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Letter from the SCSP President & Commission Co-
Chair 
The United States is entering a decisive period for its industrial future. Advances in 
artificial intelligence, robotics, and autonomy are bringing intelligent machines into the 
physical economy. This emerging era of “physical AI” could raise productivity, 
strengthen supply chains, expand defense production, improve workplace safety, 
create new opportunities for workers, and revitalize American manufacturing. 

Physical AI at scale will define the next industrial era, and the United States is not on a 
trajectory to lead it. America remains at the frontier of many technologies that form 
the “brain” of modern robotics—including artificial intelligence, computer vision, 
autonomy, and software—but it has not translated those strengths into comparable 
capacity to deploy robots, produce robotic systems at scale, or manufacture critical 
components domestically. China, by contrast, has established a substantial and growing 
advantage across much of the robotics value chain. Unless the United States changes 
course, that gap will widen and increasingly constrain America’s industrial and national 
security choices. Reversing this trajectory is why SCSP initiated this Commission. 

We do not have the luxury of waiting. A software advantage that cannot be embodied, 
manufactured, deployed, and sustained at scale will not be sufficient to secure 
American industrial leadership. Meeting this challenge does not mean abandoning the 
innovation model that gives the United States its edge, nor does it mean copying China’s 
top-down, state-directed approach. It means mobilizing America’s own strengths—
private-sector dynamism, world-leading research, deep capital markets, regional 
manufacturing ecosystems, and skilled workers—to accelerate responsible adoption 
and production. That effort must also strengthen cybersecurity, advance effective 
standards, and expand opportunity for American workers. 

This Preliminary Report presents to the Co-Chairs of the National Security Commission 
on Robotics for Advanced Manufacturing the initial assessment of that challenge and 
the opportunity within it. Its central finding is a consequential imbalance: the United 
States remains a leader in robotics innovation, but it lacks sufficient scale in deployment, 
production, and critical components. 

At the center of this imbalance is an adoption-and-scale challenge. Greater 
deployment generates operational data, learning, and manufacturing volume. Those 
gains improve performance and lower costs, encouraging further adoption, yet many 
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manufacturers—particularly small and medium-sized firms—face capital constraints, 
limited technical expertise, uncertain returns on investment, and a lack of trusted 
guidance. These barriers suppress the very scale that would make robotic systems more 
capable, adaptable, and affordable. Waiting for perfect technology or perfect 
evidence is not a neutral position. It is itself a strategic choice. 

The preliminary findings provide reasons for confidence as well as signs of concern. 
Robotics can help manufacturers address persistent labor shortages, compete more 
effectively, improve quality, reduce workplace injuries, and take on work they might 
otherwise be unable to perform. At the same time, adoption remains constrained by 
hardware dependencies, commercialization and financing gaps, incomplete standards, 
cyber-physical risks, fragmented public institutions, and shortages of technicians, 
engineers, and researchers. Left unaddressed, these weaknesses will reinforce one 
another. 

Public debate too often casts robotics as a binary choice between people and machines. 
The reality is more complex. American manufacturers could face as many as 1.9 million 
unfilled positions by 2033 if persistent workforce challenges are not addressed. 
Robotics can help fill dangerous, physically demanding, and chronically vacant roles 
while augmenting the skill and judgment of existing workers. It can also make it more 
viable to keep production in the United States. At the same time, wider robotics 
deployment will reshape tasks and skill demand, and some workers may face disruption. 
American workers must therefore be active participants in this transition, not passive 
bystanders. That will require aligning education and training with shop-floor needs, 
expanding credible pathways into technical careers, and helping incumbent workers 
acquire the skills to work alongside increasingly capable systems. 

That is why we convened this Commission and why we are releasing these findings 
before our final report. This Preliminary Report offers a diagnosis organized around 
four mutually reinforcing pillars: the national framework, talent pipeline, adoption at 
scale, and innovation ecosystem. Our final report will build on this foundation and 
propose recommendations for federal, state, and regional leaders; manufacturers and 
technology companies; educators and workforce-development organizations; workers 
and labor representatives; and the other institutions whose participation will be 
necessary. 

No single sector can build a self-reinforcing cycle of robotics adoption, production, and 
innovation on its own. The decisions made in the next few years about technology 
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adoption, industrial capacity, workforce development, and national strategy will 
determine whether America’s leadership in artificial intelligence translates into durable 
industrial strength. 

I am grateful for the bipartisan support this effort has received and for the engagement 
of the commissioners, manufacturers, workers, researchers, educators, investors, and 
other experts whose experience and input have shaped our work. I look forward to 
working with Senators Budd and Slotkin as we begin to formulate policy 
recommendations to address the issues identified in this report. 

The United States possesses extraordinary advantages: world-leading software and 
research institutions, innovative manufacturers and entrepreneurs, deep capital 
markets, and a workforce capable of meeting great technological challenges. But those 
advantages will not organize themselves. With strategic focus, practical cooperation, 
and sustained action, America can lead not only in the intelligence that powers the 
machines of the future, but in the industrial capacity, resilient supply chains, and skilled 
workforce needed to build, deploy, and sustain them. 

Ylli Bajraktari 
Co-Chair 
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About the Commission 

The National Security Commission on Robotics for Advanced Manufacturing was 
created to address one of the most consequential missions of our time: ensuring that the 
United States not only leads the world in the technologies that power modern robotics, 
but also possesses the industrial capacity, supply chains, and skilled workforce needed 
to build, deploy, and sustain those systems at scale. By examining the convergence of 
artificial intelligence, robotics, and autonomy—“physical AI”—the Commission seeks to 
help translate American innovation into greater productivity, stronger supply chains, 
expanded defense production, safer workplaces, and new opportunities for American 
workers. 

The Commission is an initiative of the Special Competitive Studies Project (SCSP), a 
nonpartisan, not-for-profit project focused on strengthening America’s long-term 
competitiveness as artificial intelligence and other emerging technologies reshape our 
national security, economy, and society. The Commission is co-chaired by Senator Ted 
Budd (R-NC), Senator Elissa Slotkin (D-MI), and SCSP President and CEO Ylli Bajraktari. 
This bipartisan effort reflects a shared conviction that sustaining American 
technological leadership requires more than invention. It requires the ability to 
manufacture advanced systems, deploy them throughout the production base, secure 
their underlying supply chains, and prepare American workers to use and improve them. 

To pursue that mission, the Commission brings together leaders from manufacturing, 
technology, academia, research, investment, and national security. Its work is organized 
around four mutually reinforcing pillars: the national framework, talent pipeline, 
adoption at scale, and innovation ecosystem. The Commission’s Preliminary Report 
provides an initial diagnosis of America’s position and the barriers preventing robotics 
innovation from reaching industrial scale. Its Final Report, scheduled for March 2027, 
will build on that assessment with recommendations for government, industry, 
educators, workforce-development organizations, workers, and other institutions 
whose participation will be necessary to secure American leadership in the era of 
physical AI. 
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Co-Chairs: 
Senator Ted Budd (R-NC) 
Senator Elissa Slotkin (D-MI) 
Ylli Bajraktari, President & CEO, Special Competitive Studies Project 

Members: 
Peter Barrett, Co-Founder & General Partner, Playground Global 
Heather Carroll, Chief Revenue Officer, Path Robotics 
Michael Cicco, President & CEO, FANUC America 
Dr. Ayanna Howard, former Dean, College of Engineering, The Ohio State University* 
Dr. Torsten Kroeger, Chief Science Officer, Intrinsic 
Rev Lebaredian, Vice President, Physical AI Simulation, NVIDIA 
Anne Neuberger, General Partner and Head of Global Affairs, Andreessen Horowitz 
Dr. Chinedum Okwudire, Professor of Mechanical Engineering and Director, Advanced 
Manufacturing Institute, University of Michigan 
Dr. Elisabeth Reynolds, Professor of the Practice, Massachusetts Institute of 
Technology 
Brendan Schulman, Vice President of Policy & Government Relations, Boston Dynamics 
Keith Strier, Senior Vice President of Global AI Markets, AMD 
Josh Tavel, Senior Vice President of Manufacturing & Product Engineering, Research & 
Development, General Motors 
Dr. David Van Wie, Director, Johns Hopkins Applied Physics Laboratory 
Chris Walti, Co-Founder & CEO, Mytra 
 
 
 
 
 
 
 
 
 
*Dr. Howard stepped down as commissioner in June 2026 to focus on her new role as 
President of Spelman College. We thank her for her invaluable service.  
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About the Preliminary Report 
This Preliminary Report presents the National Security Commission on Robotics for 
Advanced Manufacturing’s initial diagnosis of the United States’ position at the 
convergence of artificial intelligence, robotics, and advanced manufacturing. Its 
purpose is to establish an evidence base for the Commission’s final recommendations by 
identifying the structural conditions that prevent American strengths in artificial 
intelligence, software, research, and entrepreneurship from translating into 
comparable leadership in robotics deployment, production, and critical components. 

The analysis is organized around four interdependent pillars: the national framework, 
the talent pipeline, adoption at scale, and the innovation ecosystem. It examines robotic 
systems used in advanced manufacturing, including fixed industrial robots, collaborative 
systems, autonomous mobile robots, and emerging general-purpose platforms where 
they are relevant to production. The report does not assume that every robotic system 
or component must be manufactured domestically. Rather, it considers where 
concentrated or adversary-linked dependencies create strategic vulnerability and 
where domestic or allied capacity is necessary for economic resilience and national 
security. 

The findings draw on publicly available data, academic and industry research, 
Commission deliberations, briefings and site visits, and engagements with 
manufacturers, workers, technology developers, systems integrators, researchers, 
educators, investors, and other experts. Because robotics technologies, markets, and 
deployment models are evolving rapidly—and because the available evidence remains 
uneven in several areas—these findings are preliminary. They are intended to clarify the 
problems that must be addressed and the questions that must be resolved before the 
Commission issues its Final Report in March 2027. That report will build on this diagnosis 
with recommendations for federal, state, and regional leaders; manufacturers and 
technology companies; educators and workforce-development organizations; workers 
and labor representatives; and other institutions whose participation will be necessary 
to secure American leadership in physical AI. 
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Executive Summary 
The United States leads in many of the technologies that power intelligent machines, but 
it has not translated those strengths into comparable capacity to build, deploy, and 
sustain robotics across its manufacturing base. Physical AI offers an opportunity to 
raise productivity, improve workplace safety, address persistent labor shortages, and 
expand domestic production. Realizing those benefits will require turning America’s 
innovation advantage into industrial scale. 

The Commission’s initial assessment identifies a reinforcing set of barriers. 
Manufacturers need affordable, reliable systems and the skills to integrate them; 
robotics firms need predictable demand, suitable capital, components, and operational 
data to improve performance and lower costs. When deployment remains limited, each 
constraint reinforces the others. China’s much larger installed base and dense supplier 
networks give its firms an advantage in this cycle, while the United States retains 
substantial strengths in research, software, entrepreneurship, and allied partnerships. 

The ten preliminary findings below organize this challenge around four interdependent 
pillars: the national framework, talent pipeline, adoption at scale, and innovation 
ecosystem. They point toward a national mission that advances economically 
sustainable deployment, strengthens domestic and trusted allied production, and 
prepares workers to benefit from technological change. The Commission’s Final Report, 
scheduled for March 2027, will develop recommendations to translate this diagnosis into 
measurable action. 
 

Finding 1 Physical AI at scale will define the next industrial era, and the 
United States is not on a trajectory to lead it. 
The United States lags in industrial robot deployment and 
production scale compared to global competitors–China in 
particular–which disrupts the self-reinforcing cycle of the robotics 
flywheel. Ultimately, deployment at scale rather than just AI model 
capability will determine leadership in the emerging era of physical 
AI.  

Finding 2 A supply-demand paradox is preventing the U.S. robotics 
flywheel from starting. 
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Manufacturers hesitate to adopt robotics until systems become 
cheaper and more easily integrated. Yet robotics firms cannot 
lower costs and improve performance without deployment at 
scale. This dynamic creates a coordination failure that the market 
is unlikely to overcome on its own. 

Finding 3 Fragmented institutions, unmanaged strategic risk, and weak 
public confidence compound to block coordinated action. 
Federal robotics initiatives are minimal and scattered across 
multiple agencies without a unified strategy or single authority to 
drive national-scale outcomes. This lack of coordination is 
compounded by public anxieties over job displacement and 
cybersecurity and supply-chain vulnerabilities tied to foreign 
dependencies to prevent cohesive action.  

Finding 4 The effects of robotics on employment are ambiguous and not 
predetermined. 
The impact of automation on employment is not fixed, as it 
simultaneously involves job displacement, job transformation, and 
new job creation. Whether net employment expands or contracts 
ultimately depends on the pace of adoption and whether job 
creation and task redesign keep up with initial task displacement.  

Finding 5 Labor shortages and skills misalignment limit manufacturing at 
scale and robotics deployment.  
A persistent mismatch in skills constrains robotics deployment 
because manufacturers seeking to use robotics lack the qualified 
talent required to scale production and integrate automated 
systems. Traditional apprenticeships struggle to keep pace with 
rapid technological changes, prompting a near-term shift toward 
agile micro-credentials. Additionally, weak STEM pipelines 
threaten long-term American innovation. 
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Finding 6 The industrial robotics landscape is undergoing a transformation 
in deployment dynamics driven by AI-assisted programming, low-
code interfaces, and open-space mobile manipulation. 
Advances like AI-assisted programming and collaborative robots 
are expanding the feasibility of automation beyond rigid, high-
volume production environments. However, safety frameworks 
and performance standards are struggling to keep pace with these 
highly flexible and dynamic new capabilities.  

Finding 7 Robotics adoption across manufacturing remains constrained by 
lack of knowledge, internal capability gaps, and unsteady demand 
signals. 
Many manufacturers lack the specialized knowledge and digital 
infrastructure required to successfully deploy robotic systems. 
Furthermore, unsteady demand signals and overly narrow return-
on-investment metrics make it difficult for firms to justify the 
upfront capital required for automation.  

Finding 8 Systematic cost disadvantages and a financing gap keep U.S. 
robotics firms from scaling production. 
U.S. robotics startups face a commercialization "valley of death" 
because traditional venture capital timelines do not align with the 
lengthy, capital-intensive requirements of hardware 
manufacturing. Additionally, heavy reliance on opaque, 
concentrated global supply chains limits domestic production scale 
and creates significant strategic bottlenecks.  

Finding 9 Supply chain bottlenecks for physical components and data keep 
U.S. robotics too expensive and too static. 
Concentrated component supply raises costs and strategic risk. 
Limited deployment and incompatible data systems constrain 
learning; simulation and synthetic data can help, but require 
validation in real operating conditions.   
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Finding 10 A national mission is needed to start the U.S. robotics flywheel. 
Overcoming these systemic barriers requires a unified national 
mission focused on scaling the development and deployment of 
robotic systems across the industrial base. This effort must 
coordinate private-sector dynamism with strategic public goals to 
enhance domestic production capacity, lower costs, and secure 
American technological leadership.  
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Strategic Premise: Physical AI Leadership Will Be 
Won Through Deployment and Production at Scale 
The next era of technological leadership will belong to the nations that can turn artificial 
intelligence (AI) into industrial power: embedding intelligence in machines that sense and 
act in the physical world—physical AI—then manufacturing those systems at scale and 
deploying them throughout the production base. The United States is not yet positioned 
to lead that transition. Whether it does will depend on choices made now. 

The stakes extend well beyond the robotics industry itself. Manufacturers and other end 
users will deploy physical AI across production, warehousing, logistics, and related 
operations. Its largest economic effects may therefore appear in the productivity, 
output, and competitiveness of the industries using these systems, rather than in the 
revenues of robotics companies alone. National leadership in physical AI is, in this sense, 
a question of economy-wide competitiveness. 

America leads in invention but has repeatedly failed to convert it into scalable, sustained 
production—from semiconductors, where U.S. firms pioneered the foundational 
technology but ceded much of the manufacturing base, to solar photovoltaics, where 
American breakthroughs ultimately gave way to Chinese dominance in production. 
Nowhere is that challenge more consequential than at the nexus of artificial intelligence 
and robotics for advanced manufacturing. 
 

Finding 1: Physical AI at scale will define the next industrial era, 
and the United States is not on a trajectory to lead it. 

Leadership in physical AI will depend on productive deployment and resilient production 
capacity, not model capability alone. Like other general-purpose technologies, AI 
produces broad productivity gains when firms make complementary investments and 
reorganize production around it; in manufacturing, that means embedding intelligence 
in machines and putting those systems to productive use by augmenting human 
workers.1 

 
1 Erik Brynjolfsson, et al., The Productivity J-Curve: How Intangibles Complement General Purpose 
Technologies, American Economic Association (2021); Georg Graetz & Guy Michaels, Robots at Work, 
Review of Economics and Statistics (2018). 

https://www.aeaweb.org/articles?id=10.1257/mac.20180386
https://www.aeaweb.org/articles?id=10.1257/mac.20180386
https://direct.mit.edu/rest/article-abstract/100/5/753/58489/Robots-at-Work?redirectedFrom=fulltext
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Physical AI shares the diffusion dynamics of earlier general-purpose technologies such 
as electricity and the internet: the economic gains arrive not when the technology is 
invented but when it is installed, integrated, and worked into ordinary production—a 
process that can take decades. Physical AI adds a deployment challenge: realizing its 
value often requires a capital-intensive, site-specific combination of software, sensors, 
actuators, compute, connectivity, manufactured hardware, integration expertise, and 
trained workers. Broad adoption of robotics and automation could help U.S. 
manufacturers improve productivity and compete at scale, but adoption depends on 
making these systems practical for firms beyond a handful of large users.2 

Deployment can create a reinforcing cycle—the robotics flywheel. Adoption generates 
operating data, integration experience, and production volume. Those inputs can 
improve reliability, shorten integration time, and reduce costs; better performance and 
economics can then support further adoption. Scale can also reveal shortcomings in 
manufacturing processes and products that are difficult to see in a laboratory or a 
limited pilot. As firms redesign processes and systems in response, deployment becomes 
an input to the next generation of robotics innovation—not merely a way to capture the 
benefits of existing technology. Deployment also strengthens domestic industrial 
capacity when the resulting demand and operating lessons reach the firms that design, 
build, supply, and integrate subsequent generations of systems. 

The extent of deployment matters because it determines how many firms can 
participate in that cycle. Concentrated adoption can produce substantial learning within 
individual companies while leaving much of the manufacturing base without the 
operating experience needed to improve and expand its use of robotics. 

As Figure 1 illustrates, the U.S. cycle is interrupted by frictions in financing, integration, 
data and standards, component and sub-component production, and workforce 
adoption and readiness. The FANUC and Amazon Robotics examples in the figure 
illustrate how repeated use can produce learning effects that a laboratory prototype 
cannot. However, relying on a few large adopters has clear limits—a major logistics 
operator, for instance, may use its field experience to build proprietary systems without 
those insights benefiting smaller manufacturers. Supplier relationships, integrators, 
shared standards, and workforce capabilities help determine whether learning at 

 
2 Georg Graetz & Guy Michaels, Robots at Work, The Review of Economics and Statistics (2018); 
Measurement Science for Robotics and Autonomous Systems, National Institute of Standards and 
Technology (last accessed 2026). 

https://econpapers.repec.org/article/tprrestat/v_3a100_3ay_3a2018_3ai_3a5_3ap_3a753-768.htm
https://www.nist.gov/programs-projects/measurement-science-robotics-and-autonomous-systems-program
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individual firms spreads across the wider production base. Two firms are not on their 
own evidence of an economy-wide learning curve.3 

Figure 1 | The Robotics Deployment Flywheel Is Not Yet Compounding Across U.S. 
Manufacturing 

Takeaway: Deployment creates data, integration experience, and volume that improve 
performance and economics—and can generate the next generation of innovations. 
U.S. frictions limit how widely those gains spread. 
 

Source: SCSP Analysis, FANUC America, Amazon Science4 
 

 
3 U.S. Lags China in Factory Robot Deployment by 5 to 1 Ratio, International Federation of Robotics 
(2025); China Tops World Record of 2 Million Factory Robots, International Federation of Robotics (2025). 
4 FANUC America’s Robot LINKi Zero Down Time (ZDT) Available on all FANUC Robots, FANUC America 
(2018); Shuai Li, et al., Demonstrating Large-Scale Package Manipulation Via Learned Metrics of Pick 
Success, Amazon Science (2023). 

https://ifr.org/downloads/press_docs/2025-09-25-IFR_press_release_Americas_in_English.pdf
https://ifr.org/downloads/press_docs/2025-09-25-IFR_press_release_China_in_English.pdf
https://www.fanucamerica.com/press-releases/fanuc-americas-robot-linki-zero-down-time-zdt-available-on-all-fanuc-robots
https://www.amazon.science/publications/large-scale-package-manipulation-via-learned-metrics-of-pick-success
https://www.amazon.science/publications/large-scale-package-manipulation-via-learned-metrics-of-pick-success
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The United States' competitive position reflects a flywheel that turns but does not 
compound broadly. It has strong capabilities in frontier AI, conventional robotic 
hardware, AI-enabled robotics, research infrastructure, venture formation, and 
systems integration. Yet venture capital is often poorly matched to hardware timelines, 
and integration capacity is uneven. Its weaker links are domestic industrial-robot 
production scale, depth in key components, and broad manufacturing adoption—
especially among smaller manufacturers.5 Because deployment at scale generates 
learning, attracts suppliers and investment, and supports further cost reductions, the 
longer these weaknesses persist, the harder it will become for the United States to close 
China’s lead in robotics adoption and production capacity.6 

This report does not assume that every robot or component must be produced 
domestically. The strategic question is where dependence creates vulnerability and 
where domestic or allied capacity is essential—a question the Innovation Ecosystem 
section of this report takes up directly.  

China's position is different, but not simply the mirror image of America's. China’s 
deployment scale gives its firms more opportunities to improve manufacturing 
processes, test systems under varied operating conditions, and feed those lessons into 
new products. That does not guarantee a lead in frontier innovation. It does mean that 
a persistent U.S. deployment gap could become an innovation gap, including in robotics 
for advanced manufacturing. The United States retains advantages on some frontier-
model and high-impact innovation measures, but leading Chinese AI models have 
become increasingly competitive.7 

The comparative data show both U.S. strengths and the scale of the gap. On the 
International Federation of Robotics’ measure of industrial robots, the United States 
ranked eighth worldwide in robot density in 2024, with roughly 307 robots per 10,000 
manufacturing employees—a fraction of the Republic of Korea’s 1,220, but higher than 
China’s density.8 In absolute terms, China has a decisive lead. In 2025, Chinese factories 
installed approximately 354,200 industrial robots—59% of worldwide installations—
compared with approximately 38,400 in the United States. Chinese suppliers accounted 
for 55% of installations in their domestic market, although China remains dependent on 

 
5 The Robot Deficit, Special Competitive Studies Project (2026). 
6 Robert D. Atkinson, How Innovative Is China in the Robotics Industry?, Information Technology and 
Innovation Foundation at 1, 6–8 (2024). 
7 The 2026 AI Index Report, Stanford University Human-Centered Artificial Intelligence (2026). 
8 Robot Density Surges in Europe, Asia, and Americas, International Federation of Robotics (2026). 

https://scorecard.scsp.ai/publications/robotics
https://www2.itif.org/2024-chinese-robotics-innovation.pdf
https://www2.itif.org/2024-chinese-robotics-innovation.pdf
https://hai.stanford.edu/ai-index/2026-ai-index-report
https://ifr.org/ifr-press-releases/news/robot-density-surges-in-europe-asia-and-americas
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foreign suppliers for some advanced components.9 Most industrial robots installed in the 
United States were imported.10 By the end of 2024, Chinese firms had over two million 
industrial robots operating in factories, more than five times the U.S. stock of 393,700. 
These figures measure industrial robots; they do not capture the full range of newer 
systems, including mobile robots and humanoids. Comparable deployment data for 
those systems are needed before drawing broader conclusions about leadership in 
physical AI. The strategic issue is therefore not a simple ranking. It is whether the United 
States can convert innovation into broad deployment and durable production capacity. 

Figure 2 summarizes this asymmetry. 

Figure 2 | The United States Leads in Key Innovation Inputs but Trails in Deployment 
Scale and Diffusion 

Takeaway: China leads in annual industrial-robot installations and installed stock; U.S. 
industrial-robot density was higher in 2024, but adoption remains uneven across 
manufacturers. 

 
9 China Installs 59 Percent of World's Industrial Robots, International Federation of Robotics (2026). 

10 U.S. Lags China in Factory Robot Deployment by 5 to 1 Ratio, International Federation of Robotics 
(2025); China Tops World Record of 2 Million Factory Robots, International Federation of Robotics (2025). 
 

https://ifr.org/downloads/press_docs/EN-2026-SEP-24-IFR_Press_Release_WR-CHINA.pdf
https://ifr.org/downloads/press_docs/2025-09-25-IFR_press_release_Americas_in_English.pdf
https://ifr.org/downloads/press_docs/2025-09-25-IFR_press_release_China_in_English.pdf
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Source: International Federation of Robotics11 

 
The American robotics flywheel will not reach self-sustaining speed through isolated 
technical advances alone. It requires coordinated action to address barriers to demand 
and deployment, integration, finance, components, standards, workforce readiness, 
and data sharing. The next section, National Framework, explains why this is a strategic 
problem requiring national coordination.  

 
11 World Robotics Report 2026, International Federation of Robotics (2026); World Robotics Report 2025, 
International Federation of Robotics (2025). 

https://ifr.org/downloads/press_docs/Market_Presentation_WR_Press_Conference_2026.pdf
https://ifr.org/downloads/press_docs/PressConference2025_presentation.pdf
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National Framework: Interlocking Risks and Gaps 
Require National Coordination 
The U.S. robotics challenge is a system problem before it is a technology problem. The 
United States retains major strengths in artificial intelligence, computer vision, 
autonomy, software, research, and entrepreneurship. Still, these strengths have not 
combined to produce deployment, industrial capacity, operating data, supply-chain 
visibility, or public confidence at the scale required for durable leadership in physical 
AI.12 

The weaknesses reinforce one another. Limited deployment suppresses orders for 
hardware, components, integration, and services. Limited production and field 
experience keep cost and uncertainty high, deepening reliance on foreign suppliers for 
robotics hardware components and systems. That dependence creates economic and 
security risks by tying U.S. production to supply chains controlled and influenced by 
America’s chief adversary, China. Fragmented institutions and the absence of an 
overarching strategy reduce policy coherence and scale, while public support for 
expanded use of robotics in manufacturing remains limited in the face of uncertain 
effects on employment. 

To develop a framework for national action, the Commission evaluated where national 
leadership is needed, and where existing efforts have fallen short. 
 

Finding 2: A supply-demand paradox is preventing the U.S. 
robotics flywheel from starting. 

Manufacturers are waiting for robotic systems to become cheaper, more adaptable, 
easier to integrate, and better proven. At the same time, many improvements in 
performance and cost depend on the deployment volume that manufacturers provide. 
The market is trapped in a first-mover problem: each firm has reason to wait for 
someone else to absorb the uncertainty, while the ecosystem needs enough early 
deployment to generate production scale, operating evidence, service capacity, and 
confidence. Flywheels do not start themselves. 

 
12 The Robot Deficit, Special Competitive Studies Project at 4-15, 20-28 (2026); National Action Plan for 
U.S. Leadership in Advanced Manufacturing Special Competitive Studies Project at 4-13 (2026). 

https://scorecard.scsp.ai/publications/robotics
https://www.scsp.ai/2024/06/special-competitive-studies-project-releases-a-national-action-plan-for-u-s-leadership-in-advanced-manufacturing/
https://www.scsp.ai/2024/06/special-competitive-studies-project-releases-a-national-action-plan-for-u-s-leadership-in-advanced-manufacturing/


 19 

This is not solely a financing problem, a technology problem, or an awareness problem. 
It is a coordination failure connecting adoption, production, data, cost, integration 
capacity, and talent. At the firm level, delay can be prudent. Repeated across the 
industrial base, the same decision prevents the market from generating the learning 
and scale that would make adoption less risky for everyone. 
 
Ecosystem Stagnation Compounds Adoption Risk 
A manufacturer must weigh uncertain demand and utilization against the full cost and 
disruption of integration. Hesitance to adopt is an unsurprising outcome. A later 
adopter can observe which applications worked, how long integration took, whether the 
vendor provided adequate support, what workforce skills are needed, how to address 
safety considerations, and whether the expected return materialized. They can also 
benefit from established support networks and skilled workers.  

Adopting without local precedent is different. A firm in this position discovers failure 
modes, develops new workflows, helps the integrator refine the solution, and generates 
knowledge that benefits vendors and future customers. It must also identify and develop 
the workforce skills needed to sustain its robotics deployment. As a result, the costs and 
risks of moving first are often greater than those for later adopters following an 
established path. 

This is especially true for small and medium-sized manufacturers (SMMs). Their 
adoption decision is generally limited by scarce capital, low tolerance for downtime, and 
a lack of robotics engineers and technicians on their staff. The Department of 
Commerce’s National Institute of Standards and Technology (NIST) found that these 
firms often lack sufficient robotics expertise, knowledge of system capabilities and 
limitations, and access to unbiased guidance when evaluating automation.13 

Research using the Census Bureau's Annual Survey of Manufactures reinforces this. 
Regional adoption is positively associated with the presence of integrators and peer 
manufacturers using robotics.14 This is because firms face fewer barriers, lower risk, and 
more available talent when they are in proximity to other adopters, but without firms 
willing to take on the risks of moving first, such an ecosystem can’t form. 

 
13 John A. Horst, et al., Best Practices for the Integration of Collaborative Robots into Workcells Within 
Small and Medium-Sized Manufacturing Operations, National Institute of Standards and Technology at 1-
10 (2021). 
14 Erik Brynjolfsson, et al., The Characteristics and Geographic Distribution of Robot Hubs in U.S. 
Manufacturing Establishments, United States Census Bureau at 15-23 (2023). 

https://doi.org/10.6028/NIST.AMS.100-41
https://doi.org/10.6028/NIST.AMS.100-41
https://www.census.gov/library/working-papers/2023/adrm/CES-WP-23-14.html
https://www.census.gov/library/working-papers/2023/adrm/CES-WP-23-14.html
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Low Deployment Prevents Supplier Innovation and Economies of Scale 
When firms wait to deploy, robot vendors see irregular projects rather than predictable 
orders. Component suppliers cannot invest confidently in production capacity without 
stable demand signals. Integrators struggle to turn one-off engineering projects into 
repeatable solutions. Field-service networks remain thin, and training providers receive 
weak signals about the roles and competencies employers will need at scale. 
Prospective workers do not see pathways to stable careers. Prices stay high, talent 
remains scarce, and risk remains elevated. 

Deployment of robots on manufacturing lines also creates knowledge that cannot be 
developed elsewhere. Robots in working factories encounter product variation, 
imperfect fixturing, legacy equipment, sensor degradation, maintenance constraints, 
worker interaction, and edge cases that controlled demonstrations may not reveal. 
Those experiences provide feedback and data to users, integrators, component 
suppliers, software developers, and robot manufacturers. This data can in turn be used 
to produce better products and execute more efficient deployments. 

Deployment is also necessary to test and demonstrate new technologies. For startups 
and innovators, this is a key part of both developing and proving new technologies. 
Without the ability to deploy at scale, new technologies struggle to progress past early 
stages. In this way, production and use are a critical part of the innovation process 
itself.15 
 
The Supply-Demand Paradox is a Market Failure and Requires 
Intervention to Solve 
The challenges industry faces to start the robotics flywheel without unified engagement 
through industrial strategy are the result of a series of market failures. The decision by 
one firm to adopt robotics benefits the entire local and national robotics ecosystem, but 
firms do not take those external benefits into account when making their adoption 
decisions. 

Correcting this market failure requires external incentives or coordination to enable 
companies to shift their cost-benefit analysis to capture the external benefits of 

 
15 National Action Plan for U.S. Leadership in Advanced Manufacturing, Special Competitive Studies 
Project at 4, 13 (2024). 

https://www.scsp.ai/2024/06/special-competitive-studies-project-releases-a-national-action-plan-for-u-s-leadership-in-advanced-manufacturing/
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adoption to the country. National leadership can provide that coordination and 
establish the conditions to start the robotics flywheel. 

Figure 3 | Supply-Demand Paradox Causal Loop 

Takeaway: Fragmented demand suppresses hardware, integration, and service scale; 
limited scale keeps cost and uncertainty high; high cost and uncertainty further suppress 
demand. 

 
Source: SCSP Analysis 

 

Finding 3: Fragmented institutions, unmanaged strategic risk, 
and weak public confidence compound to block coordinated 
action. 

While the United States remains a global leader in foundational robotics research, its 
ability to scale, deploy, and secure these technologies is constrained by systemic 
friction. The central challenge facing American leadership is not a lack of innovation or 
federal activity, but a threefold structural bottleneck: organizational fragmentation 
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across agencies, a contested public narrative surrounding automation, and critical 
supply chain and cybersecurity vulnerabilities. 

Overcoming these obstacles requires viewing robotics as a coherent national strategic 
enterprise rather than a collection of independent programs. Unlocking national-scale 
impact demands aligning dispersed federal initiatives into clear pathways for 
manufacturers, building public trust through transparent and worker-centric 
deployment, and safeguarding domestic physical and digital infrastructure against 
foreign dependencies. 
 
Fragmented Federal Programs Do Not Provide a Coherent Path from 
Research to Deployment 
The United States does not lack federal robotics activity. Agencies and programs 
support foundational and applied research, standards development, manufacturing 
adoption, technology demonstration, cybersecurity, workforce development, 
procurement, and industrial-base capacity. The core issue is that these programs are 
not coordinated. They are spread across at least four executive departments and 
numerous agencies. Their missions often overlap, and programs compete rather than 
collaborate. No single institution or individual is accountable for whether the country 
ultimately develops, manufactures, deploys, and securely operates robotics at national 
scale.16 

For manufacturers, fragmentation appears as a series of disconnected transactions. 
Technical assistance may come from one program, financing from another, 
cybersecurity guidance from a third, and workforce support from state or local 
institutions. Each operates under different timelines, eligibility rules, terminology, and 
measures of success. Firms may encounter many entry points but no authoritative 
pathway from problem identification through integration and repeat adoption. 

Robotics firms face the inverse problem. A startup may secure research funding without 
access to manufacturing capacity, procurement demand, customer financing, or field-
service capacity. A strategically important component supplier may fall outside 
programs organized around complete systems. Integrators may hold the most valuable 
deployment knowledge but lack a mechanism to share lessons across testbeds and 

 
16 Winning the Race: America's AI Action Plan, The White House at 5-10, 18-22 (2025); Henrik I. 
Christensen, A Roadmap for U.S. Robotics: Robotics for a Better Tomorrow, 2024 Edition, Computing 
Community Consortium at 3-4, 10-11 (2024). 

https://www.whitehouse.gov/wp-content/uploads/2025/07/Americas-AI-Action-Plan.pdf
https://www.ervacommunity.org/wp-content/uploads/Robotics-roadmap-2024.pdf
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regions. The system funds individual activities, but it does not reliably carry firms and 
technologies from assessment to durable market capacity. 

This report is not the first time this diagnosis has been made. The National Robotics 
Initiative coordinated more than $250 million across more than 300 projects before the 
National Science Foundation (NSF) ended the program in 2022. The American Society 
of Mechanical Engineers (ASME) proposed a National Robotics Council in 2019, and 
Professor Henrik Christensen’s 2024 U.S. robotics roadmap called for cross-agency 
coordination linking research with development, demonstration, adoption, 
competitiveness, and security. That the diagnosis of the underlying challenges is 
consistent over time strongly suggests a structural gap rather than a temporary 
program failure.17 

Figure 4 | Federal Robotics Ecosystem Map 

Takeaway: Federal agencies possess relevant authorities, but no node is accountable 
for whether the complete robotics flywheel produces national-scale outcomes. 

 

 
17 Margaret Martonosi & Susan Margulies NRI Sunset Announcement, National Science Foundation (2022); 
Accelerating U.S. Robotics for American Prosperity and Security, American Society of Mechanical 
Engineers at 3-6 (2019); Henrik I. Christensen, A Roadmap for U.S. Robotics: Robotics for a Better 
Tomorrow, 2024 Edition, Computing Community Consortium at 3-4, 10-11 (2024). 

https://www.nsf.gov/funding/information/dcl-nri-sunset-announcement/nsf22-081
https://www.ervacommunity.org/wp-content/uploads/Robotics-roadmap-2024.pdf
https://www.ervacommunity.org/wp-content/uploads/Robotics-roadmap-2024.pdf
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Public Support Depends on Visible Benefits and Credible Protections for 
Workers 
Robotics adoption is not only a technical and financial decision. It is also a decision about 
trust. Workers must believe systems can operate safely and that deployment will include 
credible training, transparency, and accountability. Managers must believe that they 
have the flexibility for temporary setbacks and that vendors will provide reliable 
support. Communities and policymakers must believe automation will strengthen firms 
and regional opportunity rather than merely subsidize worker displacement and job 
losses. Public legitimacy is therefore an essential condition for deployment, not a 
communications task that begins after a system is installed. 

Recent robotics-specific polling shows substantial concern about displacement, but also 
a gap between perceived societal and personal exposure. In a July 2026 Breakwater 
Strategy/YouGov survey of 1,306 U.S. adults, 74% were worried that robots would take 
other people's jobs within five years. Among 582 employed respondents, 31% worried 
that a robot would take their own job. Acceptance also varied sharply by application: 
63% were comfortable with robots working in grocery stockrooms and loading docks, 
and 59% with robots cleaning floors and aisles, compared with 39% at self-checkout. The 
pattern suggests that attitudes are shaped by proximity, direct interaction, and whether 
a robot is perceived as replacing a visible human role.18 

Figure 5 | Americans’ Concerns About Robots Taking Jobs in the Next Five Years 

Takeaway: Americans perceive robotics as a broad employment risk, but comfort 
varies sharply by task and proximity. 

 
Source: Breakwater Strategy19 

 

 
18 Robotics Omnibus Survey—July 2026, Breakwater Strategy (2026); New Survey: How Americans Are 
Thinking About Robots, and Why It Matters for the Companies Deploying Them, Breakwater Strategy 
(2026). 
19 Robotics Omnibus Survey—July 2026, Breakwater Strategy (2026). 

https://breakwaterstrategy.com/?attachment_id=2294
https://breakwaterstrategy.com/new-survey-how-americans-are-thinking-about-robots-and-why-it-matters-for-the-companies-deploying-them/
https://breakwaterstrategy.com/new-survey-how-americans-are-thinking-about-robots-and-why-it-matters-for-the-companies-deploying-them/
https://breakwaterstrategy.com/?attachment_id=2294
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Public opinion is not defined only by fear. A March 2025 Pittsburgh Robotics Network 
survey of 642 adults found that 44% expected robotics to contribute to more 
manufacturing in the United States and 62% preferred or were more likely to use 
robotics created domestically. Respondents were most encouraged by applications in 
hazardous environments, disaster response, and space exploration, while expressing 
greater concern about self-driving vehicles, military uses, and law enforcement. These 
results suggest that confidence strengthens when the benefits of robotics are concrete 
and readily understood: safer work, domestic production, and capabilities that keep 
people out of danger.20 

A credible public case must address concerns about job loss and worker displacement. 
Trust will not be built by denying those risks. It will be built through transparent safety 
and workforce plans, worker participation, credible training and redeployment, clear 
accountability, and evidence that productivity gains translate into safer work, stronger 
firms, good wages, and visible career opportunities. Government, employers, 
educators, and labor unions can help make this case through credible policy, training, 
and worker-engagement initiatives that build support for responsible automation.  
 
Foreign Component and Software Dependencies Create Supply-Chain 
and Cyber Risk 
Robotics increasingly sits at the intersection of industrial competitiveness, critical 
infrastructure, data policy, worker safety, and national security. A modern robot often 
combines cameras and other sensors, wireless connectivity, proprietary software, cloud 
services, remote maintenance, and the ability to act physically inside a facility. The 
same features that create value also create dependence and attack surface. 

Risk is not uniform. A network-isolated packaging cell does not have the same risk 
profile as a connected mobile robot operating inside a defense production facility. An 
allied supplier with a substantial U.S. presence is not equivalent to an adversary-
controlled vendor. National coordination is required precisely because industry 
competitiveness and security cannot be separated, but neither can they be collapsed 
into a single category. 

China's robotics strategy, as set out in its second Five-Year Development Plan for the 
Robotics Industry, links domestic deployment, component capacity, standards activity, 

 
20 Americans See Promise in Robotics, But Few Expect Their Own Jobs to Change, Pittsburgh Robotics 
Network (2025). 

https://www.robopgh.org/news/americans-see-promise-in-robotics-but-few-expect-their-own-jobs-to-change
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and overseas market expansion.21 In 2024, Chinese-owned robotics manufacturers 
captured 57% of their home industrial-robot market, while China as a whole accounted 
for more than half of global installations of industrial robotics. That scale supports 
supplier investment, customer feedback, integration experience, lower unit costs, and 
greater influence over interfaces and standards.22 

The U.S. position is more complicated than a simple domestic-versus-foreign divide. 
Japanese and European firms supply much of the industrial robot hardware used in 
American factories and often maintain substantial U.S. production, employment, 
integration, and service operations. These allied suppliers strengthen U.S. capacity, 
though, as the Innovation Ecosystem section notes, allied assembly can still rest on 
Chinese sub-tier components. At the same time, the United States has few major U.S.-
headquartered industrial robot manufacturers and remains dependent on overseas 
production for critical subsystems, spare parts, firmware, and specialized support.23 

Permanent magnets illustrate how a lower-tier input can become a strategic 
chokepoint. In 2024, China accounted for approximately 60% of global mine production 
of the rare-earth elements used principally in high-performance magnets, 91% of 
refined output, and 94% of sintered permanent-magnet production. These magnets are 
necessary components in most motors and actuators used for, among other things, 
industrial robots.24 In 2025, China weaponized this leverage and implemented export 
restrictions, triggering disruptions across the industrial supply chains of the United 
States and its allies and partners.25 

Beyond component supply chain security, risks also arise from foreign-sourced parts, 
especially those sourced from Chinese suppliers. The recent national security 
determination that added foreign-produced advanced robotic devices to the Federal 
Communications Commission (FCC) Covered List—discussed further in the Adoption at 
Scale and Innovation Ecosystem sections—outlined this. Advanced robots are equipped 

 
21 Xiaogang Song, Understanding the New Five-Year Development Plan for the Robotics Industry in China, 
International Federation of Robotics (2022). 
22 The Robot Deficit, Special Competitive Studies Project at 16-22, 25-31, 38-42 (2026); China Tops World 
Record of 2 Million Factory Robots, International Federation of Robotics (2025). 
23 The Robot Deficit, Special Competitive Studies Project at 9-15, 25-28 (2026). 
24 Rare Earth Elements, International Energy Agency (2026). 
25 Gracelin Baskaran & Meredith Schwartz, Rare Earth Export Restrictions One Year Later, CSIS (2026). 

https://ifr.org/post/understanding-the-new-five-year-development-plan-for-the-robotics-industry-in-china
https://ifr.org/downloads/press_docs/2025-09-25-IFR_press_release_China_in_English.pdf
https://ifr.org/downloads/press_docs/2025-09-25-IFR_press_release_China_in_English.pdf
https://www.iea.org/reports/rare-earth-elements
https://www.csis.org/analysis/rare-earth-export-restrictions-one-year-later
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with high-fidelity sensors, collect significant amounts of data on their surroundings, are 
highly networked, and vulnerable to data exfiltration or remote disruption.26 

These risks are not theoretical. In early 2026, a software engineer discovered a security 
vulnerability in robot vacuums produced by a Chinese company that granted him access 
to live camera feeds, microphone audio, and floor plans from nearly 7,000 devices 
across 24 countries. Even absent the vulnerability, much of the data he accessed was 
being transmitted to cloud servers in China as part of the vacuum’s standard 
operations.27 Before that, in 2025, security researchers discovered a pre-installed 
backdoor in a popular quadruped robot manufactured by Unitree Robotics, a large 
Chinese robotics company. The backdoor enabled the surveillance of customers around 
the world and the unauthorized ability to control the robots’ action from anywhere.28 
 
A National Framework is Needed to Coordinate Efforts, Ensure Public 
Trust, and Protect American Security 
The issues of interagency coordination, public trust, and national security cannot be 
solved without a clear national framework. Such a framework is necessary to maximize 
efficiency, measure success, and provide cohesive messaging. Three of its binding 
constraints—the workforce that must operate these systems, the firms that must decide 
to buy them, and the ecosystem that must develop, build, and supply them—are the 
subject of the sections that follow.  

 
26 National Security Determination on the Threat Posed by Foreign-Produced Advanced Robotic Devices, 
FCC (2026). 
27 Sean Hollister, The DJI Romo Robovac Had Security So Poor, this Man Remotely Accessed Thousands of 
Them, The Verge (2026). 
28 Sam Sabin, Chinese Robotics Manufacturer Left Backdoor In Product, Axios (2025). 

https://www.fcc.gov/sites/default/files/robots-nsd.pdf
https://www.theverge.com/tech/879088/dji-romo-hack-vulnerability-remote-control-camera-access-mqtt
https://www.theverge.com/tech/879088/dji-romo-hack-vulnerability-remote-control-camera-access-mqtt
https://www.axios.com/2025/04/01/threat-spotlight-backdoor-in-chinese-robots-future-of-cybersecurity
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Talent Pipeline: Labor Scarcity Creates an Opening 
for Robotics, but Skills Gaps Constrain Adoption 
U.S. manufacturers face a persistent labor shortage. According to a 2024 study by 
Deloitte and the Manufacturing Institute, the industry will need to fill approximately 3.8 
million jobs by 2033, and up to 1.9 million of those roles could go unfilled. The persistence 
of reported shortages suggests that they extend beyond pandemic-era disruption, 
according to multiple studies conducted by Deloitte and The Manufacturing Institute 
from 2018 through 2024. Across those studies, 65% of manufacturing executives cited 
talent acquisition and retention as their primary business challenge.29 This gap is driven 
by a combination of fast-evolving skill requirements and a demographic crunch. 

First, this section analyzes the root causes of the labor shortage: demographic shifts 
and a declining worker value proposition. Next, it evaluates automation’s impact on 
total employment. Finally, it addresses the skill misalignments and pipeline bottlenecks—
across training, credentialing, and STEM—that affect whether domestic workers can 
secure robotics-adjacent roles. 
 
An Aging Workforce and Weak Entry Pipeline are Deepening 
Manufacturing Shortages 
The manufacturing talent pipeline is constrained as the current workforce ages out of 
the labor pool faster than new entrants arrive. According to the Bureau of Labor 
Statistics, the median age in the manufacturing sector is now 44 years old, exceeding 
the U.S. national workforce median of 42.1 and standing well above younger sectors 
such as technology (40.7) and retail (37.7). Furthermore, the U.S. Census Bureau data 
show that 40% of manufacturing jobs are at firms where at least one in four workers is 
55 or older, compared to just 10–14% in consumer service sectors.30 While service 
industries draw from a steady pool of younger labor, manufacturing faces a 
concentrated demographic crunch that hits specialized physical trades—such as 
industrial welding—particularly hard, as retiring master technicians cannot be replaced 
as quickly as entry-level service staff. 

 
29 John Coykendall, et al., Taking charge: Manufacturers support growth with active workforce strategies, 
The Manufacturing Institute (2024). 
30 Labor Force Statistics from the Current Population Survey, U.S. Bureau of Labor Statistics (2026); 
Martha Stinson & Sean Wang, Firms in Production Sectors and Northern States Have Some of the Highest 
Shares of Older Workers, U.S. Census Bureau (2025). 

https://themanufacturinginstitute.org/wp-content/uploads/2024/04/Digital_Skills_Report_April_2024.pdf
https://www.bls.gov/cps/cpsaat18b.htm
https://www.census.gov/library/stories/2025/12/older-workers.html
https://www.census.gov/library/stories/2025/12/older-workers.html
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Figure 6 | The Welding Case Study 

● Over 157,000 welders (43% of 
current workforce) will retire 
within the next 15 to 20 years. 

● Young workers, those under 
the age of 25, make up less 
than 10% of the active 
workforce. 

● A major deterrent for young 
entrants is the health toll; 
welders are 100 times more 
likely to have a workplace 
injury than the average 
general worker.  

● The American Welding Society projects that welding occupations 
will need to fill an average of 80,000 openings annually between 
2025 and 2029.31 

  
Source: Path Robotics; American Welding Society 

To keep production lines running, companies are deploying autonomous 
welding cell systems that use AI and sensing technology to execute 
welds with less manual programming.32 Besides allowing older master 
welders to oversee production without the grueling physical toll, robotic 
welding can also create technical roles attractive to younger workers, 
with one leading developer reporting that its field service technicians 
average 39 years old, 16 years younger than today's industry average 
welder. 33 
 

 

 
31 Shining a Light on the Welding Workforce, American Welding Society (last accessed 2026). 
32 Intelligent Welding Cells, Path Robotics (last accessed 2026). 
33 SCSP Staff Engagement with Path Robotics (August 2026). 

https://weldingworkforcedata.com/?_gl=1%2Aj9tf10%2A_gcl_au%2ANTYyODg4ODQyLjE3Njk4NjY3NjU.%2A_ga%2AMTU0NTE1MjM4OC4xNzY5ODY2NzY2%2A_ga_4Z1B9GMBJL%2AczE3Njk4NjY3NjUkbzEkZzEkdDE3Njk4NjY4NzQkajEyJGwwJGgxMzc0MTk3Njc1#:~:text=Average%20welding%20jobs%20to%20be%20filled%20annually%20between%C2%A02025%C2%A0and%C2%A02029
https://www.path-robotics.com/intelligent-welding-cells
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Manufacturing Has Lost the Wage Premium That Once Attracted 
Workers 
Manufacturing's workforce is aging out faster than replacements are arriving, creating 
an urgent need to hire new talent. Understanding why young people are choosing other 
careers instead requires examining the worker value proposition: the full mix of pay, 
security, and status a job offers relative to its alternatives. This section focuses on 
compensation, and specifically how manufacturing pay has changed relative to other 
industries over time. Sixty percent of manufacturers cite core production workers— 
operators, assemblers, and packaging workers—as a key hiring need, second only to 
skilled trades. These roles form the entry pipeline for skilled trades and robotics-
enabled work, and because they generally require only a high school diploma, their 
compensation offers the clearest test of manufacturing's competitiveness for talent.  

For decades, the manufacturing sector offered a consistent wage premium over 
industries with comparably skilled workforces. Research finds that this advantage has 
declined substantially after 1979 and had largely disappeared for production workers by 
2018.34 Yet, aggregate manufacturing wage figures include highly paid nonproduction 
workers—managers, engineers, and administrative staff—alongside frontline workers, 
which overstates what a typical factory-floor job actually pays. Comparing all 
manufacturing employees with production and nonsupervisory employees shows how 
these averages differ (Figure 7).  
 

 
34 Joel A Elvery & Julianne Dunn, Manufacturing Wage Premiums Have Diverged between Production and 
Nonproduction Workers, Federal Reserve Bank of Cleveland (2021). 

https://www.clevelandfed.org/publications/regional-policy-report/2021/rpr-20211109-manufacturing-wage-premiums-have-diverged-between-production-and-nonproduction-workers
https://www.clevelandfed.org/publications/regional-policy-report/2021/rpr-20211109-manufacturing-wage-premiums-have-diverged-between-production-and-nonproduction-workers
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Figure 7 | Real Hourly Wages: Manufacturing Comparison 

 
Source: Bureau of Labor Statistics35 

 
Furthermore, isolating production and nonsupervisory compensation reveals a clear 
trajectory of manufacturing wages trailing behind broader economic benchmarks. 
Around 2005, average frontline manufacturing wages dropped below those in 
warehousing, transportation, and education and health services (Figure 8). 

 
35 Average Hourly Earnings of All Employees, Manufacturing, U.S. Bureau of Labor Statistics (last 
accessed 2026). 

https://data.bls.gov/timeseries/CES3000000003
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Figure 8 | Real Hourly Wages by Sector Over Time 

 
Source: Bureau of Labor Statistics36 

 
To accurately compare base compensation across key economic sectors, the 
Commission’s methodology bridges Current Employment Statistics (CES) with 
Occupational Employment and Wage Statistics (OEWS) data. This approach filters out 
managerial skew by mapping production cohorts to specific occupational proxies that 
share comparably low entry barriers, typically requiring only a high school diploma or 
equivalent, including assemblers, construction laborers, retail salespersons, warehouse 
stockers, and healthcare support workers. This approach also excludes skilled trades, 
such as machinists, welders, and industrial machinery mechanics, since these roles 
typically require postsecondary training or apprenticeship beyond a high school 
diploma. 

Evaluating May 2025 OEWS hourly wage distributions demonstrates the current 
earnings gap across two distinct experience milestones: the lower- and upper-end wage 

 
36 Current Employment Statistics: Average Hourly Earnings of Production and Nonsupervisory Employees 
by Industry, U.S. Bureau of Labor Statistics Public Data API (last accessed 2026). 

https://www.bls.gov/ces/
https://www.bls.gov/ces/
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benchmarks—the 25th percentile for entry-level workers and the 90th percentile for 
experienced workers (Figure 9). 

Figure 9 | Hourly Wages for Workers in Production and Nonsupervisory Roles (2025) 

 
Source: Bureau of Labor Statistics37 

 
The drivers behind the collapse of the manufacturing wage premium are multifaceted 
and rooted in broad structural shifts in the labor market. Federal Reserve research 
attributes a substantial share of this vanished premium to deunionization over the last 
three decades.38 Further research finds that an increased reliance on temporary 
staffing agencies has lowered labor costs while eroding the sector's historical pay 
advantage, explaining more than 10% of the aggregate employment decline in core 
manufacturing jobs between 1997 and 2018.39 

 
37 May 2025 National Industry-Specific Occupational Employment and Wage Estimates, U.S. Bureau of 
Labor Statistics, Occupational Employment and Wage Statistics (2026). 
38 Kimberly Bayard, et al., Are Manufacturing Jobs Still Good Jobs? An Exploration of the Manufacturing 
Wage Premium, U.S. Federal Reserve (2022). 
39 Lawrence Mishel, Yes, Manufacturing Still Provides a Pay Advantage, But Staffing Firm Outsourcing is 
Eroding It, Economic Policy Institute (2018). 

https://www.bls.gov/oes/tables.htm
https://www.federalreserve.gov/econres/feds/files/2022011pap.pdf
https://www.federalreserve.gov/econres/feds/files/2022011pap.pdf
https://www.epi.org/publication/manufacturing-still-provides-a-pay-advantage-but-outsourcing-is-eroding-it/
https://www.epi.org/publication/manufacturing-still-provides-a-pay-advantage-but-outsourcing-is-eroding-it/
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Ultimately, the disappearance of the wage premium, alongside broader, harder-to-
quantify concerns about industry prestige, job security, and the physical demand of the 
work, has fundamentally degraded the worker value proposition in manufacturing. 
Recognizing this loss of competitive advantage is essential to understanding and, 
ultimately, addressing the root causes of the manufacturing workforce shortage. 

However, discussions of labor shortages must be contextualized alongside the public 
concern regarding worker displacement by robotics. While robotics can alleviate critical 
staffing gaps and reduce physical strain on workers, the overall impact hinges on the 
conditions of its implementation. 
 

Finding 4: The effects of robotics on employment are ambiguous 
and not predetermined. 

The effects of automation on employment are shaped by three forces that operate 
simultaneously: job displacement, job transformation (complementary job redesign), 
and new job creation. The net employment effect in any given firm, occupation, or 
region depends on the relative magnitude of each, which in turn depends on the pace of 
adoption, the task structure of the work being automated, and the policy environment 
surrounding the transition. This is why robotics adoption produces starkly different 
labor-related outcomes across manufacturing subsectors and geographies rather than 
a uniform trend in one direction. 
 

Figure 10 | The Impact of Robotics on Employment 
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Displacement 
Displacement occurs when automation substitutes capital for labor, replacing human 
work hours with machine operating hours for the same tasks. In manufacturing, this has 
historically taken the form of deploying robotics to take over so-called dull, dirty, and 
dangerous jobs. These are roles dominated by routine, repetitive, and physically 
punishing tasks that frequently expose workers to ergonomic strain or hazardous 
environments. Examples include repetitive assembly, waste sorting, warehouse box 
handling, manual welding, handling hazardous materials, and working in confined 
spaces—in these cases, automation often acts as an occupational health and safety 
upgrade as much as a productivity driver.40 

Displacement remains a prominent public concern, but it is not the only outcome of 
robotics adoption. When deployment is paired with training and worker participation, 
firms can create new roles, move workers to higher-value tasks, and manage some 
headcount changes through natural attrition. In factories with persistent vacancies, 
robotics can also cover work that employers are unable to staff. These possibilities do 
not eliminate displacement risk; outcomes vary by firm, task, and labor market.41 
 
Job Transformation 
The second force operates alongside displacement through a mechanism known as the 
productivity effect. As advanced robotics absorbs the repetitive, physically demanding, 
or hazardous components of a job, the value of human labor in non-automated tasks 
increases. The remaining role is frequently redesigned to focus on the non-automated 
tasks, with robots serving as tools to make workers more productive.42 For instance, 
data from one leading autonomous welding manufacturer shows that a welder trained 
to operate a specialized robotic cell can achieve up to five times the output of a 
traditional manual welder.43 

In practice, a machine operator’s daily responsibilities frequently shift away from 
manual part placement toward higher-level robot supervision, system calibration, and 
error troubleshooting. Worker-centered robotics presents opportunities for human-in-

 
40 How Robots Are Taking on the Dirty, Dangerous, and Dull Jobs, Association for Advancing Automation 
(2019).  
41 Robots Aren’t Taking Jobs: Uncovering the Real Crisis in Manufacturing, Association for Advancing 
Automation (2026). 
42 Robots Aren’t Taking Jobs: Uncovering the Real Crisis in Manufacturing, Association for Advancing 
Automation (2026). 
43 SCSP Staff Engagement with Path Robotics (August 2026). 

https://www.automate.org/robotics/blogs/how-robots-are-taking-on-the-dirty-dangerous-and-dull-jobs#:~:text=No%2C%20robots%20are%20only%20doing%20the%20jobs,humans%20and%20keep%20them%20safe%20from%20harm
https://www.automate.org/userassets/a3/a3uploads/pdf/RobotsAren'tTakingJobswhitepaper.pdf
https://www.automate.org/userassets/a3/a3uploads/pdf/RobotsAren'tTakingJobswhitepaper.pdf
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the-loop production, such as the deployment of collaborative robots (cobots) that shop-
floor workers can directly program and adjust. Manufacturers with models like the 
Toyota Production System have demonstrated that leveraging frontline workers’ 
hands-on knowledge to manage automated systems leads to faster error detection, 
highly flexible production lines, and superior output quality.44 These redesigned roles 
demand analytical capabilities different from those required by the displaced physical 
tasks, so adaptable training pathways are crucial. 
 
New Job Creation 
The third force is the reinstatement effect: new technology creates new tasks that 
require human labor and, in turn, new jobs. In manufacturing, the reinstatement effect 
materializes through the growth of robotics-adjacent roles that did not exist prior to 
automation, such as specialized technician-level roles, including robot maintenance 
specialists, systems integrators, and industrial programmers. 

Figure 11 | Robotics-Adjacent Roles

 
Source: Robotics Career, The ARM Institute45 

 
Beyond the factory floor, this technological shift drives demand for a highly skilled 
technical workforce. According to research from the World Economic Forum, industrial 
automation is accelerating the need for specialized roles such as robotics engineers, 
system designers, and digital transformation managers who oversee automation 
transformations and translate factory data into operational insights.46  

 
44 Toyota Production System, Toyota (last accessed 2026). 
45 RoboticsCareer.org, RoboticsCareer.org (last accessed 2026). 
46 The Future of Jobs Report 2023, World Economic Forum at 21-24 (2023).  

https://global.toyota/en/company/vision-and-philosophy/production-system/
http://roboticscareer.org/
https://www.weforum.org/reports/the-future-of-jobs-report-2023/
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The Net Employment Outcomes 
Taken together, job displacement, complementary job redesign, and new job creation 
mean that the employment effect of robotics in any given manufacturing context 
remains an open question. Where displacement outpaces job redesign and creation, net 
employment can be negative. However, this displacement effect is counteracted by a 
productivity effect: automation lowers manufacturing costs, allowing firms to expand 
output, enter new markets, and increase demand for non-automated, complementary 
tasks. At a broader scale, these cost reductions could enhance U.S. competitiveness, 
encouraging capital investment in new domestic factory buildouts and industrial 
facilities that generate expanded job opportunities and regional economic growth. 
Whether net employment in any given manufacturing context expands or contracts 
ultimately depends on whether job creation and task redesign keep pace with initial task 
displacement. 

The overall employment impact of industrial robotics remains unsettled in the empirical 
literature. The primary baseline for displacement comes from a foundational U.S. study 
analyzing commuting zones from 1990 to 2007, which estimated that each additional 
robot per thousand workers reduced aggregate national employment by roughly 3.3 
jobs.47 In contrast, European studies over comparable periods find different outcomes: 
one study found zero net job losses across 17 industrialized countries, while another 
found a net positive employment effect across 16 EU economies, mainly driven by higher 
job stability.48 These contrasting results demonstrate that employment outcomes are 
neither fixed nor predetermined, but depend heavily on institutional context and 
underlying research assumptions.  

That ambiguity matters, because aggregate employment data cannot on its own isolate 
the effect of automation. U.S. manufacturing employment fell by roughly 290,000 
between December 2023 and a low in December 2025, from 12.87 million to 12.58 
million—a decline driven largely by cyclical and policy factors rather than technological 
displacement. Payrolls have recovered 72,000 since, to 12.65 million in September 
2026, though they remain below their February 2020 level.49 Employer demand is 

 
47 Daron Acemoglu & Pascual Restrepo, Robots and Jobs: Evidence from US Labor Markets, Journal of 
Political Economy (2020). 
48 Georg Graetz & Guy Michaels, Robots at Work, The Review of Economics and Statistics (2018); Ronald 
Bachmann, et al., The Impact of Robots on Labour Market Transitions in Europe, Structural Change and 
Economic Dynamics (2024). 
49 All Employees, Manufacturing (CES3000000001), U.S. Bureau of Labor Statistics (2026). 

https://econpapers.repec.org/article/tprrestat/v_3a100_3ay_3a2018_3ai_3a5_3ap_3a753-768.htm
https://pdf.sciencedirectassets.com/271719/1-s2.0-S0954349X24X00028/1-s2.0-S0954349X24000602/main.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEHUaCXVzLWVhc3QtMSJHMEUCIENO7Fbh3xhz6kwzuPPZmXzwHhh3fpUXXSHd9AsBUcIjAiEAr6xM1ZX0tqPNKA9lKO7%2BhGN%2FHFIShffVq8FLhz5pH5gqswUIPhAFGgwwNTkwMDM1NDY4NjUiDLnjEjS4%2F5lpb16TWSqQBXJGyTx4CVkOQvsyBRJs7apAoXNIRfLyzs4ddjcuV3839kEhTrK2NbNMdze1%2BEWu6lQ9CfecgjIzbF0P0Y2lnHq8Rb3y1DJIt3n%2F0h%2Bb8ZVMxpl4UB6v5xh6%2FIWa2KNI2xSwK78l03AKF6G2hwShyWYLcVWGmiqmAOju9Hhcz6%2FMf%2FisrtEckZGSyx9f5v3GygqNepGSL5mkP0kR7yl2G4jBgI9j%2FhL2zsSm9CA0Bx5g6iuwX6EclHuQpykwbOJsOF8DEhooTJ3Aeei3haZlRA%2B3oS%2Bv%2B7I0mNNdNAeXkxeqlmq3%2BByOTua3oodoK8Uy%2BD8J7igoz4RTeOawYF37VQk7ImDUhYJy1Y10w5q5mFkT3jwjdKwBG2NKLgQ79COw4YnLnu%2BrREYYCfzS0HHsGJrnKeqcasPJth6d58cBvDGAdIUzZH%2FWvlZzE3z26K4yLT%2BYulBeST2h7MM4L6SY4KcFSgQeT240gfniS2%2FRybOVJHdDll4XiwsBDXhkitr9o5VV1tRVEJzNvJ%2FI5Bbv%2BMnd2AzEoQ6guSAkiYWweDTcpUSpjr2wFxg45zJINbHcksffHsrr2qy%2F8xMB5dc7%2BDOTYKSXD7%2F78DFApT5USBx5qSZXx8nzZIkAMRVdh7tZxOxDa7zgzAmV6rWGazd7XqDwHATyGjDm9Xx4T1S3hacQ7n21TUXNhkN6K6VwClMKycdsjAb6koZ%2BiAR4DBjcx1PzedX2xtRUIBMFbxldWYuo1OvljgRV6VbsKXC89cwp7pGD94G0qMgaMtEQi%2FRxd3TG08h3G43APmPOsvw6TEEwnTBPbjKn50Ngjrpsb%2FvuD8RDq%2FMqh7tJKv7hHhFL%2Be0HF%2Bc%2FHKaKd9%2Bm3x3eQt1dMOvHwtQGOrEBrb2rn6Edn8lSV5sYgrYtnXWLZxhWoRKoixVn7X2KyRe3Qt37grn6KoTv2EJbH6mtwssS9gHjdzclEU0dOyMSE%2FP1AY%2BvZ0mtgM8xQi2z7kGcWIu2manBebIg26dPxaHY9k6z6XXeMYYQLKZbgZeMvRW%2BSVd%2FzKerL4bybOzi%2FInjU4KPUjXAyae0BNu8tH3KYacNfKLyGRlufnrjZDz4dG1Jw1ZVtkcqd8URz8eP0c%2FE&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20260827T215344Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYUL2OBHHU%2F20260827%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=360e34a6d1d6678b226544142f18b26715675bea7b8a12b203ab19650ca76640&hash=1a5bb0dfe7d86fed215afbcdf4d83a7a2a460ed5cdf97fa0304c97174a9637c5&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0954349X24000602&tid=spdf-70e43e60-94d0-48ee-9a0e-41232952a14b&sid=8cda53cb2d6fe8405a0a09208535182d9628gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&rh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=0f150057570150095e0001&rr=a31e4f8aaf860a90&cc=us
https://data.bls.gov/timeseries/CES3000000001
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running ahead of hiring: manufacturing job openings reached 522,000 in August 2026, 
up from 416,000 a year earlier.50 Whether that demand converts into employment 
depends on credentialing and training pathways matching employer needs and scaling 
at the pace demand requires. 
 

Figure 11 | Total U.S. Manufacturing Employment (2015-2026)

 
Source: Bureau of Labor Statistics51 

 

Finding 5: Labor shortages and skills misalignment limit 
manufacturing at scale and robotics deployment. 

While automation has the potential to reinvigorate and expand the manufacturing base, 
a persistent mismatch in skills currently constrains its deployment. Manufacturers simply 
do not have the technicians to integrate, operate, and maintain robotic systems. 

 
50 Job Openings and Labor Turnover — August 2026, Table 1: Job Openings Levels and Rates by Industry 
and Region; Job Openings and Labor Turnover — August 2026, Table 2: Hires Levels and Rates by 
Industry and Region, U.S. Department of Labor, Bureau of Labor Statistics (2026). 
51 Current Employment Statistics: All Employees, Manufacturing, Seasonally Adjusted, U.S. Bureau of 
Labor Statistics (2026). 

https://www.bls.gov/news.release/jolts.t01.htm
https://www.bls.gov/news.release/jolts.t01.htm
https://www.bls.gov/news.release/jolts.t02.htm
https://www.bls.gov/news.release/jolts.t02.htm
https://www.bls.gov/news.release/jolts.t02.htm
https://www.bls.gov/ces/
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A critical driver of the manufacturing workforce deficit is uncertainty about the specific 
skills employers require. As both the manufacturing industry and robotics capabilities 
evolve, the skills needed to integrate automation effectively are shifting quickly, 
producing weak and conflicting market signals for educational institutions to adapt 
curricula. To address these gaps, industry consortia such as the ARM Institute are 
working to define and standardize "adaptive skills," including complex problem-solving 
and systems-level understanding.52 Several organizations and states have adopted the 
ARM Institute’s definitions, and its RoboticsCareer.org platform brings competencies, 
training, credentialing, and job-matching data together in one place.53 Many employers 
still write job descriptions and set hiring requirements without reference to a common 
standard, leaving educational institutions disconnected from actual factory-floor 
requirements.54 As a result, credentials and training pathways for manufacturing 
workers have become highly fragmented across institutions, job functions, and 
certifying bodies.  

The World Economic Forum reports that advanced manufacturing sectors—such as 
aerospace, chemicals, and electronics—face significant workforce transformation, with 
employers expecting nearly two-thirds of core skills to evolve within five years toward 
digital fluency and complex data analysis alongside traditional mechanical expertise.55 
Globally, industry leaders foresee a need to upskill 29% of their current workforce and 
reskill 15% into new roles, while more than half plan to target diverse talent pools to 
address labor shortages.56 

Domestically, the National Skills Coalition initially estimated that the Inflation Reduction 
Act, the CHIPS and Science Act, and the Infrastructure Investment and Jobs Act would 
generate 230,000 new manufacturing jobs annually across 48 occupations.57 While 
recent policy rollbacks under the One Big Beautiful Bill Act (OBBBA) and Department of 
Energy award cancellations have narrowed those gains—reducing that projection by 

 
52 Empowering the Workforce of Today & Building the Workforce of the Future, ARM Institute (last 
accessed 2026). 
53 John Zappa, Revolutionizing Manufacturing with Advanced Robotics, RoboticsCareer.org (2024).  
54 Megan Andrew, et al., An Analysis of Education and Training Programs in Advanced Manufacturing 
Using Robotics, RAND (2020). 
55 The Future of Jobs Report 2025, World Economic Forum at 41 (2025). 
56 The Future of Jobs Report 2025, World Economic Forum at 84 (2025). 
57 Unprecedented Opportunity: Meeting the Workforce Demands of New Clean Energy, Manufacturing, 
and Infrastructure Investments, National Skills Coalition (2024). 

https://arminstitute.org/our-work/workforce-development-services/
https://www.roboticscareer.org/news-and-events/news/78157
https://www.rand.org/pubs/research_reports/RR4244.html
https://www.rand.org/pubs/research_reports/RR4244.html
https://www.weforum.org/publications/the-future-of-jobs-report-2025/
https://www.weforum.org/publications/the-future-of-jobs-report-2025/
https://nationalskillscoalition.org/wp-content/uploads/2024/02/DataBrief_infrastructure_NSC_BGA_final.pdf
https://nationalskillscoalition.org/wp-content/uploads/2024/02/DataBrief_infrastructure_NSC_BGA_final.pdf
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47,000 expected manufacturing jobs—acute talent shortages persist in 
manufacturing.58  
 
U.S. Apprenticeships Have Limited Reach and Must Adapt to Changing 
Robotics Skills 
Historically, apprenticeships were designed to level the playing field, providing workers 
with the baseline skills and practical knowledge necessary to succeed. Jobs for the 
Future’s blueprint to Modernize and Expand Apprenticeship Nationwide identifies an 
88% increase in the number of apprentices in the United States since 2015; however, 
apprentices still make up only 0.3% of the U.S. workforce as of 2025.59 When compared 
to international peers, the United States trails significantly in utilizing apprenticeships as 
a primary workforce development tool:  
 

Figure 12 | Apprentices by Country 

 
Source: Third Way 60 

 
More specifically, there are between 95,000 and 97,500 registered apprentices in 
manufacturing and advanced manufacturing, yielding an active in-training ratio of 

 
58 Bait and Switch: The Impacts of Trump Administration Policies at the Intersection of Clean Energy, 
Manufacturing, and Labor, BlueGreen Alliance (2026).  
59 Taylor Maag, et al., Policy Blueprint to Modernize and Expand Apprenticeship Nationwide, Jobs for the 
Future (2025). 
60 Curran McSwigan & Frank Avery, What Five Countries Can Teach America About Apprenticeships, 
Third Way (2025).  

https://www.bluegreenalliance.org/wp-content/uploads/2026/07/Bait-and-Switch.pdf
https://www.bluegreenalliance.org/wp-content/uploads/2026/07/Bait-and-Switch.pdf
https://www.jff.org/wp-content/uploads/2025/04/JFF-Policy-Blueprint-to-Modernize-and-Expand-Apprenticeship-Nationwide.pdf
https://www.thirdway.org/report/what-five-countries-can-teach-america-about-apprenticeships#:~:text=Germany%20sets%20the%20bar%20with%20national%20training,standards%2C%20apprenticeships%20gain%20credibility%20and%20can%20scale
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approximately 0.7% to 0.8%.61 Importantly, this metric only accounts for formal 
registered programs. As a broader landscape of alternative training models continues 
to develop alongside them, evaluating these emerging pathways against national 
competitiveness goals requires a baseline understanding of the structural trade-offs 
between traditional governance and modern training frameworks. 
 

 
61 Advanced Manufacturing, U.S. Department of Labor, Office of Apprenticeship (2025). 

https://www.apprenticeship.gov/sites/default/files/advanced-manufacturing-factsheet-2025_0.pdf
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Figure 13 | Strategic Trade-Offs in U.S. Apprenticeship Governance 

Registered Apprenticeship Programs: Formally validated by the U.S. 
Department of Labor (DOL) or State Apprenticeship Agencies. 

● Strategic Advantage: Provides high regulatory quality control, 
mandatory progressive wage scale increases, national 
credential portability across various employers, and access to 
federal formula funds (e.g., WIOA). 

● Friction: Administrative requirements and multi-year curriculum 
approval cycles create lag times that fail to keep pace with rapid 
robotics software iterations. 

Unregistered & Industry-Led Pathways: Employer- and consortium-
owned internal training tracks (e.g., corporate bootcamps, vendor 
certificates). 

● Strategic Advantage: Maximum speed-to-deployment, real-
time alignment with proprietary factory machinery, and agile 
curriculum updates. 

● Friction: Results in non-portable credentials, risks worker 
exploitation due to unverified labor standards, and remains 
ineligible for most public workforce dollars. 

Delivery Structures:  
Program execution across both registered and unregistered systems 
relies on three distinct structural delivery mechanisms.  

1. Time-Based: Measures skill acquisition through fixed hours in 
training. Registered apprenticeships require a minimum of 2,000 
On-the-Job Training (OJT) hours and 144 Related Technical 
Instruction (RTI) hours per year. 

2. Competency-Based (demonstrated mastery): Replaces time 
tracking with direct evaluation of demonstrated technical 
mastery. Trainees advance as soon as they pass standardized 
competency check-offs  

3. Hybrid Structures: Combines a flexible range of OJT hours with 
mandatory milestone competency evaluations at each phase.  
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While traditional apprenticeships excel at building a deep foundational baseline, they 
face a severe timing constraint. The traditional multi-year model struggles to adapt 
quickly to the rapid changes of Industry 4.0—the integration of automated systems, IoT, 
and data-driven production on factory floors. Redesigning legacy registered 
apprenticeship standards is often expensive and time-consuming, as updating federally 
approved work schedules and re-accrediting curricula through state boards can take up 
to two years.62 Furthermore, instructors frequently lack the mastery of cutting-edge 
technology to teach these rapidly evolving digital skills. 

To bridge the immediate skills gap on the factory floor, the broader workforce 
ecosystem—spanning educators, employers, credentialing bodies, and policymakers—is 
shifting toward specialized agile micro-credentials and formal “new collar” pathways, 
which target high-skill technical positions that sit between manual assembly and 
traditional four-year engineering. 
 
Adaptation to Robotics: Agile Credentials and Partnerships  
In response to these pressures, workforce development is shifting toward short-term, 
adaptable training models and nontraditional skill pathways. Leading this shift is 
Manufacturing USA, a national network of 18 manufacturing and innovation centers 
that operate as public-private partnerships, allowing workers and technologies to shift 
across sectors through shared research and workforce development standards.63 The 
emerging training pathways are grouped into formal credential pathways for new 
occupational categories and short-term training pathways for agile skill acquisition. 
Across both, employers need confidence that training translates into job-ready skills. 
Endorsement programs, like one led by the ARM Institute, can address this. These 
programs evaluate and recognize effective robotics and AI training programs for 
manufacturing careers. 

Formal credential pathways aimed at training "new collar" talent typically take 18–24 
months, result in a portable credential, and rely heavily on community colleges for 
regional accreditation, and on industry for state-of-the-art equipment labs.64 Two 
emerging occupations illustrate this pathway: 

 
62 Taylor Maag, et al., Policy Blueprint to Modernize and Expand Apprenticeship Nationwide, Jobs for the 
Future (2025). 
63 Manufacturing Workforce Development, Manufacturing USA (last accessed 2026).  
64 Robotics and Automation Technician, Pennsylvania College of Technology (last accessed 2026).  

https://www.jff.org/wp-content/uploads/2025/04/JFF-Policy-Blueprint-to-Modernize-and-Expand-Apprenticeship-Nationwide.pdf
https://www.manufacturingusa.com/key-initiatives/manufacturing-workforce-development
https://www.pct.edu/business-industry/workforce-development/apprenticeships/robotics#:~:text=*%20Fundamentals%20of%20Industrial%20Robotics%20and%20Programming.,SME%20Robotics%20in%20Manufacturing%20Fundamentals%20(RMF)%20Certification
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● The Automation Technician is a hybrid role: part mechanic, part IT specialist. 
Apprentices work paid, part-time hours at a manufacturing facility while taking 
classes one or two days a week at a local community college or skill center. The 
curriculum bridges legacy machinery with next-generation technologies in areas 
such as programmable logic controller (PLC) programming, robotic cell 
troubleshooting, fluid power dynamics, and smart-sensor integration. 
Organizations like AJAC (Aerospace Joint Apprenticeship Committee) in 
Washington State have pioneered this 16-to-24-month (roughly 2,000-hour) 
model.65 

● The Technologist sits between a university-trained mechanical engineer and a 
floor-level assembly worker. This occupation pathway focuses on applied 
engineering—programming the CNC machines, controlling the robots, and 
designing the actual plant layouts to build the product efficiently.66 

Agile certificates and corporate partnerships provide shorter-term pathways built for 
rapid deployment. Rather than conferring full degrees, these programs issue targeted 
certificates and micro-credentials to quickly upskill existing production workers or train 
new hires on specific machinery in weeks or months: 

● Micro-credentials and bootcamps: Instead of a multi-year degree, micro-
credentials offer rapid, highly targeted training in specific technical 
competencies, such as robotic vision systems and predictive maintenance 
algorithms.  

● Accelerated corporate training programs: Private industry is also bypassing the 
registered apprenticeship model through direct public-private partnerships. 
Tesla’s START Manufacturing Program operates as a 14-week intensive “earn 
while you learn” bootcamp that condenses years of electromechanical training in 
advanced robotics, programmable logic controllers, and automated systems, 
partnered with Austin Community College and Diablo Valley College. Similarly, 
the Path Robotics Advanced Manufacturing AI Apprenticeship Program provides 
a specialized AI apprenticeship program to upskill operators on advanced 
automated systems in real time. 

 
65 Youth Apprenticeship, Aerospace Joint Apprenticeship Committee (last accessed 2026). 
66 John Liu & William B. Bonvillian, The Technologist, Issues in Science and Technology (2024); From 
Technician to Technologist, Massachusetts Institute of Technology (last accessed 2026). 

https://www.ajactraining.org/programs/youth/
https://issues.org/technologist-advanced-manufacturing-workforce-liu-bonvillian/
https://leapgroup.mit.edu/techamp/
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This pressure to adapt to the digital transformation of manufacturing is a global 
phenomenon; German educational authorities and industrial bodies have modernized 
traditional mechatronics apprenticeships, requiring state-certified programs to 
incorporate competencies in digital twins, predictive maintenance, and robotics 
programming.67 

 
Policy Shifts  
To support these new pathways, targeted policy shifts and funding mechanisms are 
emerging to reduce the barriers facing both employers and workers. These barriers 
include the upfront cost of establishing training programs, the cost to individuals of 
pursuing short-term credentials, and the weak awareness of manufacturing careers 
among young people. 

● The American Manufacturing Apprenticeship Incentive Fund was established 
to help employers overcome upfront training costs. The U.S. Department of 
Labor recently awarded a four-year, $35.8 million in cooperative agreement 
administered by the State of Arkansas. The fund uses a pay-for-performance 
model and provides a $3,500 payout to employers for every registered 
apprentice who completes a 90-day probationary period. These incentives 
offset immediate onboarding and wage expenses across more than 120 
advanced manufacturing occupations, including semiconductors, aerospace, 
robotics, and nuclear energy.68 

● Workforce Pell Grants: Unlocking Short-Term Training. Historically, federal 
financial aid has favored traditional two- or four-year degree tracks. Enacted 
under the OBBBA, federal Pell Grants can be applied directly to short-term 
workforce training programs for the first time. Starting July 1, 2026, funds can 
be applied to short-term programs lasting between eight and 15 weeks (150 to 
599 instructional hours).69 

● BuildFreedom.US: Building Awareness of Manufacturing Careers. The 
Department of War recently launched BuildFreedom.US, a coalition of 

 
67 Industry 4.0 Ausbildung: Germany's €3,800 Smart Manufacturing Career Revolution, GoAusbildung 
(2025). 
68 American Manufacturing Apprenticeship Incentive Fund, Arkansas Office of Skills Development (last 
accessed 2026); American Manufacturing Apprenticeship Incentive Fund, North Carolina Community 
Colleges (2026). 
69 Tesla Manufacturing at ACC, Austin Community College (last accessed 2026). 

https://goausbildung.com/blog/industry-40-ausbildung-germanys-3800-smart-manufacturing-career-revolution
https://arkansasosd.com/mfgfund/#:~:text=The%20incentive%20fund%20supports%20apprenticeships%20across%20more,100%25%20of%20available%20incentive%20funds%20are%20obligated
https://www.nccommunitycolleges.edu/businesses/apprenticeships/news/american-manufacturing-apprenticeship-incentive-fund/
https://programs.austincc.edu/school-of-advanced-manufacturing/tesla-manufacturing-at-acc/
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government, industry, and education partners to raise awareness of skilled 
trades and manufacturing careers among students and young adults. The 
initiative includes a $10 million investment in skilled-trades scholarships. Though 
still in its early stages, it is one of the most significant federal efforts in years to 
attract young people to manufacturing.70 

 
STEM Pipeline  
An insufficient STEM pipeline further threatens long-term U.S. leadership in robotics 
innovation. This weakness reflects a structural misalignment between traditional 
academia and market needs, as standard programs routinely fail to ground theoretical 
mathematics and engineering principles in hands-on, real-world manufacturing 
environments. Compounding the issue is decades of production offshoring, which 
stripped the domestic workforce of critical hardware engineering knowledge—a 
domain best mastered through physical production at scale.71  

At the K-12 level, the talent pipeline weakens early. U.S. students begin falling behind 
their international peers in math as early as elementary school: between 2019 and 2023, 
U.S. fourth-grade math scores fell 18 points and eighth-grade scores fell 27 points on 
the Trends in International Mathematics and Science Study (TIMSS) international 
assessment, while East Asian education systems led both grades.72 The pipeline also 
suffers from a steep drop-off in student engagement. National enrollment data show 
that while 57% of U.S. high schools offer computer science courses, only 5.8% of high 
school students actually enroll, illustrating the difficulty of converting course availability 
into student participation.73 Extensive research by the National Research Council 
suggests that student persistence in technical pathways increases significantly when 
abstract engineering and math concepts are anchored in hands-on, problem-based 
learning tied to real-world industrial applications.74 A study of high school participation 
in applied hands-on engineering programs found an increase in the likelihood of 
declaring a postsecondary STEM major by up to 10 percentage points—effectively 

 
70 DOW Launches BuildFreedom.US, Announces $10M Skilled Trades Investment With Mike Rowe and 
Forge the Next-Generation Industrial Workforce, U.S. Department of War (2026); We Need You to 
Rebuild America, BuildFreedom.US (last accessed 2026). 
71 Elisabeth B. Reynolds & Hiram Samel, Invented in America, Scaled Up Overseas, The American Society 
of Mechanical Engineers (2019).  
72 Mathematics Scores of U.S. Fourth- and Eighth-Graders Decline on International Mathematics and 
Science Assessment, U.S. Department of Education, Institute of Education Sciences (2024). 
73 State of AI + CS Education, Code Advocacy Coalition (2025). 
74 Margaret Honey, et al., STEM Integration in K-12 Education, National Academies (2014). 
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doubling the baseline technical declaration rate compared to academically matched 
peers.75 Yet research suggests that much of students' robotics exposure bears little 
relation to industrial work, with many programs centered on educational kits or 
competition robots rather than factory-floor systems. While cost is a factor, even with 
low-cost robots, students can work on challenges that mimic factory floor 
applications.76 

At the higher education level, the sequencing of foundational coursework can pose 
bottlenecks to scaling STEM careers. Mathematics is the essential language of robotics 
and engineering, but when students must complete a traditional, procedure-heavy 
calculus sequence before applying math to engineering problems, many potentially 
capable students are filtered out.77 In response, leading institutions have taken an 
application-first approach to engineering education to make it more accessible and 
immediately relevant to industry applications. Wright State University replaced its 
calculus prerequisite with an applied engineering-math course, and students who took it 
were more than twice as likely to earn an engineering degree.78 The University of 
Michigan developed a Robotics 101 course that teaches linear algebra through robotics 
problems with no calculus prerequisite, an approach designed, in its creators' words, to 
"invite in rather than 'weed out'" students.79  
 
Innovation and R&D Talent  
Beyond undergraduate education, the pinnacle of the university STEM pipeline for 
advanced R&D remains highly vulnerable to two structural weaknesses: the geographic 
separation of engineering from production, and a shrinking domestic talent pipeline in 
graduate programs. First, advanced robotics R&D is deeply intertwined with the 
physical components of manufacturing, so severing R&D from production degrades a 

 
75 Takako Nami, et al., Project Lead the Way: Impacts of a High School Applied STEM Program on Early 
Post-Secondary Outcomes, Journal of Research on Educational Effectiveness (2025). 
76 Greg J. Strimel, et al., The Next Generation for Manufacturing Competitiveness?: Investigating the 
Influence of Industry-Driven Outreach on Children's Career Perceptions, International Journal of 
Technology and Design Education at 14 (2020). 
77 Jenna Carpenter, et al., Mathematics as a Gateway, Not a Barrier: Reimagining Engineering 
Preparation for the 21st Century, Education Sciences (2026). 
78 Nathan W. Klingbeil & Anthony Bourne, A National Model for Engineering Mathematics Education: 
Longitudinal Impact at Wright State University, American Society for Engineering Education at 23.76.1, 
23.76.6 (2013). 
79 ‘Solving for equity’: A Michigan Robotics course flips the script on engineering ed, University of Michigan 
(2021). 
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nation’s innovation pipeline.80 As noted above, offshoring costs the United States the 
hardware know-how that is learned only through production at scale. Second, the 
advanced engineering pipeline that does remain in the United States frequently faces 
instability due to its demographic composition. With fewer domestic students 
progressing into advanced robotics-specific fields, the sector is heavily reliant on 
international students that are visa-dependent. Rapid and unpredictable changes to 
immigration policies generate a volatile environment for retaining highly trained 
graduates, who may then move to other countries.  
 
Training Workers for Automation 
Manufacturing is facing severe worker shortages. Older workers are retiring and 
uncompetitive wages mean younger workers are not sufficient to replace them. Where 
those conditions hold, robotics is less a job-taking threat than a means of keeping 
factories open. As Finding 4 sets out, that outcome is not automatic: it depends on the 
pace of adoption, the task structure of the work being automated, and whether training 
pathways scale with deployment.  

Ultimately, manufacturers cannot scale automation without a modernized, agile 
credentialing system, and the nation cannot sustain its technological edge without a 
robust, application-driven STEM pipeline securing the next generation of engineers and 
technicians.  

 
80 Elisabeth B. Reynolds & Hiram Samel, Invented in America, Scaled Up Overseas, The American Society 
of Mechanical Engineers (2019).  
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Adoption at Scale: New Capabilities Are Expanding 
the Market, but Persistent Barriers Hold 
Manufacturers Back 
Robots can be used to automate dangerous and undesirable tasks, improve product 
quality and reliability, increase throughput and capacity, offset labor shortages, and 
create competitive advantages. However, U.S. deployment reveals a substantial gap. 

In 2021, according to U.S. Census Bureau data, only 12.1% of manufacturing plants 
reported using robots.81 Annual installations of industrial robots peaked in the United 
States at 40,000 units in 2022, or 7% of the global total, and fell to 6.3% in 2024. 
Preliminary numbers indicate a rebound to 38,400 in 2025.82 The deployment gap is 
also visible in the U.S. operational stock, which represents 8.3% of the global total as of 
2024.83 

By comparison, under its Made in China 2025 initiative launched in 2015, China set a 
goal of 1.8 million operational robots by 2025. This goal was met early in 2024 when 
China’s operational stock surpassed 2 million, more than five times the U.S. total.84 
China continues to prioritize robotics in its most recent Five-Year Plan.85 
 

 
81 Annual Survey of Manufacturers Industrial Robotics Equipment: 2018-2021, United States Census Bureau 
(2025). 
82 World Robotics Report 2026, International Federation of Robotics (2026); U.S. Robot Industry Returns 
to Double Digit Growth, International Federation of Robotics (2026). 
83 World Robotics Report 2025, International Federation of Robotics (2025). 
84 Hugh Grant-Chapman, et al., Is China Leading the Robotics Revolution, CSIS China Power Project 
(2026). 
85 China Makes AI-Powered Robots Core of National Strategy, International Federation of Robotics 
(2026). 
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Figure 14 | U.S. and Chinese Industrial Robot Installations (Thousands of Robots) 

Source: International Federation of Robotics86 
 
This under-adoption is shaped by the structural makeup of American industry. U.S. 
manufacturing consists of a small number of large firms and a vast network of SMMs. 
SMMs account for approximately 95% of all U.S. manufacturing firms, and are often 
crucial sub-tier suppliers that maintain key domestic capabilities for defense 
manufacturing, yet they continue to struggle with robotics adoption.87 

To analyze this shortfall, the Commission evaluated both the technological shifts 
expanding the range of viable applications and the persistent operational barriers 
holding firms back. 
 

 
86 World Robotics Report 2026, International Federation of Robotics (2026). 
87 Facts About Small Business: Manufacturing Statistics 2025, U.S. Small Business Administration (2025); 
All Employees, Manufacturing, Federal Reserve Bank of St. Louis (2026); Farooq Mitha, Why Small 
Businesses are Essential to U.S. National Security, U.S. Department of War (2021). 
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Finding 6: The industrial robotics landscape is undergoing a 
transformation in deployment dynamics driven by AI-assisted 
programming, low-code interfaces, and open-space mobile 
manipulation. 

Robot deployment is not a simple process. Before the process can even begin, 
manufacturers must identify opportunities where a robot could improve their process. 
From there, manufacturers must then find the appropriate robot to purchase, and 
ensure they can get the capital needed to buy it. Both of these steps require a strong 
understanding of robot capabilities. Once a manufacturer has purchased their robot, 
they have to integrate it. This can require significant process changes, specialized 
engineering and software talent, and employee retraining.  
 
Intelligent Robots and Flexible Capability Increase Use Cases 
Historically, industrial automation relied on rigid, caged hardware environments 
designed for high-volume, low-mix (HVLM) production. These setups required 
specialized system integrators and programmers, lengthy setup times, and significant 
upfront capital expenditure. This created prohibitive cost barriers and limited product 
variance, keeping robotics out of reach for low-volume, high-mix (LVHM) 
manufacturing environments. 
 

Explainer | High-Volume Low-Mix & Low-Volume High-Mix:  
High-Volume Low-Mix (HVLM) refers to manufacturing that produces 
significant amounts of identical or near-identical products, such as 
large runs of standardized automotive components. For firms engaged 
in HVLM manufacturing, production methods and lines can run for 
years with little to no change. Low-Volume High-Mix (LVHM) 
manufacturing produces small batches of a greater variety of often 
highly customized products. LVHM is common in industries, such as 
defense components, where product needs are highly specified and 
unique to individual customers. 
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Modern AI and low-code interfaces have increased flexibility and reduced some 
programming requirements.88 These advancements make robotics a more feasible 
solution, especially for firms engaged in LVHM production, which would need to 
frequently reprogram robots to adjust to variable products. Agentic AI is also helping 
build simulation environments, compose software, and test and adapt systems to 
specific tasks. This can substantially reduce the bespoke engineering required for each 
deployment and make automation accessible to many more manufacturers.  

Concurrently, open-space mobile manipulators, Autonomous Mobile Robots (AMRs), 
and cobots are being deployed without traditional safety cages or perimeters. These 
systems are designed to work safely alongside human operators, navigate active 
factory floors dynamically, and adapt to environmental changes with less human 
intervention. Those capabilities can ease integration into existing processes and 
increase flexibility. They are also typically cheaper than large, heavy-duty machines.89 

For large firms that have already implemented robotics, this can reduce costs and 
improve efficiency. For SMMs, these developments can shift the cost-benefit analysis in 
favor of adoption. 
 
Safety, Performance, and Liability Frameworks Are Lagging Emerging 
Robot Capabilities 
As industrial robotics transition from protected cells and fixed routines to open spaces 
and adaptive responses, legacy safety and performance frameworks are no longer 
sufficient. Modernizing these standards is essential to ensure operational safety, build 
worker trust, and enable adoption. 
 

 
88 Roy Sarkar, How AI is Shaping the Future of Robotics with Low-Code and No-Code Solutions, A3 
(2026). 
89 Andreas Paleit, March of the Cobots: the Technology Lowering the Barrier to Automation, Financial 
Times (2025). 
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Explainer | How Standards are Made:  
Standards Development Organizations (SDOs), such as the 
International Organization for Standardization (ISO), establish 
standards through specialized working groups consisting of industry, 
academic, and regulatory experts. Development follows a structured 
lifecycle including a proposal, draft specifications, and public 
commentary, before being submitted to an SDO for final approval. 

 
Existing safety standards, such as those developed by ISO and EU SDOs, do not yet fully 
address every emerging AI-adaptive, multifunctional, or dynamically balancing 
systems.90 New robots designed to work around people are typically programmed to 
move more slowly in proximity to people and freeze if contact is made, which is a partial 
solution. Additionally, not all form factors have the ability to simply shut off when safety 
is at risk. For example, dynamically balancing robots, such as bipedal humanoids, 
require power to remain standing, and an emergency shutdown can create greater 
danger from a falling robot.91 

Performance standards are also falling behind. These standards serve as a valuable 
basis for assessing a robot’s capability and reliability, while also allowing comparisons 
across different robot products. As robots grow more capable and multifunctional, 
developing standards that can describe the full range of a robot’s functionality becomes 
both increasingly important and difficult.92 

Robotics companies and industry organizations are currently working to develop new 
standards, but face challenges addressing rapidly changing capabilities. This lag 
directly hinders market adoption as manufacturers struggle to evaluate vendors or 
properly insure robots without trusted frameworks. 

New robotic technologies also may require adaptations to insurance and legal 
frameworks to allow companies to manage risk. Standards and established best 
practices help courts assess responsibility and insurers price coverage.93 
 

 
90 Alexander Robey, et al., Beyond Alignment: Why Robotic Foundation Models Need Context-Aware 
Safety, Science (2026). 
91 Victoria Turk, Why Humanoid Robots Need Their Own Safety Rules, MIT Technology Review (2025). 
92 Aaron Prather, Robot Dexterity Has a Benchmarking Problem, Six Degrees of Robotics (2026). 
93 The Robots Are Here: What That Means for Insurers, Swiss Re (2017). 
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Service-Based Models Lower Upfront Barriers but Shift Risk to Providers 
Commercial innovations like Robotics-as-a-Service (RaaS) and turnkey subscription 
models reduce adoption barriers by replacing major hardware purchases with leased 
systems. Vendors—typically a third-party provider or the robot manufacturer—
manage integration, maintenance, and technical support for the robot, while often 
guaranteeing a baseline level of performance. 

This approach reduces risk, upfront capital requirements, specialized staffing 
requirements, and maintenance costs, and is especially attractive for SMMs, which can 
struggle to raise the capital for or justify the risks associated with purchasing a 
sophisticated industrial robot. While this model reduces risk for SMMs, it transfers much 
of that risk to the service provider itself, which in turn can address those risks through 
economies of scale that SMMs inherently lack. Still, the economies of scale needed for 
providers to absorb the risk require high volumes of adoption, leaving the same supply-
demand paradox described by Finding 2.94 
 

Finding 7: Robotics adoption across manufacturing remains 
constrained by lack of knowledge, internal capability gaps, and 
unsteady demand signals. 

Knowledge, Limited Return Frameworks, and Culture Inhibit Adoption 
A primary obstacle facing non-adopting firms, particularly SMMs, is a lack of 
knowledge. Many smaller manufacturers remain unsure of what robots can do, where 
to introduce robotics into their processes, how to select appropriate technologies, or 
how to navigate integration. Consequently, firms miss opportunities to improve their 
efficiency.95 

This gap is compounded by overly narrow return-on-investment (ROI) metrics that 
measure automation strictly by direct machine output. A complete ROI framework 
factors in holistic operational gains: smoother throughput, lower process variance, 
improved worker safety, and the reallocation of staff to higher-value tasks.96 

 
94 Aditya Ranjan, Robots in the Enterprise: Why Adoption is Crucial, Yet Lagging, Forbes (2024). 
95 Unlocking the Industrial Potential of Robotics and Automation, McKinsey & Company (2023); Briefing to 
the Commission by an industry expert (July 2026). 
96 Arthur Khare, et al., Rethinking Digital Transformation Metrics: Moving Beyond Traditional ROI, 
TechRxiv (2024); Briefing to the Commission by an industry expert (June 2026). 
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Some SMMs also have little incentive to improve efficiency. Firms that are already 
operating at or above cost often see no need to change when the expected gains do not 
clearly justify the disruption and investment risk This is particularly true where owners 
and senior employees are nearing the end of their careers, since they would benefit 
from process improvements for a shorter period.97 
 
Adoption Readiness and Talent are Limited 
Advanced robotics integration requires a baseline of digital infrastructure that small 
firms may not have. Modern intelligent robots can combine sensor data, 3D design files, 
digital twins and modeling, and other enterprise data to maximize their utility. If 
integrating a robot requires a significant digital infrastructure upgrade for a firm, it is 
more difficult to justify the investment even though the digital infrastructure upgrades 
might have independent benefits. 

Digital infrastructure and robotics integration also come with different talent demands. 
Even when deployment models such as Robotics-as-a-Service cover the high-level 
engineering needs, workers require upskilling and new training to work effectively with 
automated systems.  

Regional support networks and programs—including Manufacturing Extension 
Partnership (MEP) centers, university apprenticeships, collaborative testbeds, and peer 
demonstration workshops—help overcome some of these barriers, but they are limited 
in funding, scale, and reach.  
 

Example | MEP Centers: 
MEP Centers are the primary federal vehicle for assisting SMMs. They 
serve as a trusted third-party, neutral consultant for SMMs looking to 
modernize. Even so, they have limited resources and reach. The 
program has faced potential cuts from the current administration, 
which could further limit its impact.98 

 

 
97 Briefings to the Commission by industry experts (June 2026, July 2026). 
98 Jeff Kinney, Trump Again Proposes Eliminating Manufacturing Extension Partnership, Manufacturing 
Dive (2026). 
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New Digital Systems Bring New Cybersecurity Risks 
New digital infrastructure brings new cybersecurity risks. Manufacturing is one of the 
most targeted industries, and, because operational downtime is uniquely expensive, 
attacks on manufacturing are generally more costly than those on other sectors.99  

Most of these attacks are ransomware, designed to extort money in exchange for 
restoring operation or data, but as the role of digital systems in manufacturing 
increases, attack vulnerability expands.100 In particular, exploits that seize control of 
physical manipulators would enable attackers to cause physical damage and prolonged 
disruption. At the same time, frontier AI models are demonstrating increasingly 
powerful cyber capabilities, which could increase attackers’ capabilities while also 
improving defensive tools.101  

The cybersecurity risk is particularly pressing for manufacturers in critical sectors, as 
they may be targeted by adversaries. Such attacks are currently occurring, as Iran and 
Iranian-affiliated actors engage in broad cyberattacks to disrupt the operation of 
American critical infrastructure as part of ongoing hostilities,102 and in 2025, a number 
of U.S. Government entities including the Federal Bureau of Investigation and the 
National Security Agency published a joint memo indicating that such companies are at 
increased risk of attack.103 

The risk is even more acute for technologies manufactured by adversarial nations, 
which may contain backdoors. This is underscored by the FCC Covered List 
determination discussed in the National Framework section, which restricts new 
equipment authorizations for qualifying foreign-produced advanced robotic devices, 
subject to applicable exceptions, without categorically distinguishing allied from 
adversary production.104 
 

 
99 C. David Hylender, et al., 2026 Data Breach Investigations Report, Verizon at 88-89 (2026); C. David 
Hylender, et al., 2026 Breach Impact Study, Verizon at 26 (2026). 
100 Aaron Prather, The End of Dumb Robots, Six Degrees of Robotics (2026). 
101 Robert McMillan & Chip Cutter, AI Is Finding Bugs That Hackers Can Exploit. Get Ready for 
Bugmageddon, Wall Street Journal (2026). 
102 Iranian-Affiliated Cyber Actors Exploit Programmable Logic Controllers Across US Critical 
Infrastructure, CISA (2026). 
103 Iranian Cyber Actors May Target Vulnerable US Networks and Entities of Interest, CISA (2025). 
104 FCC Adds Foreign-Produced Power Inverters and Robots to Covered List, FCC (2026). 
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Long-Term Demand Stability is Necessary for Automation Investment 
Unsteady and fragmented demand signals severely disincentivize automation. 
Implementing robotics requires significant investment in capital, process improvement, 
and workforce development. Firms cannot justify that when order volumes are volatile 
or uncertain. More predictable demand and long-term contracts can help justify the 
financial risk or fixed cell architectures required for automated equipment. 
 
This dynamic reflects the supply-demand paradox described in Finding 2. Demand can 
stimulate supply and expand capacity, but increasing the supply of robots alone will not 
make manufacturers ready to buy them. The same constraint applies to the products 
those robots help produce.  
 
How Four Adoption Barriers Reinforce One Another 
Widespread industrial robotics adoption is constrained by four primary structural 
hurdles. Financial barriers in the form of significant upfront capital expenditures for 
hardware and integration are difficult to justify. Even with help from models like RaaS, 
justifying the cost requires secure expectations of demand for a product.105  

Readiness requires modern digital infrastructure and human talent to integrate, 
operate, and maintain robots for short- and long-term use, posing additional hurdles to 
first-time adopters. 

Risks and liability require robust safety standards and cybersecurity practices that 
clarify responsibility, support affordable insurance coverage, and provide legal 
certainty after an accident.  

Finally, a pervasive knowledge gap leaves many firms unable to identify automation 
opportunities or evaluate evolving capabilities. While external support networks help 
bridge this gap, they are limited in scope and capability. Compounding these challenges, 
many established firms, particularly those with owners and workforces nearing 
retirement, may see insufficient near-term returns to justify disruption and investment. 

 

 
 

 
105 Briefing to the Commission by an industry expert (June 2026). 
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Innovation Ecosystem: Supply-Chain, Financing, 
Data, and Cost Constraints Prevent U.S. Robotics 
Firms from Scaling 
If adoption is the demand side of the flywheel, the innovation ecosystem is the supply 
side. America's robotics strength is concentrated in the "brain," but software strength 
alone cannot produce or deploy physical systems at scale (the “body”). Explaining why 
U.S. leadership in AI and software is insufficient requires addressing the physical 
constraints of deployment and integration for robotics companies and SMMs alike. 
Hardware cannot be scaled through digital iteration alone; physical systems must 
overcome severe technical, supply-chain, financing, data, and cost constraints to 
operate reliably in industrial environments. It is also critical to have real-world 
deployments to test and validate innovative AI-powered systems–meaning that access 
to hardware and development of the state-of-the-art brain go hand-in-hand. 
Sustaining leadership in physical AI therefore requires access to hardware and 
production environments where systems can be tested and improved. 

Next-generation physical systems require robust perception in unstructured settings, 
precise tactile sensing, dexterous manipulation, safe human-robot collaboration, high-
performance onboard compute and connectivity, long-term reliability, maintainability, 
and fast reprogramming for high-mix production environments. Compute platforms 
like NVIDIA’s Jetson Thor supply high computational throughput, yet processing power 
cannot compensate for deficiencies in underlying physical components such as 
actuators, sensors, and structural interfaces.106 

Physical products also face different commercialization economics than software. 
Software benefits from near-zero marginal distribution costs, rapid deployment, and 
high operational tolerance for iterative software patches. Conversely, physical 
hardware demands extended development cycles, rigorous safety and operational 
certifications, substantial upfront manufacturing tooling, working capital for inventory, 
long-term warranty liability, complex field service operations, and an extremely low 
tolerance for catastrophic physical failure.107 

 
106 NVIDIA Announces Jetson Thor, Powered by an NVIDIA Blackwell GPU, Humanoid Robots Technology 
(2025). 
107 Mike Palank, The State of Technology & Culture: A Return to Hard Tech, Mac Venture Capital (2026). 
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To structure the analysis of physical commercialization economics, particularly among 
small and medium manufacturers, this section examines four constraints identified in 
Findings 8 and 9: opaque and concentrated supply chains; financing and integration 
gaps; scarce data for adaptable robots; and the cost pressures created by scale and 
state-supported market behavior. 
 

Finding 8: Systematic cost disadvantages and a financing gap 
keep U.S. robotics firms from scaling production.  
 
Opaque and Concentrated Supply Chains Create Strategic Bottlenecks 
Most robotic systems draw on a globally distributed component stack: magnets, motors, 
precision reducers, actuators, bearings, encoders, force and tactile sensors, depth 
cameras, LiDAR, and power electronics. Dependence becomes strategic when 
concentrated suppliers, opaque sub-tiers, or adversary-linked production can disrupt 
scale, expose sensitive systems, or set market terms, as the FCC's recent actions, in 
response to a national security determination, against foreign-produced connected 
equipment, underscored.108 Standard industrial robots, mobile platforms, quadrupeds, 
and humanoids rely on a multi-tiered bill of materials. 

Figure 15 | Humanoid Component Stack: Where the Bill of Materials Sits 

Takeaway: Callouts locate each subsystem on the platform. Color indicates the degree 
of concentration risk in Chinese production capacity.  

 
108 National Security Determination on the Threat Posed by Foreign-Produced Advanced Robotic Devices, 
Federal Communications Commission (2026). 

https://www.fcc.gov/sites/default/files/robots-nsd.pdf


 60 

 

Source: McKinsey & Company109 
 
A primary risk in supply chain mapping is mistaking the location of a direct supplier for 
the origin of the underlying components.110 An allied-country integrator in Japan, 
Germany, or Switzerland may assemble finished subsystems while remaining dependent 
on Chinese sub-tier manufacturing. For example, in the actuation stack, components 
such as ball screws, linear guides, and planetary roller screws are overwhelmingly 
manufactured by Chinese firms or foreign companies whose primary factory capacity 
sits within China.111 Historically, the global market for high-precision strain wave 
reducers was heavily consolidated under Japanese legacy manufacturers like Harmonic 
Drive Systems and Nabtesco, but now companies like Leaderdrive hold over 60% of the 

 
109 Turning humanoid supply chain constraints into billion-dollar wins, McKinsey & Company (last accessed 
2026). 
110 The Robotics Supply Chain: Components, Suppliers and Dependencies, Yana Sourcing (last accessed 
2026). 
111 Rob D. Atkinson, et al., A Time to Act: Policies to Strengthen the US Robotics Industry, Information 
Technology & Innovation Foundation (2025). 

https://www.mckinsey.com/industries/industrials/our-insights/turning-humanoid-supply-chain-constraints-into-billion-dollar-wins
https://yanasourcing.com/guides/robotics-supply-chain
https://itif.org/publications/2024/03/11/how-innovative-is-china-in-the-robotics-industry/
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Chinese domestic harmonic reducer market on annual production capacity exceeding 
500,000 units.112  

While consolidating manufacturing through these Chinese suppliers is highly cost-
effective, it creates severe supply-chain bottlenecks.113 High-risk bottlenecks exist where 
production is concentrated, lead times are long, or substitution is technically difficult.114 
Linear force sensors and tactile sensors are heavily sourced from China; even when 
frontier breakthroughs in tactile sensing originate in the United States, actual physical 
manufacturing predominantly moves overseas. Permanent magnets are the sharpest 
single point of failure: China controls approximately 90% of global rare-earth 
processing capacity and 69% of global rare-earth mining. Chinese concentration in 
humanoid components is pronounced: precision bearings at 40%, electric motors at 35%, 
and power electronics at 30%.115 

Figure 16 | China’s Market Share in Humanoid Robotics Inputs and Components 

Takeaway: China controls a majority of the rare-earth processing capacity as well as 
the global rare-earth mining capacity. The result is that a single supplier nation sets the 
availability and price of an input for which there is no near-term substitute.  

 
Source: International Energy Agency116 

 

 
112 Company Introduction, Leaderdrive (last accessed 2026).  
113 China’s Robotics Supply Chain in 2026: Cost Advantage, Localization and Global Market Power, Robots 
Daily (2026).  
114 Behind every robot: why component supply chains are the real bottleneck in robotics scale-up, Market 
Scale (2026).  
115 Rare Earth Elements, International Energy Agency (2026). 
116 Rare Earth Elements, International Energy Agency (2026). 

https://www.leaderdrive.com/about/profile.html#:~:text=The%20company%20boasts%20an%20annual%20production%20capacity,US%20dollars)%20on%20research%20and%20development%20annually
https://robots-daily.com/chinas-robotics-supply-chain-in-2026-cost-advantage-localization-and-global-market-power/#:~:text=Many%20component%20suppliers%20can%20support%2024%2Dhour%20rapid,roughly%20half%20the%20cost%20of%20Japanese%20products%3B
https://www.marketscale.com/industries/industrial-iot/behind-every-robot-why-component-supply-chains-are-the-real-bottleneck-in-robotics-scale-up
https://www.iea.org/reports/rare-earth-elements
https://www.iea.org/reports/rare-earth-elements
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The United States' structural disadvantage in scaling robotics production lies less in any 
single input than in its ecosystem: a weakened machine-tool base and a thin network of 
upstream suppliers that, in China, are sustained by demand from many industries at 
once. In 2022, China produced $27.1 billion in machine tools—approximately 4.6 times 
U.S. output of $5.9 billion. This gap reflects a long erosion of domestic capacity: after 
accounting for roughly one-fifth of the global machine-tool market at the beginning of 
the 1980s, the U.S. industry lost more than two-thirds of its firms in the contraction that 
followed.117 The more consequential effect is often slower iteration rather than longer 
production lead times. Shenzhen’s dense supply network provides same- or next-day 
access to components and 24-hour circuit-board turnaround, allowing hardware 
companies to complete prototype iterations in as little as 24 to 48 hours.118 This density is 
not a product of robotics demand. The motors, sensors, batteries, and power 
electronics that robotics firms source in China are produced at scale for consumer 
electronics, electric vehicles (EVs), drones, and appliances, and robotics benefits from 
volumes it could not generate on its own. This compresses the design-to-part feedback 
loop and enables Chinese firms to test, modify, and improve products faster than 
competitors operating in less concentrated manufacturing ecosystems. Rebuilding 
comparable upstream capacity in the United States would therefore depend on demand 
from adjacent industries, not robotics alone. 

Retooling for extreme tolerances compounds the delay. Onboarding a new 
manufacturer for a production-ready electronics product can take 12 to 20 weeks to 
first-article approval, and Production Part Approval Process (PPAP) documentation, 
requalification, and new tooling builds push stable volume production four to six months 
out.119 Changes that affect tooling can require renewed qualification, while Section 232 
tariffs and the 2026 tungsten price surge raise the cost of retooling—a direct burden on 
robotics, whose frames, housings, motors, reducers, and wiring are metal-intensive and 
whose high-tolerance gears, shafts, and bearing surfaces are machined with tungsten-
carbide cutting tools.120 Tariffs can encourage substitution toward domestic suppliers 

 
117 Trelysa Long, Mapping Industrial Strength: U.S. Machine Tool Production and Consumption, 
Information Technology and Innovation Foundation (2025); David Finegold, et al., The Decline of the U.S. 
Machine-Tool Industry and Prospects for Its Sustainable Recovery, RAND (1994). 
118 James Kynge, Transcript: China Tech—Shenzhen Speed, Financial Times (2024). 
119 Scaling to Production Without Switching Your Manufacturer, Amtech (last accessed 2026).  
120 David Willson & Steve Melito, PPAP: Production Part Approval Process Guide for Manufacturing, Fictiv 
(2025); Machining Trends in 2026: Automation, Workforce Challenges, and Reshoring, Kent USA (2026); 
Further Adjusting the Tariff Regimes For Imports of Aluminum, Steel, and Copper into the United States, 
The White House (2026); Camilla Hodgson & Sylvia Pfiefer, Iran War Sparks Upheaval in Niche Defence 

https://itif.org/publications/2025/12/15/mapping-industrial-strength-us-machine-tool-production-and-consumption/
https://www.rand.org/pubs/monograph_reports/MR479z1.html
https://www.rand.org/pubs/monograph_reports/MR479z1.html
https://www.ft.com/content/6df5a830-a431-4908-8236-bb7c5ba7244a
https://buildamtech.com/scaling-prototype-to-production-without-switching-manufacturers/
https://buildamtech.com/scaling-prototype-to-production-without-switching-manufacturers/
https://www.fictiv.com/articles/ppap-production-part-approval-process-explained
https://kentusa.com/machining-trends-in-2026-automation-workforce-challenges-and-reshoring/
https://www.whitehouse.gov/presidential-actions/2026/06/further-adjusting-the-tariff-regimes-for-imports-of-aluminum-steel-and-copper-into-the-united-states/
https://www.ft.com/content/98d95ed2-7947-40ff-9f7c-e1a9c8570d00
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over time, but by raising the cost of the very tooling and metals that move requires, they 
make rapid switching economically difficult in the short term.  

That switching problem feeds into an additional barrier. Long supplier-change timelines 
can reinforce manufacturers’ reliance on established intermediaries, reducing the 
incentive to identify and qualify the original producer. This opacity reflects a broader 
supply-chain problem: in a 2026 survey of 2,805 organizations across construction, 
energy, manufacturing, transport, the public sector, and other industries, only 6.2% 
reported full visibility into their Tier 2 and Tier 3 suppliers.121 That blindness carries real 
security and reliability costs. The Unitree findings described in the National Framework 
section illustrate the consequence: its robots stream camera, microphone, and location 
data to servers in China, and every unit reportedly shipped with the same built-in 
encryption key, allowing one compromised key to expose every unit.122 The U.S. 
Cybersecurity and Infrastructure Security Agency (CISA) has also warned this year that 
a flaw in Universal Robots' control software allows anyone on the network to take over 
a factory robot's controller without a password.123 The United States cannot secure or 
scale a supply chain it cannot see.  
 
Hardware Timelines and Customer Risk Aversion Create a 
Commercialization Valley of Death 
Robotics startups may attract strong early interest, but industrial hardware requires 
patient capital for certification, manufacturing, inventory, field deployment, and 
service before recurring scale is visible. Hardware commercialization progresses 
through distinct development phases: basic research, prototyping, pilot 
demonstrations, system productization, safety/regulatory certification, manufacturing 
tooling, inventory build-out, channel distribution, and recurring field service. Capital fit 
must match the distinct requirements of each stage.  

Measured against that requirement, the dominant source of early-stage capital is 
poorly matched. Traditional venture capital models are structured around software 
economics—favoring high gross margins, rapid iterative scaling, asset-light footprints, 

 
Metals Market, Financial Times (2026); Tungsten Statistics and Information, U.S. Geological Survey (last 
accessed 2026); Gear Milling, Sandvik Coromant (last accessed 2026).  
121 The Achilles Annual Risk and Sustainability Report 2026, Achilles Global Risk Management (2026). 
122 Sinisa Markovic, Humanoid robot found vulnerable to Bluetooth hack, data leaks to China, Help Net 
Security (2025). 
123 CVE-2026-8153: Command Injection in the PolyScope 5 Dashboard Server, Universal Robots (last 
accessed 2026).   
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and minimal capital expenditure. The mismatch is structural, not merely stylistic: a ten-
year fund life with distribution pressure beginning mid-term cannot easily 
accommodate a product that reaches serial production in year seven. Hardware 
startups require upfront physical tooling, long-term testing, hardware safety 
compliance, and physical maintenance networks, leaving them chronically 
undercapitalized during the transition from pilot to serial manufacturing. 

The demand side offers no offsetting relief. Industrial customers frequently engage in 
paid pilot programs or technical demonstrations to evaluate new robotic technologies. 
However, customers rarely commit to multi-year, large-volume purchase contracts 
without proven field reliability. This creates a deadlock: startups cannot secure 
financing to scale manufacturing without binding orders, and buyers will not issue 
binding orders without proof of scalable manufacturing capability. 

Breaking this deadlock depends less on the aggregate volume of capital than on its 
structure. Capital availability must be evaluated by instrument type and product 
alignment. Venture equity is suited for early-stage software and architectural design; 
working capital debt, equipment financing, project finance, strategic corporate co-
investment, and non-dilutive government funding and procurement grants are required 
to build precision manufacturing lines and manage physical inventory liability. 
Aggregate venture funding figures obscure hardware deficits when software-heavy 
platforms absorb the majority of private investment. 

Capital is less likely to flow when the operational evidence needed to prove 
performance and adaptability remains scarce. Fortunately, physical AI is seeing 
increasing interest from venture capital, with both deal number and deal volume nearly 
doubling from Q1 2024 to Q1 2026.124 Commission analysis found, however, that a 
significant portion of that funding was focused on humanoid robotics, which accounted 
for more than 20% of the funding while representing only 3% of the firms. 
 

 
124 Ali Javaheri, Robotics & Physical AI VC Trends, PitchBook (2026). 
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Finding 9: Supply chain bottlenecks for physical components and 
data keep U.S. robotics too expensive and too static. 
 
Limited Deployment and Proprietary Systems Keep Robotics Data 
Scarce and Fragmented 
Robotic systems get better by working. Each deployment generates data, the data 
improves performance, and better performance justifies the next deployment. This 
flywheel is barely turning in the United States. The United States lacks robotics data: the 
data U.S. firms produce sits locked inside individual firms, in incompatible formats and 
behind contracts that bar sharing, so no one can pool and learn from it. This means it 
never adds up to a shared national asset. 

Training robotics takes far more kinds of data than training a chatbot, which learns 
from text and images. The data modalities (i.e. the types of data) required to train 
robots are far broader and not as easy to aggregate. A robot needs a record of a 
human operator guiding it through a task (known as teleoperation) to show what the 
person meant to do. It needs touch, force, and depth readings to learn what happens 
when it makes contact with an object. Machine logs show how parts wear and where 
systems fail over time. Process context explains why a task is performed a certain way, 
and whether each attempt worked. A model trained on visual data alone can learn to 
move a box. It cannot learn the fine control of force that a robot needs to assemble a 
wire harness.  

Real-world robotics data often costs more to collect than widely available web data 
because it requires physical demonstrations, equipment, and task-specific 
measurement.125 Open X-Embodiment, the largest open real-robot dataset, pooled 60 
datasets from 34 laboratories. It covers 22 types of robots and 527 skills. It resulted in a 
total of about one million recorded robot trajectories which each took a physical robot 
to produce. 

Simulation and synthetic data can reduce some of these collection costs. This synthetic 
data collection process enables developers to generate training examples, test policies, 
and explore operating conditions in virtual environments. This works best for perception 
and movement, where the physics are simpler and a virtual scene is easy to 

 
125 Alexander Khazatsky, et al., DROID: A Large-Scale In-The-Wild Robot Manipulation Dataset, DROID 
dataset (2025).  
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manipulate.126 For industrial customers, this work could be less effective as assembly 
requires precise contact, flexible materials such as wire harnesses, the sense of touch 
and force, and is vulnerable to equipment wear and tears over time. For these tasks, a 
simulation is only useful if it matches real equipment, materials and friction, and the only 
way to check that match is against measurements from real machines.127 Simulated data 
therefore extends real data rather than replacing it. A small set of high-quality real 
demonstrations can anchor a much larger set of virtual ones, but a simulation with no-
real world grounding repeats its own mistakes at scale. Physical testing remains 
necessary to validate performance and safety under actual operating conditions. 

Even with simulation, the data gap is structural rather than incidental. Physical data 
cannot be scraped; capturing it requires active execution that consumes hardware life, 
demands purpose-built environments, and degrades expensive equipment. The 
resulting streams are also enormous and largely unstandardized. A typical robot cell is 
supplied end-to-end by one vendor with proprietary and mutually incompatible 
programming and diagnostic libraries, promoting lock-in and preventing operational 
data from being pooled. 128 

Even the data the United States generates rarely reaches the models that could learn 
from it, and firms in China withhold data for the same commercial reasons U.S. firms 
do. Beijing's response has been not to argue firms out of that calculus, but to pay to 
circumvent it through state-financed training centers, mandated scenario access at 
central state-owned enterprises, and subsidies for datasets released openly.129 
Encryption does not solve this: factories and other robot users are not worried about 
hackers reading their data, but about giving their robot supplier a view into how they 
operate, especially when that supplier also sells to their competitors.130 

Operational data reveals process know-how that firms treat as trade secrets. Its 
transfer creates intellectual property and contractual exposure across the production, 
integrator, and end-user chain. Telemetry pipelines expand cyberattack surface into 
operational technology networks, and any downstream physical incident raises 
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unresolved questions about whose data trained the failing system. Non-interoperable 
proprietary schemas make sharing technically costly even where the parties are willing. 
Industrial data is abundant in aggregate and inaccessible in practice.131 Data and 
learning can improve performance, but systems must also reach price and total-cost 
levels that make broad deployment feasible. 
 
Scale, Supplier Density, and State Support Give Chinese Producers a 
Structural Cost Advantage 
Chinese robots and components are cheaper than Western equivalents because of 
manufacturing scale, supplier density, learning effects, lower production costs, and 
state-supported market behavior. A U.S. response must separate the structural drivers 
from the policy-contingent ones. Scale and supplier density are durable: China installed 
295,000 industrial robots in 2024, 54% of global deployments, and domestic firms took 
57% of their home market, up from roughly 28% a decade ago.132 

The U.S. cost disadvantage is not primarily a function of labor rates. It rests on 
component supplier density, infrastructure readiness, capital availability, system 
utilization rates, tax and regulatory environments, and the scale of predictable end-
market demand. 

Figure 17 | Total cost of ownership encompasses a much broader financial commitment 

 
Source: SCSP Analysis 

 
131 Ryan Fletcher, et al., Tapping into dormant data can boost industrial SMEs’ competitive edge, McKinsey 
(2023). 
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The hardware purchase price also understates what a deployment costs. A robot arm 
enters service inside an engineered cell, and the cell carries costs the arm does not: 
custom software integration, safety validation, tooling and fixturing, enclosure, 
operator training, preventive maintenance, warranty and field service, financing 
interest, and security compliance. One FANUC-certified integrator puts the robot itself 
at roughly a quarter of a total cell cost.133 

Unit costs fall along predictable learning curves driven by production volume and 
supplier cluster density. China leverages dense manufacturing ecosystems, enabling 
rapid iteration and low component pricing across actuators, precision gearboxes, and 
power electronics. Conversely, integration costs in the United States remain high 
because deployment is fragmented, engineering is one-off, and digital readiness in mid-
tier manufacturing facilities is low. 

Foreign competitors do not just benefit from organic supply-chain depth. They are 
buoyed by aggressive supply-side state subsidies, public capital infusions, and highly 
clustered supplier networks, plus a culture driven by government and social attitudes 
that welcome automation and industrial innovation. Among publicly listed Chinese 
robotics firms, government subsidies have accounted for as much as 40% of net profit in 
some years.134 These once funded low-utility, high-volume producers; today, Chinese 
suppliers deliver high-performing, globally competitive systems. While the United States 
and its allies retain a decisive edge in system longevity, software integration, high-end 
compute, firmware security, and specialized application fit, they face intense price 
compression in standardized hardware categories. 

Replicating China’s low-cost legacy component supply chain is not the answer; 
bypassing the chokepoint is. China manufactures 94% of the world’s permanent 
magnets, and U.S. startups are engineering non-rare-earth motor alternatives in 
response. Industrial robots are bought in known duty cycles and serviced on predictable 
schedules, which makes them a comparatively low-risk proving ground for alternative 
magnet chemistries: performance can be observed across a defined service life before 
the technology is committed to less forgiving applications.135 Ultimately, supply-chain 
depth, suitable capital, usable data, and production volume collectively determine both 
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cost and capability. None of these elements can be solved in isolation; the U.S. strategy 
must address them as a unified ecosystem. 
 
Low Deployment Links Supply-Chain, Capital, Data, and Cost 
Constraints  
Supply chains, capital, data, and cost are not four independent problems. They are one 
system where each supplies the conditions that sustain the others. Any national strategy 
must account for how these constraints interact.  

Figure 18 | Ecosystem Interactions 

Takeaway: Each constraint supplies the conditions that sustain the others. 

 
Source: SCSP Analysis 

 
The tightest coupling runs between data and cost. Integration, not hardware, drives the 
cost of a deployment: the arm is roughly a quarter of an engineered cell, integration is 
incurred per site, and service and uptime recur across the asset’s life whereas a 
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purchase discount is realized only once.136 Integration is expensive because every cell is 
engineered once, for one process, on one vendor’s proprietary stack. Generalizable 
integration is therefore a data problem: it requires precisely the pooled operational 
data that incompatible formats and low adoption rates prevent the market from 
producing. AI could also make integration cheaper by letting robots learn new tasks 
from examples rather than being programmed by hand for each process, but those 
models are only as good as the operational data they are trained on. Simulation can 
ease some of this burden, because integrators can design and test a robot cell on a 
computer before building it. But a virtual model of a cell is only as accurate as the real-
world data used to build and check it. Simulation therefore raises the value of 
deployment data rather than removing the need for it. This creates a vicious cycle (as 
shown above): high integration cost prevents new deployment, which starves the system 
of the data needed to make integration cheaper.  

Cost pressures also force firms to entrench their existing supply chains rather than 
diversify them. Because margins on standardized hardware are so compressed, firms 
are rewarded for buying from the largest, most concentrated suppliers. Transitioning to 
new suppliers is slow and expensive, requiring up to six months to reach profitable 
production, thus making diversification a nearly impossible capital burden for under-
resourced firms. This deepens market dependency where single-vendor systems 
impede the data interoperability needed to reduce overall integration costs, while 
domestic hardware suppliers are starved out of the order volume required to become 
price competitive. Ultimately, the current market structure financially punishes firms for 
making strategically resilient decisions.  

Capital and data close the remaining loop as the deadlock described in Finding 8: 
binding orders wait on field-proven reliability, and reliability data waits on the 
manufacturing capital that only binding orders unlock. Every actor makes the financially 
rational choice, and the system stalls anyway. 

The volume of robots operating in production is the central metric connecting these 
structural challenges. High deployment acts as a multiplier: it drives down costs, 
generates capability-enhancing data, proves the field reliability needed to unlock 
demand, and creates the order volume required to sustain a domestic supply chain. 
Currently, China is exploiting this exact feedback loop to its advantage. China has built 
an installed base of industrial robots roughly five times larger than America’s, with 
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domestic firms controlling 57% of their home market. The systemic loops compounding 
U.S. stagnation are the exact ones accelerating Chinese dominance. Any effective 
policy intervention must directly target deployment volume to solve all four constraints 
at once. Initiatives that do not put physical robots into productive use, regardless of how 
heavily they are funded, will not address the central constraint.   
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Looking Forward: Converting U.S. Robotics 
Innovation into Industrial Scale 
Finding 10: A national mission is needed to start the U.S. robotics 
flywheel. 

The findings in this report point to a common conclusion. The United States does not 
lack robotics research, entrepreneurial activity, capable manufacturers, or public 
programs. It lacks a mechanism for converting those strengths into deployment and 
production at sufficient scale. Manufacturers hesitate because robotic systems remain 
costly, difficult to integrate, and insufficiently proven for many applications. Suppliers 
and integrators hesitate to invest because demand is fragmented. Workers and training 
providers face uncertain signals about future skill needs, while capital waits for evidence 
that only wider deployment can generate. Each actor’s decision can be rational in 
isolation while the system as a whole remains stalled. 

Breaking that equilibrium requires a national strategy organized around deployment. 
The number of robots operating productively in American factories is not the only 
measure of progress, but deployment is the variable that connects the others. It 
generates operating data and integration experience, creates demand for hardware, 
components, and services, and gives manufacturers and workers greater confidence in 
the technology. At sufficient scale, those effects can improve performance, reduce 
costs, strengthen suppliers, and encourage further adoption. Deployment is therefore 
not simply the final step in commercialization. It is part of the process through which the 
technology, production base, and workforce improve. 

Deployment alone, however, is not sufficient. If the United States expands adoption 
while remaining dependent on insecure supply chains or adversary-linked components, 
proprietary systems that cannot interoperate, insecure networks, or a workforce 
pipeline too thin to operate and maintain them, greater use could deepen rather than 
reduce national vulnerability. The objective must be responsible and economically 
sustainable deployment that also strengthens domestic and allied production capacity, 
cybersecurity, supply-chain resilience, and opportunity for American workers. 

A national strategy should emphasize significant onshoring of robotics hardware 
production but not require domestic production of every component, nor should the 
government select a single technological architecture. The United States should not 
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attempt to reproduce China’s state-directed industrial model. The American approach 
should mobilize the country’s own comparative strengths: private-sector competition, 
world-leading research, deep capital markets, regional manufacturing ecosystems, 
skilled workers, and close relationships with allies and partners. The government's role is 
to establish clear national objectives, address coordination failures, reduce barriers that 
individual firms cannot overcome alone, and create the conditions in which private 
investment and competition can operate at greater speed and scale. 

The four pillars identified in this report describe the mutually reinforcing elements of 
that effort. A national strategy can align fragmented federal activity, clarify standards 
and security expectations, and build public trust. A stronger talent pipeline can ensure 
that manufacturers have the technicians, engineers, integrators, and researchers they 
need while preparing workers to benefit from technological change. Wider adoption—
particularly among small and medium-sized manufacturers—can create the demand 
and operational learning needed to support a larger domestic market. A more capable 
innovation ecosystem can turn American research into commercial products, address 
critical component and financing gaps, and help firms move more reliably from 
prototype to volume production. Progress on any one pillar will be limited without 
progress on the others. 

Such a mission should be judged by national outcomes rather than by the number of 
programs created or dollars announced. Relevant measures include the breadth of 
robotics adoption across industries, regions, and smaller manufacturers; the time and 
cost required to move from assessment to productive operation; the share of pilots that 
advance to repeat deployments; domestic and allied capacity in critical components; 
the availability of integration and maintenance services; workforce entry and 
advancement; and the security and interoperability of deployed systems. These 
measures would make it possible to identify bottlenecks, assess whether interventions 
are working, and adjust course as technology and markets evolve. 

This Preliminary Report provides a diagnosis rather than a complete prescription. In its 
next phase, the Commission will evaluate the choices and tradeoffs within each pillar 
and develop recommendations for federal, state, and regional leaders; manufacturers 
and technology companies; educators and workforce-development organizations; 
workers and labor representatives; investors; and research institutions. The Final 
Report will identify where national coordination is indispensable, where government can 
best enable private action, and which strategic targets can produce measurable 
progress. 
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The United States retains substantial advantages, but the opportunity to convert them 
into durable industrial leadership will not remain open indefinitely. No single 
technological breakthrough, subsidy, or institution can create the necessary scale on its 
own. A sustained national strategy can begin the self-reinforcing cycle of adoption, 
production, learning, and innovation—and help ensure that the United States leads not 
only in the intelligence that powers the machines of the future, but also in the capacity to 
build, deploy, secure, and sustain them. 
  



 75 

Appendix & Supplemental Content 
Commission Advisors and Staff 

Evan Beard 
Standard Bots 

Dr. Martial Hebert 
Carnegie Mellon University 

Hunter Koski 
AUVSI 

Ira Moskowitz 
Former ARM Institute 

Dr. Lynne Parker 
Former OSTP 

Joe Pasetti 
Teradyne 

Jorgen Pedersen 
ARM Institute 

Michael Robbins 
SIA 

Fady Saad 
Cybernetix Ventures 

Tony Samp 
DLA Piper 

Dr. Nadia Schadlow 
Former Deputy NSA 

Dr. Peter Stone 
UT Austin 

Dr. Dawn Tilbury 
University of Michigan 

T’Neil Walea 
Siemens 

 

 
Martijn Rasser 

Vice President, SCSP 

 
 

Veronica Jijon 
SCSP Staff 

 

 
Alec Sheres 
SCSP Staff 

Sarah Yoon 
SCSP Staff 

 

Caroline Armstrong 
Former SCSP Advisor 

 

Senjin Naolu 
Former SCSP Staff 

 

  



 76 

Glossary of Terms 
Actuator: The robotic component that produces a robot's motion. 

Attack Surface: The full set of ways a cyber attacker could get into a system. 

Autonomous Mobile Robot (AMR): A robot that drives itself around a facility, 
autonomously navigating rather than following a fixed track. 

Ball Screw / Linear Guide: Precision mechanical parts that convert a motor's spin into 
straight-line motion. Used throughout robot arms and machine tools. 

Bill of Materials (BOM): The complete parts list for a product. 

CNC Machine (Computer Numerical Control): A cutting or shaping machine driven by a 
computer program. 

Collaborative Robot (Cobot): A robot designed to work safely alongside people without 
a protective cage. 

Digital Twin: A detailed virtual model of a machine, work cell, or entire factory that 
mirrors the real one. 

Duty Cycle: The pattern of how much a machine runs versus rests over a given period. 

Firmware: Specialized software permanently embedded into a hardware device to 
provide low-level control and operating instructions. 

First-Article Approval / Production Part Approval Process (PPAP): The formal 
qualification a new supplier must pass before volume production begins. 

Fixturing: The clamps, jigs, and holders that position a part for a robot or machine to 
work on. 

Form Factor: The primary physical form of a robot, e.g. humanoid, quadruped, arm. 

High-Volume Low-Mix (HVLM): Manufacturing of a large amount of very similar or 
near-identical products, e.g. car manufacturers. 

Humanoid Robot: A robot roughly resembling a human shape, typically with a head, a 
torso, two arms, and two legs. 
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Industrial Robot: A programmable machine used to perform physical tasks in an 
industrial setting. 

Industry 4.0: The current phase of industrial development that integrates advanced 
digital technologies, automation, and real-time data into manufacturing and industrial 
processes. 

Installed Base / Operational Stock: The total number of robots in service in a country. 

Interoperability: The ability of equipment and software from different vendors to work 
together and exchange data. 

LiDAR: A sensor that builds a 3D map of its surroundings. 

Low-Code Interface: A sensor that builds a 3D map of its surroundings. 

Low-Volume High-Mix (LVHM): Manufacturing of a variety of different products in 
small amounts, e.g. defense system components. 

Manufacturing Extension Partnership (MEP): A nationwide network of 51 centers, 
funded through the National Institute of Standards and Technology and non-federal 
partners, with at least one in every state, that gives small and medium manufacturers 
hands-on, vendor-neutral technical advice on modernization, including automation. 

Manufacturing USA: A network of 18 federally sponsored public-private institutes, each 
focused on a specific advanced manufacturing technology, that connect industry, 
universities, and government through shared research, pilot facilities, and workforce 
training. 

Mechatronics: The combined discipline of mechanical, electrical, and software 
engineering required to build and maintain automated systems. 

Mobile Manipulator: A robot that pairs a moving base with one or more arms, allowing 
it to autonomously navigate and physically handle objects. 

Operational Technology (OT): The computers and networks that directly control 
physical equipment on a factory floor. 

Permanent Magnet: A magnet that holds its magnetic field without any electricity, 
essential to the compact, efficient motors inside robots. The highest-performance 
versions depend on rare-earth elements. 
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Physical AI: Artificial intelligence embodied in machines that sense and act in the real 
world. 

Precision Reducer (Harmonic or Strain Wave Reducer): A specialized gearbox that 
converts a motor's fast, weak rotation into the slow, strong, highly precise movement a 
robot joint requires. 

Predictive Maintenance: Using sensor data to service equipment shortly before it is 
likely to fail. 

Programmable Logic Controller (PLC): The rugged industrial computer that sequences 
and controls machinery on a production line. 

Quadruped: A four-legged robot. 

Rare-Earth Elements: A group of seventeen metals used in high-performance magnets 
and electronics. 

Robot Cell: The complete engineered workstation built around a robot, including safety 
perimeters. 

Robot Density: Robots installed per 10,000 manufacturing employees. 

Robotics-as-a-Service (RaaS): A subscription arrangement in which a manufacturer 
leases robots while the provider owns the hardware and handles integration and 
maintenance. 

Small- and Medium-Sized Manufacturer (SMM): A manufacturer that is small or 
medium in size; exact definitions vary by country, industry, and organization. 

Standards Development Organization (SDO): A body that convenes industry, 
academic, and regulatory experts to write the technical and safety standards products 
are built and certified against. 

Sub-Tier Supplier: A supplier to a company’s supplier. 

System Integrator: A specialist firm that integrates a robot into a factory or 
manufacturing process. 

Tactile and Force-Torque Sensing): Sensors that let a robot feel, detecting contact, 
pressure, and how hard it is pushing or twisting. 
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Testbed: A shared facility where new robotic systems can be trialed under realistic 
conditions before being committed to a live production line. 

Tooling: The custom molds, dies, jigs, and fixtures a factory must build before it can 
produce a specific part. 

Total Cost of Ownership (TCO): The full lifetime cost of a robot including integration, 
operator training, maintenance, downtime, spare parts, financing interest, warranty, 
field service, and security compliance. 

Unstructured Environment: A workspace that is not tightly controlled or predictable. 

Upskilling / Reskilling: Upskilling teaches existing workers new capabilities for the job 
they already hold; reskilling trains them for a different job entirely. 
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Form Factor Finance Research 
Intro and Purpose 
The American robotics venture capital landscape is undergoing a rapid expansion. In 
recent years, following advancements in AI, VC deal activity in robotics has spiked. 
Capital is flowing into the sector at record rates.137 Even so, the Commission must better 
understand the nature of this activity to provide informed policy recommendations in its 
final report. 

To that end, this research investigates the distribution of that venture funding, 
specifically the concentration of funding for humanoid robots and new software, 
compared with other form factors and products. This analysis does not judge the 
appropriate distribution; it provides a clearer picture of the status quo. 

Data 
The data for this analysis is sourced from PitchBook’s extensive startup database.138 The 
database was queried for U.S.-headquartered, venture-backed companies in robotics 
and robotics-related industries. SCSP then further filtered the data to exclude 
companies that were primarily focused on drones, military systems, or self-driving cars. 
The firms were then sorted into one of the following categories: 

1. Humanoid Robots 
2. Quadruped Robots* 
3. Warehouse Robots 
4. Industrial Robots 
5. Medical and Lab Robots 
6. Retail Robots 
7. Space Robots* 
8. Robot Software 

* Only one company was categorized as either Space or Quadruped robots, and both 
were removed from aggregate visuals. They remained part of the data analysis. 
While some of these categories overlap (e.g., humanoid robots designed for 
warehouses), if a company fell into multiple of these categories, it was placed into the 
category higher on the list. For example, any company building humanoids was 

 
137 Ali Javaheri, Robotics & Physical AI VC Trends, PitchBook (2026). 
138 PitchBook’s Research Process, PitchBook (Accessed 2026). 

https://pitchbook.com/news/reports/q1-2026-robotics-physical-ai-vc-trends
https://pitchbook.com/help/pitchbook-research-process
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categorized as a humanoid company, regardless of the use case. Robot software 
companies were only categorized as such if they did not produce their own robotic 
hardware. “Retail Robots” refers to robots designed either to be sold directly to end 
consumers for household use (such as a robot vacuum), or robots that interact directly 
with an end consumer (for example, one company makes a robot tattooist). 

Importantly, this dataset only included venture-backed companies that had not 
“exited,” meaning the companies have not been acquired by another company or 
undergone a merger, have not gone public through an IPO, and have not gone out of 
business and liquidated their assets. 

This process yielded 625 company observations with sufficient fidelity for analysis. The 
analysis focused primarily on differences in total funding for humanoid and software 
companies. It also examined differences in last-round size and how they changed over 
time. Summary statistics appear below. 

Methodology 
In addition to examining aggregate statistics, we performed two regressions for this 
analysis. The first regression looked at the relationship between total funding a 
company has received and the primary form factor of the company’s products. The 
regression used the following model: 

1. 𝑇𝑜𝑡𝑎𝑙𝐹𝑢𝑛𝑑𝑖𝑛𝑔	 = 	𝛽! +	𝛽"𝐻𝑢𝑚𝑎𝑛𝑜𝑖𝑑	 +	𝛽#𝑆𝑜𝑓𝑡𝑤𝑎𝑟𝑒	 +	{𝛽$} 	 ∙ {𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠} 
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In this model 𝐻𝑢𝑚𝑎𝑛𝑜𝑖𝑑 and 𝑆𝑜𝑓𝑡𝑤𝑎𝑟𝑒 are binary indicator variables denoting whether 
a company is a humanoid robot or a robot software company (these categories are 
exclusive). 𝛽"  represents the difference in expected funding between humanoid and 
non-humanoid, non-software robotics companies, holding the model’s controls 
constant. 𝛽# represents the corresponding difference between software and non-
humanoid, non-software companies. {𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠} represents a vector of binary indicator 
variables representing the year a company was founded and the year of its last 
financing round. 

The second regression looked at the relationship between the size of a company's last 
financing round and the company’s primary product form factor and last funding year, 
while explicitly testing whether funding trends over time differ depending on the type of 
company. It used the following regression model: 

2. 𝐿𝑎𝑠𝑡𝐹𝑖𝑛𝑎𝑛𝑐𝑖𝑛𝑔𝑆𝑖𝑧𝑒	 = 	 𝛿! +	𝛿"𝐻𝑢𝑚𝑎𝑛𝑜𝑖𝑑	 +	𝛿#𝑆𝑜𝑓𝑡𝑤𝑎𝑟𝑒 + 𝛿%{𝐿𝑎𝑠𝑡𝐹𝑖𝑛𝑎𝑛𝑐𝑖𝑛𝑔𝑌𝑒𝑎𝑟} + 
		𝛿",%𝐻𝑢𝑚𝑎𝑛𝑜𝑖𝑑 ∙ {𝐿𝑎𝑠𝑡𝐹𝑖𝑛𝑎𝑛𝑐𝑖𝑛𝑔𝑌𝑒𝑎𝑟} + 𝛿#,%𝑆𝑜𝑓𝑡𝑤𝑎𝑟𝑒 ∙ {𝐿𝑎𝑠𝑡𝐹𝑖𝑛𝑎𝑛𝑐𝑖𝑛𝑔𝑌𝑒𝑎𝑟} +	 

{𝛿$} 	 ∙ {𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠} 

Unlike model 1, this model includes the interactions between 𝐻𝑢𝑚𝑎𝑛𝑜𝑖𝑑 and 𝑆𝑜𝑓𝑡𝑤𝑎𝑟𝑒 
and {𝐿𝑎𝑠𝑡𝐹𝑖𝑛𝑎𝑛𝑐𝑖𝑛𝑔𝑌𝑒𝑎𝑟}, or the set of binary indicators representing the last financing 
year. The {𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑠} vector again includes binary indicators for the year the company 
was founded. 𝛿" + 𝛿",% represents the expected difference in last-financing size for a 
humanoid company in year 𝑌 compared to a non-humanoid, non-software company in 
year 𝑌. 𝛿# + 𝛿#,% represents the expected difference in last financing size for a software 
company in year 𝑌 compared to a non-humanoid, non-software company in year 𝑌. 
Fewer observations were available for this regression as not all companies had the last 
financing round size included. 

Results 
Aggregate statistics show that humanoid companies accounted for roughly 22% of the 
total funding, yet they only accounted for 3% of the total companies. Funding was more 
proportionate to company counts in other categories, except for the industrial-robot 
category, which received a substantially smaller share of total funding compared to its 
portion of total companies (35.7% of funding compared to 52.5% of companies).  
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Both regressions also found statistically significant results. Regression 1 found that 
humanoid firms received an estimated $192.8 million more in funding than non-
humanoid, non-software robot firms all else equal, with a p-value below 0.01. There 
was no statistically significant difference for software robot firms.  
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Regression 2 found that humanoid companies had last-round financing amounts an 
estimated $247.48 million and $312.66 million greater than non-humanoid and non-
software robotics companies in 2025 and 2026, respectively, and all else equal, which 
represent just under and just over two standard deviations. Both of those results were 
statistically significant with a p-value below 0.01. There were no other statistically 
significant results. 
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Interpretation 
These results indicate that humanoid companies receive a disproportionate share of 
robotics venture funding, with the second regression indicating that the disparity is 
particularly acute in the last two years. There are some limitations to these results.  

In particular, because the dataset only includes companies that have not “exited” 
through various mechanisms including going out of business, the regression results could 
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be explained if humanoid companies need greater capital to survive or are more likely 
to go out of business.  

Under either assumption, we would expect to see far fewer humanoid companies 
included in our data, and we would be much more likely to see humanoid companies that 
had successfully raised large amounts of capital in the dataset. This would also explain 
the premium in financing size of humanoids in the last two years, as under these 
assumptions, the companies contributing to that data would be more likely to be raising 
later-stage rounds, which are typically larger.  
 
These assumptions are further supported by the small number of humanoid companies, 
which are on average younger than the non-humanoid companies, with a mean two 
years younger, and a median four years younger. This would not, however, explain the 
disproportionate share of total funding attributable to humanoid companies. Under 
these same assumptions, we would expect the aggregate data to be underestimating 
the total funding humanoid companies receive in comparison to other robotics 
companies. 

Conclusion and Discussion 
This report finds that humanoid robotics companies receive a disproportionate amount 
of venture and early-stage capital compared to non-humanoid robotics companies. 
There are many potential explanations for this. As an emerging technology, humanoids 
may receive more attention from early-stage investors, while other, more developed, 
areas of robotics may receive capital through other mechanisms. In such a case, it would 
be natural for humanoids to be more dominant in the robotics venture capital 
ecosystem. Alternatively, investment in humanoids may be driven by market narrative 
and speculative enthusiasm more than immediate commercial fundamentals. A 
combination of both effects could also be at play.  
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Wage Trend Research 
Methodology: Combining CES Industry Trends with OEWS 
Occupation Benchmarks  
This appendix documents the methods behind the report’s wage figures. The analysis 
has three stages. First, it compares all-employee and production-and-nonsupervisory 
average hourly earnings in manufacturing to remove the upward skew introduced by 
managers, engineers, and administrative staff. Second, it tracks manufacturing 
production-and-nonsupervisory earnings against the corresponding CES series for five 
other sectors. Third, it compares May 2025 OEWS using entry- and senior-level wage 
percentiles for six selected frontline occupations. Together, these stages describe 
changes in observed wage differentials; they do not estimate a wage premium adjusted 
for worker characteristics.  

Data sources 
Two Bureau of Labor Statistics (BLS) survey programs anchor the analysis. 

● The Current Employment Statistics (CES) survey supplies monthly average hourly 
earnings by industry and worker category, enabling the time-series comparisons.  

 
● The May 2025 Occupational Employment and Wage Statistics (OEWS) survey 

supplies occupation-level wage distribution for the cross-sectional comparison. 
 
CES does not report occupation-level wages, while OEWS provides an annual cross-
section rather than a monthly time series. The analysis therefore uses CES to assess 
industry trends and OEWS to compare selected occupations at one point in time; the 
datasets are complementary but are not directly merged. CES nominal earnings are 
deflated with the CPI-U and expressed in January 2000 dollars, consistent with the 
figures. 

Methodology 
Real-wage construction. The analysis compares two CES manufacturing series, both 
deflated with the same CPI-U index: average hourly earnings for all employees and 
average hourly earnings for production and nonsupervisory employees. The gap 
between the series reflects differences in the workers included in each average; it 
should not be interpreted as a causal estimate of the effect of managers, engineers, or 
administrative staff on pay. The production-and-nonsupervisory manufacturing series 
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is then compared with the corresponding series for construction; retail trade; 
transportation and warehousing; education and health services; and leisure and 
hospitality. 

Occupational benchmark selection. CES reports by industry; OEWS reports by 
occupation. Because there is no one-to-one mapping, the OEWS comparison uses one 
illustrative frontline occupation for each CES sector rather than statistically linking the 
datasets. The selection proceeds in two steps. 

1. Each CES sector is associated with the two-digit SOC major group that most 
closely represents its frontline workforce—for example, Production Occupations 
(SOC 51-0000) for manufacturing. 

2. Within each major group, one nonmanagerial occupation is selected using two 
criteria: no typical four-year-degree requirement and work representative of a 
substantial frontline segment of the sector. The comparison excludes 
management, engineering, and office and administrative support occupations. 
The resulting six benchmarks and the inclusion and exclusion rules are listed in the 
table below. 

  
Percentile benchmarks. Two May 2025 OEWS percentiles are reported for each 
benchmark occupation: the 25th percentile—the applied convention for approximating 
entry-level pay, and the 90th percentile—the standard benchmark for senior or 
experienced workers within a non-managerial occupation. Applied consistently across 
the six selected occupations, they support a comparison of lower- and upper-end pay in 
those roles. 

Interpretation and Limitations 
The CES comparisons are descriptive averages, not regression-adjusted estimates. 
They do not control for differences in worker education, experience, occupation mix, 
geography, union coverage, or other factors that can affect wages. The OEWS 
comparison likewise reflects selected occupations at one point in time (May 2025). The 
analysis therefore supports a narrower conclusion: manufacturing’s observed wage 
advantage over several frontline alternatives has narrowed; it does not by itself 
establish why the change occurred or the size of an adjusted manufacturing wage 
premium. 
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