Novelty/Originality of this study: This study presents a novel, cross-culturally
validated framework that integrates socio-scientific issues, AR, and
competency-based rubrics to assess cognitive, practical, and ethical skills in
physics. It offers a scalable model to bridge the persistent gap between abstract
physics knowledge and its real-world application, addressing documented
assessment reform needs.
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1. INTRODUCTION

Physics education in the 21st century is at a critical juncture, facing an imperative to evolve beyond its
traditional pedagogical boundaries. Historically, physics instruction has prioritized content acquisition and
algorithmic problem-solving, preparing students for well-defined, textbook-style challenges. However, the
complex, interconnected societal issues of the modern era—from climate change and sustainable energy to
digital ethics and quantum computing—demand a more sophisticated skill set. To navigate these socio-technical
landscapes, learners must develop higher-order competencies, including critical thinking (CT), creative problem-
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solving (CPS), and robust character-based decision-making. These skills are no longer peripheral but are central
to both scientific inquiry and informed citizenship in a world increasingly shaped by the principles of physics

(11, [2].

This need for a new competency-focused paradigm starkly contrasts with the prevailing state of physics
assessment globally. An overwhelming majority of physics assessments continue to rely on formats like
multiple-choice questions and closed-ended problems that primarily measure procedural recall and rote
memorization [3], [4]. Such methods are fundamentally misaligned with the goal of fostering higher-order
thinking, as they often fail to capture a student's ability to reason, justify arguments, or apply knowledge in novel
contexts [5], [6]. This overreliance on traditional assessment creates a "hidden curriculum" that inadvertently
signals to students that deep conceptual understanding is less valuable than algorithmic proficiency, thereby
undermining the very competencies that modern curricula aim to instill. This gap between conventional
assessment that favors rote learning and the need for multimodal approaches that cultivate higher-order thinking
is a central challenge this study addresses [7], [8].

In response to these limitations, a paradigm shift toward multimodal, competency-based assessment is
gaining traction within educational research [9], [10]. This approach moves beyond measuring what students
know to assessing what they can do with their knowledge. Multimodal assessment leverages a diverse array of
formats—such as socio-scientific debates, collaborative design challenges, interactive simulations, and portfolio
development—to construct a more holistic and authentic picture of student learning [11], [12]. By engaging
students in tasks that mirror real-world scientific practice, these methods not only provide richer data on student
capabilities but also foster the development of the competencies being measured [13], [14].

Despite the recognized potential of these innovative methods, a significant gap persists in the physics
education literature. Recent bibliometric analyses reveal that while research on individual components of this
new paradigm exists—such as studies on specific CT tests, the use of Augmented Reality (AR) in labs, or the
implementation of project-based learning—there is a scarcity of validated, integrated frameworks that
holistically combine competency-based assessment, technological tools, and character education within a unified
pedagogical structure. Furthermore, these analyses highlight a notable lack of international collaboration in
physics education research, limiting the cross-cultural generalizability of findings. A validated framework that is
robust across different educational systems and cultural contexts is urgently needed to guide systemic reform
[15],[16].

This study is anchored in established pedagogical theories that connect 21st-century competencies to
physics instruction. Critical thinking is framed not merely as a set of skills but as a disposition toward evidence-
based reasoning and the evaluation of scientific claims, a process that is sensitive to context and requires
challenging one's own assumptions [17]. Creative problem-solving is conceptualized through models like
Treffinger's six-stage progression, which emphasizes an iterative, metacognitive process from problem
identification to solution evaluation [18]. Finally, character formation—encompassing ethical awareness,
resilience, and accountability—is cultivated through engagement with socio-scientific issues (SSIs), which are
controversial, real-world problems that require students to navigate moral and ethical dilemmas by applying their
scientific knowledge [19].

The novelty of this research lies in its direct response to the identified gaps in the literature. It proposes
and empirically tests a synthesized, multimodal assessment framework that integrates these three core
competencies—CT, CPS, and character—within authentic physics contexts. By combining socio-scientific
simulations, AR-enhanced tasks, and validated assessment rubrics, this study moves beyond an analysis of
isolated interventions to evaluate a complete pedagogical ecosystem. The cross-cultural design, involving
schools in Germany and Pakistan, further enhances its contribution by testing the framework's adaptability and
providing insights into its implementation across diverse educational and socio-economic landscapes.

Therefore, this study aims to achieve three primary objectives: (1) to develop and validate an integrated
multimodal assessment framework for measuring critical thinking, creative problem-solving, and character
formation in secondary-level physics education; (2) to evaluate the efficacy of this framework across different
cultural and socio-economic contexts, specifically in Germany and Pakistan; and (3) to generate evidence-based
recommendations to inform assessment reform, teacher professional development, and educational policy. The
subsequent sections detail the research method, present and discuss the findings, and conclude with implications
for the future of physics education

2. RESEARCH METHOD

2.1 Type of Research

This study employed a sequential mixed-methods research design, structured in three integrated phases
to ensure both quantitative rigor and qualitative depth. Phase 1 consisted of a comprehensive literature synthesis
to establish the theoretical foundations for a competency-based assessment framework in physics [20], [21].
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Phase 2 involved a quasi-experimental intervention implemented across diverse international school settings to
measure the framework's impact on student competencies [22]. Phase 3 utilized qualitative methods, including
focus groups and semi-structured interviews with students and teachers, to capture nuanced insights into the
implementation experience, contextual factors, and perceived value of the interventions [23], [24]. This
triangulated approach allows for a robust analysis, where quantitative performance data are enriched and
explained by the qualitative experiences of the participants [25], [26].

2.2 Population and Research Sample

The study involved a total of 320 secondary school students, aged 15 to 18, and 15 experienced physics
teachers. Participants were drawn from five schools: three located in Germany and two in Pakistan. This cross-
cultural selection was intentional, designed to test the framework's applicability and robustness across
educational systems with differing pedagogical philosophies, levels of technological infrastructure, and socio-
cultural contexts. The German context generally reflects a student-centered approach with greater access to
technology, whereas the Pakistani context is often characterized by more traditional, teacher-centered instruction
and varied resource availability. To mitigate potential confounding variables related to economic background,
the student sample within each country was stratified based on socioeconomic status.

2.3 Data Collection Techniques

A multimodal intervention was designed with specific tasks and assessment instruments aligned to each
of the three target competencies: critical thinking, creative problem-solving, and character formation. An
overview of this alignment is presented in Table 1.appeared.

Table 1. Competency-aligned assessment framework for physics education

Competency Tool Physics Task Example
Critical Thinking Watson-Glaser Critical Thinking Appraisal + Debate quantum encryption ethics using
Open-response rubrics wave-particle duality
Problem-Solving  Creative Problem-Solving (CPS) Stage Design a seismic-resistant structure under
Rubrics (0-5 scale) budget constraints
Character Ethical Sensitivity Scale (ESS) + Socio- Role-play stakeholders in nuclear energy
Formation scientific rubrics policy debates

To ensure the credibility of the findings, the study utilized standardized instruments with established
psychometric properties and developed context-specific rubrics that were rigorously validated. The reliability
and validity of the core instruments are summarized in Table 2. The Watson-Glaser Critical Thinking Appraisal
(WGCTA) was selected for its high internal consistency (Cronbach’s alpha =~ 0.83) and established validity in
educational settings [27]. The Ethical Sensitivity Scale (ESS) was employed to assess character, showing strong
reliability with a Cronbach’s alpha of approximately 0.82 [28]. The Creative Problem-Solving (CPS) rubrics,
based on Treffinger's model, were validated through expert review and achieved high inter-rater reliability
(Cohen’s Kappa > 0.85) [29]. For technological integration, the GeoGebra 3D platform was used to create
interactive Augmented Reality (AR) models for abstract concepts like electromagnetism and optics, aiming to
reduce cognitive load [30].

Table 2. Psychometric properties of core assessment instruments

Instrument Measured Source/Model Reported Reliability (Cronbach's o)
Competency
Watson-Glaser Critical ~ Critical Thinking Pearson ~0.83
Thinking Appraisal Assessments
Ethical Sensitivity Scale Character Muramatsu et al. =0.82
(ESS) Formation (2019)
Creative  Problem-Solving Creative Problem- Treffinger et al. Validated via inter-rater reliability
(CPS) Rubrics Solving (2000) checks (IRR > 0.85)
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Psychometric Properties of Core Assessment Instruments
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Figure 1. Psychometric reliability of core assessment instruments measuring 2 1st-century competencies.
Note: Reliability is reported as Cronbach's o _for Watson-Glaser and ESS, and inter-rater reliability (IRR) for
CPS Rubrics

2.4 Data Analysis Techniques

Quantitative data from the pre- and post-tests were analysed using SPSS version 28 [31]. Paired-
samples t-tests were used to determine the significance of gains in critical thinking scores. Analysis of variance
(ANOVA) was employed to compare the effectiveness of different assessment methods across groups [32].
Pearson correlation coefficients were calculated to examine the relationship between CPS stage performance and
measures of student resilience, which were derived from self-report surveys administered alongside the
intervention [33]. Qualitative data from interview and focus group transcripts were analysed using a thematic
analysis approach. An inductive coding process was used to identify emergent themes related to teacher and
student experiences, perceived challenges, and the contextual factors influencing the framework's
implementation in the German and Pakistani settings [34].

2.5 Research Procedures

The research followed the three-phase sequential design. Phase 1 involved a systematic literature
review to build the theoretical foundation of the multimodal assessment framework, identifying key
competencies (CT, CPS, Character) and suitable assessment instruments [20], [21]. Phase 2 was the quasi-
experimental intervention. Pre-tests (WGCTA, ESS, CPS baseline tasks) were administered to all 320 students.
The experimental group then engaged in the multimodal curriculum, including AR labs with GeoGebra, socio-
scientific debates, and engineering design challenges, over one academic semester [30]. The control group
continued with traditional instruction. Post-tests were administered to measure competency gains. Phase 3
involved qualitative data collection through semi-structured interviews with all 15 teachers and focus groups
with a stratified sample of 60 students (30 from each country) to explore their experiences and perceptions of the
intervention [34], [35].

3. RESULTS AND DISCUSSION

This section integrates the quantitative and qualitative findings of the study, providing an interpretive
analysis that connects the results to the broader theoretical and cultural contexts of physics education. The
study's findings provide compelling quantitative evidence that assessment format significantly impacts the
development of critical thinking skills [36]. As shown in Table 3, students who engaged with multimodal
assessment formats demonstrated vastly superior gains compared to those assessed via traditional multiple-
choice questions. The open-response tasks, which required students to apply quantum principles to an ethical
dilemma, yielded a 48.8% increase in CT scores. Similarly, the socio-scientific debates, which demanded
evidence-based argumentation on topics like nuclear energy policy, produced a 47.8% gain. Both interventions
were highly statistically significant (p < 0.001) and demonstrated very large effect sizes (d = 1.92 and d = 1.87,
respectively), indicating a transformative impact on student learning [37]. In stark contrast, the control group,
which used a multiple-choice format, showed a minimal and statistically non-significant gain of 6.5% (p = 0.12)
with a small effect size (d =0.31) [38].
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Table 3. Comparative effectiveness of assessment methods on critical thinking gains

Method Pre-test Mean  Post-test Mean  Gain (%) p-value Effect Size (d)
Multiple-choice 583+6.2 62.1+59 +6.5 0.12 0.31
Open-response (Quantum) 52.7+ 7.1 78.4+£6.3 +48.8 <0.001 1.92
Socio-scientific debate 49.8+5.8 73.6£6.5 +47.8 <0.001 1.87

Comparative Effectiveness of Assessment Methods on Critical Thinking Gains

3 Pre-test Mean
I Post-test Mean

90

80| +48.8%
+47.8%

Mean Score (%)

Multiple-choice Open-response Socio-scientific
(Quantum) Debate

Figure 2. Comparative effectiveness of assessment methods on critical thinking gains
Note: Gain percentages indicate relative improvement from pre-test to post-test, significant differences (p <
0.001) observed in open-response and debate formats.

These results strongly support the critique that conventional assessment methods are inadequate for
fostering higher-order cognitive skills [39]. Multiple-choice questions primarily test recognition and recall, a
lower-order cognitive process. In contrast, tasks like debates and open-ended problem-solving demand those
students engage in more complex cognitive operations. They must analyse ambiguous information, evaluate
competing claims, synthesize evidence from multiple sources, and construct a coherent, justifiable argument.
This process requires what semioticians call “transduction”—the act of re-representing meaning from one mode
to another (e.g., from a conceptual physics model to a linguistic argument or a mathematical justification) [40]. It
is within this cognitively demanding process of transduction that deep, conceptual learning occurs [41]. The data
suggest that it is the act of constructing a response, rather than simply selecting one, that drives the development
of critical thinking [42].

The analysis of the Creative Problem-Solving (CPS) tasks revealed that specific stages of the problem-
solving process have differential impacts on both skill acquisition and character development. As detailed in
Table 4, Stage 4 (Solution Planning) emerged as the most powerful phase of the intervention. Students engaged
in this stage, which involved tasks like designing a seismic-resistant structure within budget constraints,
demonstrated an exceptional 133% gain in problem-solving skills. More significantly, performance in this stage
showed a strong and statistically significant positive correlation with academic resilience (r = 0.69, p < 0.01)
[43]. This strong link can be understood through the concept of “performance character,” which refers to non-
cognitive dispositions like grit and perseverance that enable individuals to overcome challenges [44]. When
students must iteratively design, test, and refine a prototype while navigating real-world constraints, they are not
just applying physics principles; they are practicing persistence in the face of failure, adapting their strategies
based on feedback, and developing the self-efficacy needed to tackle complex, ambiguous problems [45].

Table 4. Efficacy of creative problem-solving stages on skill development and resilience

CPS Stage Skill Gain (%) Resilience Correlation (1)
1. Problem Finding 57 0.28
4. Solution Planning 133 0.69*
6. Outcome Evaluation 70 0.52%*
*p<0.01
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Efficacy of Creative Problem-Solving Stages on Skill Development and Resilience
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Figure 3. Efficacies of creative problem-solving stages on skill development and resilience.
Note: Asterisks indicate statistically significant correlations with resilience at p < 0.01 level.

The integration of technology, particularly Augmented Reality (AR), proved to be a highly effective
strategy for enhancing students’ conceptual understanding of abstract physics topics. Quantitative data showed
that students who used AR-based labs for topics like optics and electromagnetism achieved an 85%
comprehension rate on post-intervention assessments, compared to a 60% rate for students in traditional
laboratory settings, as illustrated in Figure 2. This represents a 25-percentage-point improvement. The
effectiveness of AR can be explained by its function as a cognitive scaffold. Many core concepts in physics, such
as electromagnetic fields, are abstract and invisible. AR technologies like GeoGebra 3D bridge this gap by
overlaying interactive, three-dimensional visualizations onto the students’ physical environment, making the
abstract tangible and reducing the intrinsic cognitive load of the topic [46], [47].

A key objective of this study was to test the framework’s robustness across different educational
cultures. The qualitative data revealed that while the interventions were successful in both Germany and
Pakistan, the underlying reasons and implementation challenges were context-dependent. In the German schools,
which operate within an educational culture that values student autonomy, critical inquiry, and flexibility, the
multimodal framework was seen as a natural alignment with their existing pedagogical philosophy [48]. In
contrast, in the Pakistani schools, the framework represented a significant disruption to the traditional, teacher-
centered, rote-learning paradigm. For these students, the active, inquiry-based tasks were a novel and highly
motivating experience. As one Pakistani teacher noted, “For the first time, students were arguing about physics
concepts with passion, not just memorizing formulas for the exam.” This suggests that in contexts dominated by
traditional pedagogy, such innovative approaches can act as a powerful catalyst for engagement [49]. However,
this disruption also explains the significant implementation challenges reported, particularly the finding that 78%
of all participating teachers felt they had inadequate training. In Pakistan, this reflects deep-seated systemic
issues, including a lack of resources, large class sizes, and an examination system that heavily incentivizes
factual recall [50]. This cross-cultural analysis underscores that the successful scaling of innovative educational
frameworks requires strategies adapted to the specific cultural, systemic, and socio-economic realities of the
educational environment [51].

While this study provides strong evidence for the efficacy of the proposed framework, several
limitations must be acknowledged. The research was conducted in a limited number of schools in only two
countries, which may constrain the generalizability of the findings. The intervention period was limited to a
single academic semester; therefore, the long-term retention of the observed competency gains could not be
assessed. Based on these limitations, future research should conduct longitudinal impact studies to track students
over several years Schneider and Brooks [52], expand cross-cultural validation to a wider range of educational
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systems Ng et al. [53], and focus on building and validating ethical Al tools that can provide real-time,
formative feedback on collaborative skills [54]. Despite the promising outcomes and strong empirical support,
several limitations of this study warrant consideration. First, the research was limited to five schools in only two
countries—Germany and Pakistan. While this cross-cultural dimension offered valuable insights, it constrains
the generalizability of the findings across broader educational systems, especially those with differing
pedagogical infrastructures, digital readiness, and curricular objectives [52], [53], [50].

Second, the intervention spanned only a single academic semester. Consequently, the study could not
assess the long-term retention or transferability of the observed competency gains. Research in STEM education
increasingly highlights the importance of longitudinal tracking to evaluate lasting impacts on learning outcomes
and behavioral change [51], [52].

Third, although the study utilized psychometrically validated tools, the reliance on self-reported data—
particularly for constructs like ethical sensitivity and resilience—may introduce bias. Previous literature notes
that self-assessment is susceptible to social desirability effects, especially in cross-cultural contexts where
students’ perceptions of character traits may vary widely [43], [55], [56].

Fourth, variation in teacher readiness and digital infrastructure between countries affected the fidelity of
implementation. As reported, 78% of teachers expressed concern about insufficient training. This aligns with
broader findings that educational innovations often face systemic barriers in under-resourced environments,
including lack of professional development, time constraints, and institutional inertia [48], [50].

Lastly, the use of Augmented Reality (AR) and other digital tools, although pedagogically effective,
may have introduced a novelty effect. Several studies caution that short-term engagement surges from
technology-enhanced instruction may not always correlate with deeper conceptual gains [47], [57]. Future
research should distinguish between temporary motivational responses and sustainable cognitive improvements
through controlled, multi-cycle interventions.

4. CONCLUSION

This study provides compelling evidence that 21st-century physics education requires a fundamental
shift from content-recall to competency-based assessment. Our validated multimodal framework demonstrates
that integrating socio-scientific debates, creative problem-solving challenges, and AR-enhanced labs leads to
significant gains in critical thinking (+48.8%), problem-solving skills (+133%), and essential character traits like
resilience (r=0.69). The findings imply that conventional assessment methods are no longer sufficient to prepare
students for the complexities of the modern world. Therefore, we recommend that policymakers revise
curriculum standards to embed authentic, performance-based tasks and character competency rubrics. Educators
should receive targeted, context-sensitive professional development to implement modular CPS and SSI tasks,
leveraging technology as a cognitive scaffold rather than a replacement for sound pedagogy. Finally, researchers
must continue to develop and validate next-generation assessment tools, including ethical Al-powered analytics,
and conduct longitudinal studies to track the long-term impact of these vital competencies on students' academic
and professional lives.
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