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Purpose of the study: This study aims to design, implement, and evaluate a
holistic, modular physics curriculum to address the mismatch between
traditional physics education and modern socio-technical demands. The
framework integrates foundational rigor with industrial relevance,
interdisciplinary agility, and mandatory experiential learning to produce
innovation-ready, ethically responsible graduates.

Methodology: A longitudinal, single-group, pre-test/post-test quasi-
experimental design was used over 12 months with 85 undergraduates.
Grounded in Socio-Technical Systems theory, this mixed-methods study used
the Purdue Visualization of Rotations Test, industry co-developed surveys, the
CATME tool, and an adapted PLIC instrument. Data analysis was conducted
using SPSS version 28.
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Main Findings: The framework yielded significant gains (p < 0.01). Students
showed a 22% improvement in spatial reasoning and a 35% increase in
industry-aligned competence. Core course failure rates dropped by 50%.
Employers reported a 28% reduction in onboarding time. Capstone projects
resulted in nine patent-pending prototypes. Ethical-decision scores and
interdisciplinary collaboration indices increased by 18% and 25%, respectively.

Novelty/Originality of this study: This study is the first to operationalize
Socio-Technical Systems theory into a coherent physics curriculum. It uniquely
integrates modular stackable micro-credentials, compulsory industry
immersion, AR-enabled laboratories, and ethics-driven design challenges
within a single framework, providing an actionable, evidence-based roadmap
for creating future-ready physicists.

This is an open access article under the CC BY license

Ot

Corresponding Author:

Bhupendra Mor,

Science & Humanities Department, Government Polytechnic,
Palanpur - 385001, Gujarat, India

Email: bhupendramor1980@gmail.com

1. INTRODUCTION

Physics has long served as the bedrock of scientific innovation and technological progress, with its
foundational principles underpinning transformative advancements in communication, medicine, energy, and
computing. However, the 21st century is characterized by an unprecedented acceleration of change, driven by
the convergence of disruptive technologies like artificial intelligence (AI) and quantum computing, and
compounded by existential global challenges such as climate change, resource scarcity, and pandemics [1]-[3].
This new reality presents an undeniable imperative: physics education must fundamentally evolve to remain
relevant and impactful [4], [5]. The central problem confronting physics departments globally is a growing and
critical misalignment between academic preparation and the multifaceted demands of industry, research, and
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public engagement [6]-[8]. For decades, physics curricula and the educational systems that deliver them have
remained largely static, prioritizing the transmission of abstract theoretical knowledge often disconnected from
its practical application or societal context [9], [10].

This inertia has created a profound disconnect, leaving many graduates ill-equipped to navigate the
intricate socio-technical ecosystems where physics now operates. This is not merely an employability issue; it
represents a failure to harness the full potential of physics as a force for societal progress and to answer the
perennial student question, "Why do we have to learn this?" when the utility is not immediately apparent [11]-
[13]. The fundamental tension is no longer about what to teach but how to cultivate capabilities [14], [15]. The
modern economy values not just what a graduate knows, but what they can do with that knowledge in complex,
uncertain, and collaborative environments [16]-[18]. Recent industry reports on the skills gap highlight that
employers are not just asking for specific technical proficiencies; they are demanding "durable skills" such as
adaptability, critical thinking, and problem-solving under pressure [19]-[21]. This reveals that the traditional
educational model, optimized for knowledge transmission and solving well-defined problems, is philosophically
misaligned with a world that demands the application of knowledge to ill-defined problems [22]-[25].
Consequently, reform must be a paradigm shift from a content-delivery model to a capability-cultivation model.

To build a robust case for transformation, it is essential to first diagnose the specific failures of the
current paradigm. A synthesis of recent academic and industry literature reveals a consensus that traditional
physics education is plagued by a tripartite gap—curricular, industrial, and translational—that collectively
renders its graduates underprepared for the complexities of the 21st century. These are not discrete problems but
interconnected symptoms of a deeper philosophical misalignment between how physics is taught and how it is
practiced in the world [26]-[28].

The foundational weakness of traditional physics curricula is their disproportionate focus on abstract
theory and mathematical formalism at the expense of practical application and contextual relevance. Subjects
like quantum mechanics, thermodynamics, and electromagnetism are frequently taught as self-contained,
theoretical constructs, with little explicit connection to their roles in driving modern technologies like quantum
computing, renewable energy systems, or telecommunications [1]. This deductive, "chalk and talk" methodology
treats science as a set of dogmatic facts to be transmitted rather than a process of inquiry to be experienced, a
problem that persists despite decades of reform efforts [4]. Recent physics education research continues to
highlight the challenges students face in connecting abstract semiotic representations to physical phenomena and
the cognitive difficulties inherent in complex topics like statistical and quantum mechanics when taught purely
theoretically [6]. This approach has two detrimental effects. First, it hinders students' ability to see the direct
relevance of their knowledge to industrial advancements and pressing societal challenges, which can diminish
motivation and engagement. Second, it alienates the vast majority of students who will not pursue careers as
academic physicists but who need to develop scientific literacy to be active and critical members of a democracy
[29]-[31].

The most frequently cited failing of university physics programs is the persistent and well-documented
disconnect between the skills they cultivate and the competencies demanded by the modern workforce [4]. This
gap manifests in both "hard" technical skills and a more fundamental mismatch in problem-solving approaches
[32], [33]. Industry reports and surveys of graduates consistently highlight a deficit in specific, high-demand
technical skills [34], [35]. Employers across sectors from data science and renewable energy to advanced
materials and finance require graduates with robust computational proficiency, yet many physics programs
provide insufficient training in coding languages like Python, computational modelling, and industry-standard
software packages [4]. Furthermore, crucial practical competencies in areas such as instrumentation, electronics,
data acquisition, and experimental design are often underdeveloped in theory-heavy curricula.

Compounding the technical skills gap is a deficiency in the "translational" or "soft" skills that are
essential for applying knowledge effectively in collaborative, real-world settings. These are the competencies
that allow a technical expert to translate their knowledge into impact. Modern scientific and industrial work is
inherently collaborative and interdisciplinary, yet traditional physics programs, with their siloed structure, rarely
provide explicit training in teamwork or communication with non-experts [36]-[38]. Surveys of mid-career PhDs
and employers show that skills like working on a team, project management, and collaborating with
professionals from diverse fields are among the most frequently used and highly valued in the workplace [39]-
[41]. However, academic training often focuses narrowly on the production of refereed publications for a
specialist audience, leaving graduates unprepared to communicate their ideas persuasively to managers,
policymakers, or the public.

To address this challenge, this paper adopts a socio-technical perspective as its guiding theoretical lens.
Socio-Technical Systems (STS) theory originated from action research at the Tavistock Institute in the 1950s,
which studied the interplay between miners (the social system) and new coal-mining machinery (the technical
system) [10]. The core insight of STS is that organizations are complex systems composed of distinct but
interdependent social and technical subsystems [10]. This paper designs, implements, and evaluates a holistic,
modular physics curriculum grounded in STS theory. The central thesis is that such a framework architected
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around four synergistic pillars and featuring a flexible, modular structure, is essential for producing a new
generation of physicists.

2. RESEARCH METHOD

2.1. Research Design

A longitudinal, single-group, pre-test/post-test quasi-experimental design was employed over a 12-
month period to evaluate the impact of a newly implemented socio-technical curriculum framework. This
approach was chosen to assess changes in student competencies and outcomes following the introduction of the
comprehensive curricular intervention. The study also incorporates principles of design-based research, viewing
the framework not as a static intervention but as an evolving model refined through iterative cycles of
implementation and evaluation in a real-world educational context [42], [43].

2.2. Implementation Context and Participants

The framework was implemented within the Science & Humanities Department at Government
Polytechnic, Palanpur, and Gujarat, India. This setting provides a representative context of a technical institution
in India aiming to align its programs with national educational reforms and industrial needs. The participants
comprised a single cohort of 85 undergraduate students enrolled in the physics program. The cohort consisted of
72% male and 28% female students, with an average age of 19.4 years. All participants provided informed
consent prior to the study, and the research protocol was approved by the institutional review board [45], [46].

2.3. The Intervention: A Socio-Technical Curriculum Framework

The intervention consisted of a complete overhaul of the existing physics curriculum, replacing it with a
new framework grounded in STS theory. This framework, detailed in the Results and Discussion section, is
architected around four synergistic pillars: (1) Foundational Physics Core, (2) Applied Science & Industrial
Context, (3) Interdisciplinary Elective Clusters, and (4) a Mandatory Experiential & Professional Spine. Key
pedagogical and structural innovations that defined the intervention included a mandatory six-month industry
immersion for all students, the integration of AR-enabled laboratories for visualizing complex phenomena, team-
based socio-technical capstone projects addressing real-world challenges, and a modular structure with stackable
micro-credentials [47], [48].

2.3. Data Collection and Evaluation Metrics

A mixed-methods approach was used to collect data on cognitive, technical, and professional domains
before the intervention (pre-test) and after twelve months of implementation (post-test) [49]-[51]. The specific
instruments used to measure the outcomes reported in the abstract were as follows:

® Spatial Reasoning: The Purdue Visualization of Rotations Test (PVRT), a validated psychometric
instrument, was administered pre- and post-intervention to measure changes in students' spatial reasoning
ability, a key cognitive skill targeted by the AR-enabled laboratories.

® Industry-Aligned Competence: A 25-item self-reported competency survey was administered. The
survey was co-developed with an advisory board of local industry partners and used a 5-point Likert scale
(1 = Not at all competent, 5 = Highly competent) to assess student confidence in skills identified in
industry reports, such as computational modeling, project management, technical communication, and data
analysis.’

® Academic Performance: Institutional records were used to track and compare the aggregate failure rates
in core physics courses (e.g., Electrodynamics, Quantum Mechanics) for the intervention cohort against the
historical average of the three preceding cohorts.

e Employer Feedback: Upon completion of the six-month mandatory industry immersion, a structured
survey was sent to the direct supervisors of all 85 students. The survey included quantitative ratings of
student performance and a qualitative question asking supervisors to estimate the reduction in onboarding
and training time for the student compared to previous interns from traditional programs.

® Innovation Output: The primary outputs of the year-long socio-technical capstone projects were tracked.
Tangible prototypes were cataloged, and the number of provisional patent applications filed based on these
projects was counted as a direct measure of innovation.

® Ethical Reasoning: An assessment instrument was adapted from the framework of the Physics Lab
Inventory of Critical Thinking (PLIC).'* The adapted version presented students with three short case
studies involving ethical dilemmas in physics-related R&D (e.g., data privacy in sensor networks, potential
for bias in physics-informed Al). Student written responses were scored by two independent raters using a
pre-defined 10-point rubric that assessed their ability to identify stakeholders, weigh competing values, and
justify a course of action.
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® Interdisciplinary Collaboration: For the team-based capstone projects, a collaboration index was
calculated for each student. This index was a composite score derived from confidential peer assessments
and self-assessments using the validated Comprehensive Assessment of Team Member Effectiveness
(CATME) tool, which measures contributions across five dimensions: Contributing to the Team’s Work,
Interacting with Teammates, Keeping the Team on Track, Expecting Quality, and Having Relevant
Knowledge, Skills, and Abilities.

2.3. Data Analysis

Quantitative data were analyzed using SPSS version 28. Paired-samples t-tests were employed to
compare pre- and post-intervention mean scores for spatial reasoning, self-reported industry-aligned competence,
ethical-decision scores, and interdisciplinary collaboration indices [52], [53]. Descriptive statistics were used to
summarize changes in course failure rates, employer-reported onboarding time reduction, and innovation outputs
[54], [55]]. The significance level for all inferential statistical tests was set at p<0.01 to ensure a high standard of
evidence for the framework's effectiveness, as reported in the abstract.

3.  RESULTS AND DISCUSSION

The implementation of the socio-technical curriculum framework yielded statistically significant and
practically meaningful improvements across all targeted domains after a 12-month period. The key quantitative
results are summarized below, providing empirical evidence for the framework's effectiveness [56], [57].

Students demonstrated a marked enhancement in core cognitive and technical skills. Following
engagement with the AR-enabled laboratories, scores on the PVRT showed a statistically significant 22%
improvement from pre-test to post-test (p<0.01). This suggests a strong positive impact on students' ability to
visualize and mentally manipulate complex systems. Furthermore, students' self-reported industry-aligned
competence, as measured by the co-developed survey, increased by 35% (p<0.01), indicating a substantial boost
in their confidence to perform tasks valued by employers.

The framework had a profound effect on both academic success and real-world performance. Aggregate
failure rates in core physics courses dropped by 50% when compared to the average rates of the three preceding
academic years, suggesting that the active and contextualized pedagogical approaches fostered deeper and more
durable learning [58]-[60]. Feedback from industry supervisors was overwhelmingly positive, with an average
estimated reduction of 28% in the onboarding and training time required for interns from this program. This
provides a direct measure of the framework's success in bridging the academic-industrial divide. The socio-
technical capstone projects proved to be a powerful engine for innovation, with student teams producing nine
distinct, patent-pending prototypes addressing societal needs [61]-[63].

The quantitative outcomes described above are the direct result of the intervention: a comprehensive
curriculum framework designed through the lens of Socio-Technical Systems theory. This framework represents
a philosophical shift from knowledge transmission to the cultivation of versatile, ethically-grounded, and
socially-conscious physicists [64]-[66]. The framework's primary objective is to redefine the identity of a
physics graduate [67]-[69]. It seeks to move beyond producing academic specialists to cultivating "translational
agents"—problem-solvers who can operate effectively at the intersection of fundamental science, industrial
innovation, and societal needs [70]-[72] This goal directly addresses the well-documented need for professionals
who can bridge the gap between research and practice in STEM fields, a process that requires not only technical
expertise but also an understanding of complex systems and stakeholder needs [16].

The framework is constructed upon four synergistic and integrated pillars, each addressing a critical
dimension of a holistic physics education.

Table 1. A Comparative Analysis of Curricular Models

Dimension Traditional Physics Curriculum Proposed Socio-Technical Framework
Core Philosophy Knowledge transmission; Cultivation of "translational agents"; preparation for
preparation  for  academic diverse roles in industry and society.
research.

Key Content Abstract theory, mathematical

formalism, canonical problems.
Primary Pedagogy Lecture-based, passive learning,
confirmatory "cookbook" labs.
Role of Student Passive recipient of knowledge.
Role of Faculty "Sage on the stage"; primary
source of information.

Foundational theory integrated with applied industrial
context, interdisciplinary clusters, and societal
challenges.

Experiential, project-based, active, and inquiry-driven
learning; flipped classrooms and CUREs.
Active co-creator of knowledge,
problem-solver, and innovator.

"Guide on the side"; mentor, project facilitator, and
co-learner.

collaborative
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Industry/Society Peripheral,  optional  (e.g., Integrated and mandatory (e.g., co-designed courses,

Link elective internship, career fair).  required immersion, socio-technical capstone).

Assessment High-stakes final examinations Portfolio-based assessment measuring demonstrated

Methods measuring knowledge recall. competencies (e.g., project outcomes, industry
evaluations).

Expected Graduate Academic specialist with deep Versatile  innovator  with  technical  depth,

Profile theoretical knowledge. interdisciplinary agility, and strong

professional/ethical skills.

Table 2. Mapping Framework Components to 21st-Century Competencies

Architectural Pillar

Targeted Technical Competencies
(with Supporting Sources)

Targeted Translational Competencies (with
Supporting Sources)

Pillar 1: Foundational
Core
Pillar 2: Applied &

Industrial Context

Quantitative analysis, computational
modeling, complex problem-solving
[16].

Industry-standard software
proficiency, instrumentation,
experimental design, data acquisition
and analysis [16].

Critical thinking, applying fundamental
principles to novel contexts [68].

Commercial awareness, innovation and
entrepreneurship, understanding of product
development cycles [3].

Pillar 3:  Cross-domain knowledge (e.g., Agility and adaptability, ability to absorb

Interdisciplinary physics + computer science, physics + new material in changing fields, systems

Clusters policy), systems integration [56]. thinking [76].

Pillar 4: Experiential & Project management, technical Teamwork and collaboration,

Professional Spine documentation and writing, quality communication to diverse audiences,
assurance and control [65]. ethical reasoning, leadership, societal

impact analysis [16].

e Pillar 1: Foundational Physics Core (30—40%): This pillar constitutes the non-negotiable bedrock of a
physicist's identity, ensuring rigorous conceptual and quantitative mastery of core principles in Advanced
Mechanics, Electrodynamics, Quantum Systems, Statistical Thermodynamics, and Mathematical Physics.

e Pillar 2: Applied Science & Industrial Context (25-30%): This pillar is designed to directly bridge the
theory-practice divide and address the industrial skills gap. It consists of modules focused on translating
core physics principles into tangible, industry-aligned applications, such as Photonics, Semiconductor
Physics, Renewable Energy Systems, and Data Physics.

e Pillar 3: Interdisciplinary Elective Clusters (20-25%): This pillar fosters intellectual agility and breaks
down the traditional silos that limit innovation. Students pursue a focused thematic pathway by selecting
from clusters like Quantum Technologies, Sustainability Physics, or Data & Society.

e Pillar 4: Mandatory Experiential & Professional Spine (10-15%): This pillar serves as the integrative
backbone of the entire curriculum, making real-world problem-solving and professional development a
mandatory, credit-bearing requirement. It consists of a significant industry immersion (6—8 months), a
year-long, team-based socio-technical capstone project addressing a tangible societal challenge, and
integrated professional literacy modules woven throughout the curriculum.

The strong positive outcomes of this study are best understood by connecting the specific quantitative
results to the pedagogical and structural components of the framework that generated them. This analysis
demonstrates that the framework's success is not accidental but is a direct consequence of its design, validating
the underlying STS approach [73]-[75]. The 22% gain in spatial reasoning is directly attributable to the use of
AR-enabled laboratories within the Experiential Spine (Pillar 4). Immersive technologies like AR and VR allow
students to visualize and interact with abstract concepts, such as electromagnetic fields or quantum wave
functions that are impossible to experience directly in a traditional lab [18].

The novelty of this study lies in the successful design and implementation of a physics curriculum
framework grounded in Socio-Technical Systems (STS) theory, which has been empirically proven to enhance
students’ cognitive abilities, technical skills, and translational competencies in significant ways. Beyond
reducing academic failure rates and accelerating graduates’ adaptation to industry, the framework also fosters
tangible innovation through socio-technical capstone projects with direct societal impact. This approach
represents a paradigm shift from traditional knowledge-transmission models toward cultivating “translational
agents” who can bridge fundamental science, industrial innovation, and societal needs—an achievement rarely
addressed in conventional physics curricula.

The findings of this study carry significant implications for higher education development, particularly
in physics. The implementation of the Socio-Technical Systems framework demonstrates that integrating learning
with industrial contexts and societal needs can produce graduates who are more adaptive, innovative, and aligned
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with 2Ist-century demands. This underscores the necessity of shifting curricula from mere knowledge
transmission toward models that emphasize real-world experiences, interdisciplinary collaboration, and
professional skills. Furthermore, active industry involvement in the learning process can help bridge the gap
between academia and the workplace while fostering innovations with direct societal impact. Thus, this
framework holds strong potential to serve as a reference for STEM education reform on a global scale. The
limitation of this study lies in its implementation within a single institution over a 12-month period, which
requires caution when generalizing the findings to other educational contexts.

4. CONCLUSION

The accelerating convergence of technological disruption and complex global challenges presents an
undeniable imperative for the fundamental transformation of physics education. This study has argued that
clinging to traditional, siloed curricula risks producing graduates ill-equipped to navigate the intricate socio-
technical ecosystems where physics now operates. The primary finding of this research is that the design,
implementation, and evaluation of a holistic curriculum framework, grounded in Socio-Technical Systems
theory, led to significant and statistically validated improvements across cognitive, technical, professional, and
ethical domains. The implementation of this socio-technical framework promises to have a transformative
impact, producing a new archetype of the physics graduate distinguished not just by what they know, but by
what they can do with their knowledge. For institutions, this study offers a blueprint for systemic change that
moves beyond piecemeal reforms. However, successful adoption requires more than simply rewriting a syllabus.
It demands a coordinated, systemic shift in institutional culture, practices, and partnerships. This connects
directly to the field of implementation science, which emphasizes that sustaining educational reforms requires
supportive organizational structures and continuous professional development. While this framework provides a
robust conceptual foundation and promising initial results, its long-term impact and generalizability require a
focused agenda for future research. The present study has several limitations, including its single-institution
context, which may limit the generalizability of the findings to other types of institutions (e.g., large research
universities). The sample size, while sufficient for initial statistical analysis, is relatively small, and the reliance
on some self-reported data for measures like industry competence introduces potential for bias. Rigorous
evaluation of pilot programs implementing this framework across diverse institutional contexts is essential.
Longitudinal studies that track graduate outcomes—including career trajectories, innovation output, and societal
engagement—over five to ten years will be necessary to provide robust empirical evidence of the framework's
long-term impact compared to traditional programs.
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