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Abstract

The United States is entering a period in which manufacturing competitiveness
will depend less on isolated technical specialization and more on the ability to train
a workforce fluent in convergent technologies. Recent federal strategy documents
emphasize that advanced manufacturing capacity, supply-chain resilience, work-
force modernization, and technology transition must be developed together rather
than in parallel. This article presents a journal-style curriculum framework that
integrates nanotechnology, microelectromechanical systems (MEMS), magnetic
materials and devices, and generative and agentic artificial intelligence into a sin-
gle workforce-development architecture. Rather than listing competencies as dis-
connected bullet points, the paper organizes the field around a layered model of
knowledge acquisition spanning K—12 awareness, community-college technician
education, bachelor’s-level engineering, graduate research training, and incum-
bent-worker upskilling. The framework is supported by recent literature on Al-
enabled manufacturing, Al-assisted materials discovery, nanomanufacturing, dig-
ital twins, and virtual laboratories, together with official U.S. policy and workforce
documents. The analysis suggests that, in many institutional and regional contexts,
the most urgent curricular need is not simply additional coursework in Al or sem-
iconductor processing, but educational designs that connect design, fabrication,
metrology, automation, data interpretation, and ethical human oversight. Three im-
plementation priorities emerge: shared access to advanced facilities and remote
laboratories, stackable credentials anchored to national competencies, and durable
industry—academia partnerships that enable rapid curriculum refresh. By translat-
ing current policy goals and research trends into an actionable educational blue-
print, this article offers a practical roadmap for building the technician, engineer-
ing, and research talent needed for next-generation semiconductors, intelligent
sensors, biomedical devices, energy systems, and smart factories.
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Graphical Abstract

Al-enabled advanced manufacturing workforce framework

Integrated curriculum for nanotechnology, MEMS, magnetic devices, and intelligent manufacturing
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The graphical abstract shows how convergent technology pillars, integrated competencies, stackable credentials,
and shared infrastructure translate into advanced-manufacturing workforce outcomes.

1. Introduction

Advanced manufacturing policy in the United States is now being shaped by a convergence agenda rather than by
a single enabling technology. The 2025 federal Request for Information on the National Strategic Plan for Advanced
Manufacturing explicitly framed manufacturing competitiveness in terms of cross-sector outcomes such as job cre-
ation, national security, healthcare, technology transition, and coordinated federal support for emerging industrial
capabilities (Office of Science and Technology Policy, 2025). In parallel, the 2026 Manufacturing USA Program
Strategic Plan defines workforce development as one of the network’s core strategic goals and treats the translation
of research into scalable domestic manufacturing as inseparable from talent formation (Manufacturing USA, 2025;
Rudnitsky et al., 2026).

This policy context matters because many educational programs still reflect an older organizational logic in which
materials science, electrical engineering, computer science, and technician training remain siloed, even while in-
dustrial systems have become tightly coupled. At the technology level, the manufacturing landscape is being re-
shaped by four interacting domains. First, nanotechnology and nanomanufacturing provide the material control,
deposition, metrology, and device miniaturization capabilities needed for semiconductors, biomedical interfaces,
catalysis, photonics, and advanced sensors (Aslam et al., 2025; Cao et al., 2026; Nandipati et al., 2024). Second,
MEMS technologies operationalize microfabrication into inertial, acoustic, pressure, optical, and field-sensitive de-
vices that are already embedded in vehicles, industrial systems, consumer electronics, and medical platforms (Koh
et al., 2026). Third, magnetic materials and spintronic devices remain central to sensing, actuation, energy conver-
sion, data storage, and emerging low-power information architectures (Choi et al., 2025). Fourth, artificial intelli-
gence is moving from conventional analytics toward generative and increasingly agentic Al systems (defined here
as Al systems capable of autonomous or semi-autonomous decision-making and task execution under human su-
pervision) that support design exploration, process control, predictive maintenance, autonomous coordination, and
model-based decision support across the production chain (Gao et al., 2024; Lee & Su, 2025; Piccialli et al., 2025;
Shafiee, 2025).

The educational challenge is not merely that each of these domains is complex on its own. The more serious
problem is that the economic value now emerges at their intersections. AI models are being used to accelerate
materials discovery and inverse design (Cao et al., 2026; Madika et al., 2025; Otyepka et al., 2025); nanoscale
fabrication and characterization increasingly depend on digital data pipelines and automated interpretation
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(Chakroborty et al., 2025; Nandipati et al., 2024); MEMS devices are becoming both data sources and control in-
terfaces for intelligent cyber-physical systems (Gao et al., 2024; Koh et al., 2026); and magnetic platforms are being
integrated into flexible electronics, memory, and sensing architectures relevant to autonomous manufacturing and
edge intelligence (Choi et al., 2025).

A workforce prepared for this environment requires curricular structures that move beyond disciplinary adjacency
and cultivate integrated operational competence. This article develops such a structure. It reworks the underlying
policy submission into a journal publication style and advances a curriculum framework organized around conver-
gent competencies, stackable pathways, implementation levers, and policy actions. The central argument is that U.S.
manufacturing competitiveness will be strengthened not only by new fabs, equipment, or algorithms, but by an
education system able to connect micro/nanoscale engineering, device integration, Al-enabled design, and inclusive
workforce delivery at scale (Manufacturing USA, 2025; Rudnitsky et al., 2026; U.S. National Science Foundation,
2024b; U.S. National Science Foundation, 2026).

Methodological Note: This framework is derived from a structured synthesis of recent review articles, federal
policy documents, and workforce reports published between 2023 and 2026, selected based on relevance to ad-
vanced manufacturing and workforce development.

2. Strategic Context and the Current Educational Gap

Recent federal and network-level documents show both momentum and misalignment. Manufacturing USA reports
that its institutes managed more than 900 high-priority applied R&D projects, engaged more than 150,000 workers,
students, and educators in workforce programs, and partnered with over 2,900 organizations during the latest re-
porting cycle (Manufacturing USA, 2026). The 2025 Manufacturing USA Occupation & Competency Framework
further attempts to establish a common language around occupations, knowledge, skills, and abilities across 18
advanced-manufacturing technology areas (Manufacturing USA, 2025). These developments signal a move toward
national coherence. Yet the educational supply chain remains highly uneven in access to cleanrooms, advanced
characterization tools, remote experimentation, software environments, and faculty expertise capable of teaching
the integration of materials, devices, and Al

The workforce implications are particularly visible in semiconductors and related manufacturing sectors. The
Semiconductor Industry Association and Oxford Economics estimated that roughly 67,000 new U.S. semiconductor
jobs could go unfilled by 2030 if the talent pipeline is not expanded, with substantial demand for technicians as well
as engineers and computer scientists (Semiconductor Industry Association and Oxford Economics, 2023). This
shortage is not solely a matter of headcount. It reflects a competency mismatch: employers need people who can
operate across process equipment, data workflows, sensor systems, quality analytics, and increasingly software-
defined manufacturing environments. Conventional degree structures do not reliably cultivate this blend because
laboratory practice, computational literacy, and industrial exposure often remain compartmentalized.

The literature on Al in manufacturing reinforces the need for a curricular redesign. Gao and colleagues show that
Al applications now span production-system design, process modeling, optimization, quality assurance, mainte-
nance, and automated assembly and disassembly, which means manufacturing professionals must understand both
physical processes and digital inference pipelines (Gao et al., 2024). Shafiee’s review of generative Al in manufac-
turing adds that design generation, synthetic data creation, predictive maintenance, and customization are rapidly
expanding use cases, while Piccialli and co-workers demonstrate that autonomous-agent paradigms are becoming
relevant to Industry 4.0 coordination and distributed decision-making (Piccialli et al., 2025; Shafiee, 2025). These
shifts challenge curricula that still treat programming as ancillary rather than foundational to contemporary manu-
facturing practice.

At the same time, the literature on educational delivery suggests that access constraints can be partially mitigated
if institutions design hybrid infrastructures intelligently. Li and Liang’s meta-analysis found a significant positive
effect of virtual laboratories on engineering education outcomes, although virtual systems cannot fully replace phys-
ical experimentation (Li & Liang, 2024). Karanam and Hartman likewise argue that digital twins and virtual learning
environments can improve scalability, accessibility, and skill development in smart-manufacturing education when
they are integrated with problem-based and simulation-rich pedagogies (Karanam & Hartman, 2025). This is espe-
cially relevant to nanotechnology and MEMS training, where physical infrastructure is expensive and geograph-
ically concentrated.
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For these reasons, the central educational gap is best understood as a systems gap. Many programs still produce
students who know individual methods but are not prepared to move across the full chain from materials selection
and device design to fabrication, metrology, automation, and data-driven optimization. What is needed is a compe-
tency architecture that preserves disciplinary depth while deliberately training for cross-domain transfer.

3. A Convergent Curriculum Framework

The proposed framework is organized around four knowledge domains—nanotechnology, MEMS, magnetic mate-
rials and devices, and generative/agentic Al—but it does not treat them as four separate curricular silos. Instead, it
treats them as interacting pillars that feed a common set of manufacturing capabilities: design reasoning, process
literacy, micro/nanoscale fabrication, measurement and quality control, computational interpretation, and opera-
tional decision-making. Figure 1 summarizes this architecture, while Table 1 translates it into curricular priorities
and implementation levers.

National drivers
Competitiveness, supply-chain
resilience,
semiconductor expansion,
technology sovereignty

Learning pathways
K-12 awareness
Community college
BS/graduate programs
Professional reskilling

Curriculum core

A 4

Magneticg

Integrated
ompetencie

€ty

Design « fabrication

* metrology * data P

analysis » automation
« ethics « safety

—

Educational gaps
Fragmented curricula, limited
lab access,
slow updates, uneven regional
capacity

Implementation levers
> Shared facilities

= Virtual/remote labs
Industry internships
Faculty development

Workforce signals
Competency frameworks,
technician demand,
upskilling needs, lifelong
learning

National outcomes

Faster technology translation
Inclusive talent pipelines
Regional innovation capacity

The framework links national manufacturing priorities to integrated curricula, stackable
credentials,

and regional delivery systems that can be updated as technologies evolve.

Figure 1. Convergent curriculum architecture for advanced manufacturing workforce development.

Table 1. Core curriculum gaps and proposed responses in the convergent framework

Domain Main gap in current programs

Curricular response

Implementation lever

Instrumentation and fabrica-
tion are often separated from
data-centric interpretation and
manufacturing relevance.

Nanotechnology

Courses frequently emphasize
device theory without enough
process-flow logic, packaging,
testing, or manufacturability.
Magnetics is often taught as a
narrow physics topic rather
than as a manufacturing and
device platform.

Al training is often generic
and disconnected from physi-
cal processes, safety, and
equipment constraints.
Students can complete indi-
vidual courses without learn-
ing to solve interdisciplinary
manufacturing problems.

MEMS

Magnetic
materials

Generative/
agentic Al

Cross-domain
integration

Teach deposition, lithography, mi-
croscopy, and characterization as
part of a closed structure—process—
property loop, with Al-assisted
analysis introduced early.
Integrate simulation, cleanroom
process design, packaging, calibra-
tion, and failure analysis in project-
based sequences.

Connect magnetic thin films, sen-
sors, memory devices, and actua-
tion to real applications in automa-
tion, storage, and edge systems.
Embed Al within materials discov-
ery, quality control, digital twins,
process optimization, and human-
governed automation.

Use problem-centered modules that
combine materials, devices, data,
and operational decision-making.

Shared-use nanofabrication

facilities; remote character-

ization demonstrations; in-
dustry case studies.

Capstone fabrication mod-
ules; foundry-informed as-
signments; testing labora-
tories.
Thin-film deposition ac-
cess; sensor labs; cross-
listing with electronics and
materials courses.
Industrial datasets; sand-
boxed Al workflows; eth-
ics and governance mod-
ules.

Co-taught modules; multi-
disciplinary projects;
shared competency rubrics.
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The framework is intentionally competency-based. This means that the desired educational output is not merely
the completion of discipline-specific courses, but the demonstrated ability to solve authentic manufacturing prob-
lems using integrated knowledge. Learners should therefore progress from conceptual understanding, to instrument
familiarity, to supervised practice, to design autonomy, and finally to adaptive expertise in which they can respond
to changing tools, materials, and process conditions. This progression aligns with current federal efforts to articulate
shared occupation and competency language across advanced manufacturing ecosystems (Manufacturing USA,
2025).

3.1 Nanotechnology and Nanomanufacturing

Nanotechnology should be taught as the foundation for understanding how materials’ behavior changes across
length scales and how those changes can be exploited in manufacturing. Recent reviews emphasize that Al-assisted
nanomanufacturing increasingly links synthesis, characterization, image analysis, process optimization, and mate-
rials discovery into a single digital workflow (Aslam et al., 2025; Chakroborty et al., 2025; Nandipati et al., 2024).
Accordingly, nanotechnology education should move beyond static descriptions of nanoparticles, thin films, and
surface effects and instead frame nanoscale engineering as a production system involving deposition, pattern trans-
fer, metrology, defect analysis, and structure—property feedback loops.

At the community-college and technician levels, the curricular emphasis should be on cleanroom protocols, con-
tamination control, sample preparation, basic spectroscopy, introductory microscopy, and the safe handling of wet
and dry processing environments. At the undergraduate level, students should encounter quantum confinement,
thin-film growth methods such as atomic layer deposition and chemical vapor deposition, lithographic patterning,
and the interpretation of SEM, TEM, AFM, XRD, and XPS data in the context of actual process decisions. Graduate
and professional pathways should then extend this training toward in situ characterization, scale-up, automation,
data-centric experimentation, and Al-guided inverse design (Cao et al., 2026; Madika et al., 2025; Otyepka et al.,
2025).

A major advantage of placing nanotechnology at the center of the framework is that it creates a natural bridge to
both semiconductors and device miniaturization. The NSF’s shared nanotechnology infrastructure programs demon-
strate the continuing strategic importance of broad access to fabrication and characterization tools, training, and
expertise (U.S. National Science Foundation, 2026). When curriculum designers explicitly connect that infrastruc-
ture to manufacturing-relevant outcomes—yield, reliability, throughput, and reproducibility—mnanotechnology be-
comes more than a research specialization; it becomes a workforce platform.

3.2 MEMS Design, Fabrication, and Integration

MEMS education should be framed as the domain in which microfabrication becomes functional system integration.
Students need to understand not only how silicon-based structures are patterned and released, but how transduction
mechanisms, packaging, calibration, and signal interpretation determine device value in industrial settings. Recent
review work on MEMS resonators for magnetic and electric field sensing illustrates how contemporary MEMS
development sits at the intersection of microfabrication, actuation physics, sensor architecture, and low-power sys-
tem design (Koh et al., 2026).

From a curricular perspective, this means introductory exposure to everyday sensing devices should lead rapidly
into structured training in mask layout, process flow logic, thin-film deposition, etching, bonding, probe-station
testing, and failure analysis. Undergraduate learners should be able to model and simulate MEMS behavior using
multiphysics tools, connect design decisions to process constraints, and evaluate device performance through static
and dynamic characterization. Graduate-level modules should then address design-for-manufacturability, reliability
qualification, CMOS integration, foundry pathways, and Al-assisted parameter optimization. The purpose is not
simply to teach students how to fabricate a microdevice once, but to help them reason like manufacturing engineers
who can balance performance, robustness, and scalability.

MEMS also provides one of the clearest educational bridges between physical devices and intelligent manufac-
turing. Sensors produced through MEMS routes become data interfaces for automation, predictive maintenance,
robotics, and industrial IoT. In this sense, MEMS should occupy a bridging position in the curriculum: it operation-
alizes materials and fabrication knowledge while simultaneously demanding computational interpretation and sys-
tems integration (Gao et al., 2024; Koh et al., 2026).
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3.3 Magnetic Materials and Devices

Magnetic materials are often underrepresented in advanced-manufacturing curricula despite their relevance to sens-
ing, actuation, energy conversion, and data storage. A contemporary curriculum must move beyond a purely clas-
sical treatment of hysteresis and domains and introduce students to thin-film magnetism, nanomagnetism, spin
transport, and the device logic of magnetoresistive and torque-driven systems. Reviews on spintronics and magnetic
memory devices make clear that magnetics now sits at the center of conversations about nonvolatile memory, high-
speed sensing, and energy-efficient information technologies (Choi et al., 2025).

This domain is particularly important for a convergent curriculum because it links directly to both MEMS and
Al-enabled manufacturing. Magnetic field sensors, magnetoresistive devices, and spintronic memory elements are
relevant to industrial control, edge sensing, and harsh-environment applications; meanwhile, flexible and advanced
magnetic films are opening new pathways for mechanically compliant devices and next-generation electronics (Choi
et al., 2025).

Educationally, technician pathways should emphasize magnetic measurement basics, Hall-effect and magnetore-
sistive sensors, thin-film handling, and calibration. Undergraduate pathways should add micromagnetic reasoning,
deposition strategies, magnetic characterization, and the physics of memory and sensing devices. Advanced path-
ways should cover spin—orbit effects, topological and two-dimensional magnetic platforms, neuromorphic direc-
tions, and integrated magnetic microsystems. Positioning magnetic materials within the broader framework also
helps correct a conceptual blind spot in many engineering programs: not all advanced manufacturing problems are
solved through structural materials or generic data analytics alone. Magnetic functionality introduces field-mediated
design, low-power memory, and precision sensing considerations that are central to future cyber-physical produc-
tion systems.

3.4 Generative and Agentic Al for Manufacturing

Al must be presented in this curriculum not as an external tool layer, but as a manufacturing capability that shapes
design generation, monitoring, control, and decision-making. The current literature distinguishes at least three rel-
evant levels. The first is analytic Al, which supports classification, forecasting, anomaly detection, and optimization
in production environments (Gao et al., 2024). The second is generative Al, which expands the design space through
synthetic data, geometry generation, multimodal interfaces, prompt-driven engineering support, and data augmen-
tation (Shafiee, 2025). The third is agentic Al, in which autonomous or semi-autonomous agents perform planning,
coordination, tool use, and adaptive action under human governance (Lee & Su, 2025; Piccialli et al., 2025).

These distinctions have direct curricular consequences. Introductory learners need basic data literacy, program-
ming, machine-learning concepts, and ethical awareness. Technician-level students should be able to use Al tools
for inspection, data preprocessing, and simple predictive workflows. Undergraduate engineering students should
progress to neural architectures relevant to industrial vision, time-series analysis, surrogate modeling, and genera-
tive design; they should also learn when these models fail and how to evaluate robustness, traceability, and bias.
Graduate and professional learners should then address industrial foundation models, retrieval-augmented work-
flows, multi-agent coordination, human-Al teaming, and governance requirements for safety-critical manufacturing
deployment (Lee & Su, 2025; Piccialli et al., 2025).

The curriculum should also connect Al to materials and device science rather than treating it purely as a software
subject. Reviews in materials discovery show that Al is now influencing data generation, inverse design, property
prediction, experiment prioritization, and synthesis planning across material systems (Cao et al., 2026; Madika et
al., 2025; Otyepka et al., 2025). When students see Al embedded within nanomaterials, microdevices, and process
engineering, they are more likely to develop the cross-domain fluency that advanced manufacturing increasingly
requires.

3.5 Cross-domain Integration as the Core Educational Outcome

The distinctive value of the framework lies in practical integration modules that tie the domains together through
applied implementation scenarios. One module centers on Al-assisted nanomaterial and device design, where learn-
ers move from materials descriptors and property prediction to fabrication-aware optimization and design review.
A second centers on magnetic MEMS and smart sensor systems, linking transduction physics, packaging, edge
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computation, and industrial use cases. A third focuses on autonomous manufacturing control, where digital twins,
process models, and agentic workflows are applied to deposition, lithography, inspection, or assembly scenarios. A
fourth addresses verification, ethics, and human oversight, ensuring that learners understand explainability, uncer-
tainty, safety boundaries, and accountability in Al-enabled production systems (Gao et al., 2024; Karanam & Hart-
man, 2025; Piccialli et al., 2025).

These integration modules are essential because modern manufacturing problems rarely arrive labeled by disci-
pline. A student working on a gas sensor, a biomedical microneedle platform, or a semiconductor inspection work-
flow may need to understand deposition chemistry, device physics, microscopy, software pipelines, statistical qual-
ity control, and system-level economics at the same time. Accordingly, Section 3.5 emphasizes implementation-
oriented interdisciplinary projects, applied manufacturing case studies, and integrated assessment methods rather
than repeating broader conceptual arguments about convergence.

4. Learning Pathways and Stackable Credentialing

A convergent curriculum becomes practical only if it is delivered through pathways that match the diversity of the
manufacturing workforce. Figure 2 presents a stackable model spanning K—12, community college, bachelor’s ed-
ucation, graduate/professional development, and incumbent-worker reskilling. This design is consistent with the
Manufacturing USA competency agenda and with the NSF Advanced Technological Education program’s long-
standing emphasis on technician education, two-year institutions, and industry partnerships (Manufacturing USA,
2025; U.S. National Science Foundation, 2024a).

At the K—12 level, the goal is not mastery of fabrication or Al models, but the development of technological
imagination and career awareness. Students should encounter scale, sensing, materials functionality, coding logic,
and real manufacturing applications through demonstrations, classroom kits, and project-based modules. Commu-
nity colleges should then provide the first intensive point of occupational formation through certificates and associ-
ate degrees that combine laboratory safety, instrumentation, microfabrication basics, data analysis, and workplace
communication. Because many future jobs will require technical competence without necessarily requiring a four-
year degree, these pathways are central rather than peripheral to national competitiveness (Semiconductor Industry
Association and Oxford Economics, 2023; U.S. National Science Foundation, 2024a).

4 N A )

K-12 Comn:::r::l'::xi::::lllege / Bachelor’s Graduate / Worll:fl?rce
A engineerin rofessional upskillin
awareness certificate g g p P g
3 - > 3
Scale, sensors, Cleanroom safety, Device physics, Advanced research, Micro-credentials,
Al basics, metrology, MEMS design, autonomous systems, industry projects,
career exposure Python, Al tools materials & ML process optimization continuous refresh
\. J o\ J/ \ J
' N\ ™ )
L e Fellowship /
Digital badge .
9 9 Certificate advanced credential
\. J \ J \, J/

Stackability allows learners to enter, exit, and re-enter the system while preserving momentum across
technician,
engineering, research, and incumbent-worker pathways.

Figure 2. Stackable learning pathway from awareness to expert practice.

Bachelor’s programs should integrate device physics, manufacturing process understanding, Al-enabled analysis,
and design projects in which students make explicit trade-offs among performance, manufacturability, cost, and
reliability. Graduate education should deepen specialization while retaining systems visibility: doctoral and master’s
learners should understand how research-level innovations move into scalable processes, how digital infrastructure
supports advanced experimentation, and how human governance must accompany autonomous or semi-autonomous
decision systems. Finally, incumbent workers need access to short-cycle micro-credentials in areas such as Al-
supported quality assurance, nanometrology, MEMS testing, or digital-twin operations. This continuing-refresh
layer is indispensable because manufacturing technology is evolving faster than most degree cycles can adapt.
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Table 2. Representative stackable pathway for Al-enabled advanced manufacturing education

Example credential or

t. Typical ti R tative | ing f
Stage ypical duration epresentative learning focus outcome
Scale, sensors, coding basics, career Micro-badge, summer
Short modules/semester . .
K-12 awareness eXPOSUTe awareness, introductory materials and AI ~ program, dual-enrollment
P concepts exposure
. 1 fi 1 ic fabri- .
Community college/tech- c canroom sa ety m§tro 0Ly, bas.l ¢ fabri Certificate or AAS degree
3-24 months cation, instrumentation, Python, inspec-

nician tion data workflows for technician roles
Device physics, nanofabrication, MEMS
Bachelor’s engineering 4 years design, magnetics, machine learning, sys-
tems integration
Advanced characterization, process opti-
Graduate/professional 1-4 years mization, autonomous systems, research
translation, governance
Targeted modules in Al quality control,
20-120 hours digital twins, nanometrology, MEMS
testing, or memory/sensor technologies

BS degree with capstone
and internship

MS, PhD, fellowship, spe-
cialist credential

Incumbent-worker up-
skilling

Micro-credential, em-
ployer-recognized badge

Stackability matters for equity as well as efficiency. It allows learners to enter and exit without losing prior pro-
gress, supports regionally distributed delivery, and makes it easier for employers to recognize targeted competencies.
In a field facing both scale and speed pressures, such modular progression is more realistic than assuming all learners
will follow a single linear degree pathway.

5. Implementation: Infrastructure, Partnerships, and Digital Delivery

No curriculum framework of this kind can succeed without attention to delivery infrastructure. Nanotechnology and
MEMS education remain constrained by the cost of cleanrooms, deposition systems, lithography tools, microscopy
suites, and high-quality testing environments. Shared-use national and regional infrastructure, therefore, becomes a
pedagogical necessity, not simply a research convenience. The NSF NNCI model demonstrates how distributed
access to fabrication, characterization, training, and expert support can widen participation in nanoscale science and
engineering (U.S. National Science Foundation, 2026). A similar shared-infrastructure logic should guide regional
advanced-manufacturing education hubs, particularly where semiconductor, sensor, and microsystems ecosystems
are expanding.

Industry—academia partnerships are equally important. Manufacturing USA’s strategic documents repeatedly
stress public—private collaboration, technology transition, and workforce alignment as core mechanisms of impact
(Manufacturing USA, 2026; Rudnitsky et al., 2026). In curricular terms, this means co-designed modules, advisory
boards, internship pipelines, capstone sponsorship, equipment access, shared datasets, adjunct teaching by practic-
ing engineers, and short-course offerings that can be updated faster than traditional degree catalogs. Federal initia-
tives such as Future Manufacturing and ExXLENT can support this by funding both research and experiential learning,
especially where new technologies demand rapid workforce adaptation (U.S. National Science Foundation, 2024b;
U.S. National Science Foundation, 2024c).

Digital infrastructure should be treated as a force multiplier rather than a substitute for physical practice. The
evidence suggests that virtual laboratories produce meaningful learning gains, but they work best when used to
extend—not eliminate—hands-on education (Li & Liang, 2024). Likewise, the recent review of digital twins and
virtual learning environments for smart-manufacturing education indicates that simulation-rich environments can
strengthen confidence, problem-solving, and accessibility when embedded in coherent pedagogy (Karanam & Hart-
man, 2025). More recent conceptual work on digital twins in manufacturing further argues that educational and
industrial deployment benefit from a unified view of digital twin capabilities across product, production, and service
domains, which reinforces the case for teaching digital infrastructure as an organizing framework rather than as an
isolated software add-on (Villegas et al., 2025).

A practical implementation model is therefore hybrid: learners rehearse procedures, visualize systems, and test
decisions virtually before or alongside constrained physical-lab access. This approach reduces bottlenecks, increases
repetition, and expands the reach of expensive infrastructure.
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6. Inclusion, Regional Reach, and Workforce Resilience

The competitiveness argument for advanced manufacturing will remain incomplete unless it is tied to workforce
breadth. Emerging technology sectors cannot rely on a narrow pipeline drawn only from well-resourced universities
or established industrial regions. Programs such as EXLENT were designed precisely to widen access to experiential
learning in emerging technology fields and to connect nontraditional learners to workforce opportunities (U.S. Na-
tional Science Foundation, 2024c). Similarly, Manufacturing USA’s workforce agenda emphasizes not only skill
development but also national reach, collaboration, and pathway visibility (Manufacturing USA, 2025; Manufac-
turing USA, 2026).

For curriculum designers, this means inclusion must be built into the structure, not appended as an outreach
afterthought. Community-college articulation agreements, bridge programs, technician-to-engineer ladders, remote
learning options, modular credentials, and paid internships all matter because they reduce friction for first-genera-
tion students, veterans, rural learners, and career changers. Shared regional facilities should be paired with satellite
access models, remote instrumentation, and flexible scheduling. Otherwise, the very technologies positioned as
engines of national renewal risk deepening geographic and institutional concentration.

Resilience also has a curricular dimension. A workforce capable of adapting to process changes, software updates,
supply shocks, and new device platforms is more valuable than one trained only for a fixed equipment set. Integrated
training in data reasoning, process fundamentals, and cross-domain problem solving can therefore improve not just
employability, but the adaptive capacity of the manufacturing sector itself.

7. Policy Actions and Evaluation Metrics

The curriculum framework developed here suggests a set of policy directions that are more specific than generic
calls for STEM investment. First, national competency standards should continue to be developed and refined
around convergent manufacturing roles, building on the Manufacturing USA occupation and competency frame-
work (Manufacturing USA, 2025). Second, regional education hubs should be supported where shared facilities,
community colleges, universities, and industry clusters can cooperate around common infrastructure and curriculum
refresh. Third, virtual labs, digital twins, and remote-access platforms should be treated as strategic workforce assets
because they increase access to advanced learning environments that cannot be replicated at every institution (Ka-
ranam & Hartman, 2025; Li & Liang, 2024; Villegas et al., 2025). Fourth, policy alignment should explicitly connect
Al-enabled science, rapid workforce adaptation, and next-generation manufacturing capacity, consistent with the
priorities articulated in America’s Al Action Plan (Executive Office of the President, 2025).

Table 3. Policy and implementation roadmap for workforce deployment

Action area

Near-term action

Primary actors

Expected impact

Competency alignment

Infrastructure access

Curriculum refresh

Experiential learning

Inclusion and regional de-
livery

Continuous evaluation

Adopt convergent competency maps
tied to technician, engineer, and ad-
vanced-specialist roles.
Expand shared cleanrooms, micros-
copy access, remote labs, and digi-
tal-twin platforms.

Update modules annually using in-
dustry cases, datasets, and tool-
chains.

Scale internships, apprenticeships,
and project-based learning tied to
real manufacturing problems.
Support bridge pathways, satellite
access models, and flexible schedul-
ing for nontraditional learners.
Track competency attainment, place-
ment, retention, and employer satis-
faction alongside enrollment.

Manufacturing USA insti-
tutes, community colleges,
universities, employers

Federal agencies, state sys-
tems, regional consortia

Faculty teams, advisory
boards, institute networks

Employers, ATE programs,
ExXLENT, Manufacturing
USA
Community colleges, work-
force boards, public agen-
cies

Institutions, funders, em-
ployers

Improved portability of cre-
dentials and clearer hiring
signals.

Broader participation and
more efficient use of expen-
sive equipment.
Reduced curriculum obso-
lescence in fast-moving
technology areas.
Stronger work-readiness
and better school-to-work
transitions.

Larger and more diverse
talent pipeline.

Evidence-based improve-
ment and stronger account-
ability.
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Fourth, federal support mechanisms should align research translation with education. Programs such as Future
Manufacturing, ATE, and EXLENT already point in this direction, but stronger coordination among infrastructure,
pedagogy, and workforce outcomes would improve impact (U.S. National Science Foundation, 2024a; U.S. Na-
tional Science Foundation, 2024b; U.S. National Science Foundation, 2024c). Fifth, evaluation should move beyond
simple enrollment counts. Useful metrics include competency attainment, credential stacking, laboratory access
hours, internship conversion rates, employer satisfaction, placement in manufacturing roles, retention over time,
and participation across underrepresented regions and populations.

Table 3 summarizes a practical policy roadmap linking these actions to expected outcomes. The underlying prin-
ciple is that manufacturing education should be assessed the way advanced production systems are assessed: in
terms of throughput, quality, reliability, adaptability, and inclusive access.

8. Conclusion

The convergence of nanotechnology, MEMS, magnetic materials, and Al is not a peripheral trend in manufacturing;
it is becoming one of the defining structures of industrial competitiveness. Federal strategy documents, recent re-
view literature, and workforce analyses all point toward the same conclusion: the challenge is no longer only tech-
nological development, but the cultivation of a workforce able to operate across materials, devices, data, and auto-
mated decision environments (Cao et al., 2026; Gao et al., 2024; Madika et al., 2025; Office of Science and Tech-
nology Policy, 2025; Rudnitsky et al., 2026).

This article has translated that challenge into a journal-style curriculum framework. Its main contribution is to
reposition advanced-manufacturing education around convergent competencies rather than isolated subjects. In
practical terms, that means integrating nanoscale processing with device thinking, magnetic functionality with sens-
ing and memory, Al with manufacturing logic, and digital infrastructure with physical laboratories. It also means
recognizing technician pathways, modular credentials, and regional delivery systems as core components of national
technology strategy rather than secondary supports.

The framework is intentionally actionable. It can inform curriculum committees, workforce boards, institute net-
works, public agencies, and industry partners seeking a coherent way to align educational design with current man-
ufacturing priorities. The strategic opportunity is significant, but the window is narrow. Institutions that redesign
for convergence, stackability, and shared infrastructure will be better positioned to support the next generation of
semiconductors, smart sensors, energy devices, biomedical systems, and autonomous factories; those that preserve
siloed curricula will increasingly struggle to meet the realities of advanced industrial work. Recent Manufacturing
USA reporting underscores that collaborative public—private networks remain central to translating advanced tech-
nologies into scalable domestic capability while expanding workforce participation and training reach (Advanced
Manufacturing National Program Office, 2026).

Declaration

This article is a synthesis and curriculum framework paper. It does not report new experimental data, original device
fabrication, or novel algorithmic development. Its contribution lies in the structured integration of recent literature
and current U.S. manufacturing policy sources.
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