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Executive Summary 

While the world has focused its attention for the last three years on generative 
artificial intelligence, chatbots, and new model releases coming from frontier AI labs, a 
quieter revolution is taking place that many believe represents the next stage in AI 
development: the arrival of Physical AI. Like the iPhone’s introduction in 2007, 
AlexNet’s victory in the 2012 ImageNet competition, and ChatGPT’s release in 2022, 
analysts and industry representatives believe a similar breakthrough is imminent.  

Physical AI “lets autonomous systems like robots, self-driving cars, and smart spaces 
perceive, understand, and perform complex actions in the real (physical) world.”1 
NVIDIA has declared “in the near future, everything that moves, or that monitors things 
that move, will be autonomous robotic systems.”2 OpenAI reportedly re-opened its 
robotics division in early 2025 to capitalize on the convergence of AI and robotics, 
while startups from Shanghai to Silicon Valley building the “brains” of robots are 
raising hundreds of millions of dollars.3 Electric vehicle makers Tesla and XPeng are 
racing to develop humanoid robots of their own.4  Meanwhile Amazon, which reports 
having one million robots in operation today, believes “Physical AI is about to change 
everything for robotics [including] autonomy, manipulation, sortation, and computer 
vision.”5 Adding to this enthusiasm, analysts at Morgan Stanley assert the market for 
humanoid robots will grow from tens of millions of dollars today to reach $5 trillion by 
2050.6 

Yet the convergence of AI and robotics is so new that the field lacks a shared name, to 
say nothing of a mature technology stack. Some companies call this convergence 
“embodied AI” while others prefer “physical AI,” “embodied machine intelligence,” or 
“generative physical AI.”7 It is not at all clear if the hype around AI progress can 
translate into robots finding their way through the physical world: autonomous three-
dimensional navigation of dynamic environments requires a mature software, 
hardware, and data ecosystem that simply does not exist at scale today. NVIDIA states 
part of the problem plainly: “Large language models are one-dimensional, able to 
predict the next token, in modes like letters or words. Image- and video-generation 
models are two-dimensional, able to predict the next pixel. None of these models can 
understand or interpret the 3D world.”8 

The primary challenges facing Physical AI are the same ones that have troubled the 
robotics industry for generations: technology barriers and economic barriers. Parts of 
the robotics supply chain remain in their industrial infancy, key hardware technology 
breakthroughs remain elusive, and even recent advances are not ready for scalable 
manufacturing. Batteries, motors, sensors, and actuators evolve far more slowly than 
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algorithms and software, and scalable manufacturing requires large amounts of 
patient capital. In addition, much of the supply chain for robotics components is 
commoditized, and the relatively slim margins dissuade innovative startups from 
competing with established incumbents. Adding to these challenges, each robotics 
company is pursuing its own unique approach, meaning the supply chain of 
components and parts remains largely non-standardized, hampering scalability and 
adding cost. The gap between impressive demonstrations in controlled environments 
and the promise of millions of affordable robots acting independently as they navigate 
the world is enormous. 

The focus of this paper is on characterizing the convergence of Physical AI and 
robotics, its underlying supply chain, and identifying competitive advantages as well as 
constraints. This paper provides background on the technology and describes the 
ecosystem and supply chain of hardware and software suppliers supporting the 
technology. It then characterizes competitiveness worldwide using bibliometrics, 
patents, investment data, and industry reports to determine firm leadership, 
constraints, and breakthroughs across the technology ecosystem from AI foundation 
models and software to hardware component and robot manufacturers as well as end 
users. It concludes with a summary of drivers and positive trends, as well as 
constraints and limiting trends with an eye towards opportunities policymakers 
interested in promoting the tech industry’s next breakthrough moment can consider. 

This paper builds on previous CSET research looking at the robotics patent landscape 
to characterize competitiveness using CSET’s Map of Science and separate research 
that proposed a methodology for identifying and characterizing an emerging 
technology.9 It concludes by introducing a template that could be used by policymakers 
interested in global competitiveness assessment of other emerging technologies. 

 

https://sciencemap.eto.tech/
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Introduction  

Physical AI equips autonomous machines with cognitive reasoning and spatial 
knowledge, enabling them to learn from their interactions and respond in real time.* 
These autonomous machines take many different forms, and the field is emerging in 
near real time such that the final, optimal form(s) Physical AI takes may not yet be 
invented. Current enthusiasm for Physical AI primarily centers on integration with 
robotics. In general, humanoid, industrial, and autonomous mobile robots (AMRs) are 
emerging as leading instantiations of Physical AI.10 These robots rely on a technology 
ecosystem to support their “brain” (simulation and vision software, data science, 
semiconductors, and AI models (including LLMs and multimodal foundation models)) 
as well as their “body” (sensors, batteries, (more) semiconductors, actuators, and other 
physical hardware).11  

Figure 1: Notional Hardware Inputs for a Humanoid Robot 

 
Source: Morgan Stanley Research.12 

 
* This definition is derived from: https://www.cadence.com/en_US/home/explore/physical-ai.html. The 
terms Physical AI and Embodied AI are closely related and frequently used interchangeably. Physical AI 
typically refers to AI systems that can perceive, reason about, and interact with the physical world. 
Embodied AI usually refers more specifically to AI systems that have a physical form or “body” that 
allows them to directly experience and interact with the world. The key difference is that physical AI is a 
broader concept that includes AI systems that reason about or affect the physical world. 

https://www.cadence.com/en_US/home/explore/physical-ai.html
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Robots that assist with everything from factory automation to hazardous work 
environments have been a dream for decades. This dream has repeatedly run into the 
reality that core hardware and software innovations underlying the robotics ecosystem 
have matured at different times. Until recently, collecting the data and compute 
necessary to train robot systems in simulated environments was expensive, training 
robots in the real world took too long, and simulation-based training resulted in robots 
ill-equipped for real-world settings.13 Adding to these challenges, no standard bill of 
materials to build robots exists, making for multiple heterogeneous ecosystems of 
components and suppliers, each pursuing their own preferred solution. 

A recent convergence of AI advances and improvements in the underlying hardware 
supply chain that supports robotics accounts for the growing sense that a 
breakthrough in Physical AI is imminent. This change in sentiment has encouraged 
large investments to accelerate AI and robotics convergence, both within large public 
companies and the venture capital and startup communities.14 The sum of these 
advances suggest the emergence of a positive feedback loop whereby better AI 
models improve robot capabilities, improved prospects for deployment of AI-
empowered robots attracts investment, increased investment allows startups and 
established firms to mature and scale hardware production, and better hardware 
allows for improved data collection that can feed back in to enhanced AI improvements 
that optimize robot performance. In theory, this feedback loop promises a new scaling 
law similar to Moore’s Law in the semiconductor industry: consistent improvement in 
robot capability and performance at steady to declining costs.15 

Policymaker interest in AI and AI applications remain high. This interest is motivated by 
economic and social factors as well as national security. Within the context of Physical 
AI, AI-robotics convergence offers a potential solution to looming labor shortages, 
especially in manufacturing, logistics, and healthcare industries. Likewise, the 
economic appeal of a robot workforce that can work continuously and consistently 
with a level of precision that exceeds human ability holds clear economic appeal for 
manufacturers. Additionally, robots can work in dangerous environments unsafe for 
humans, promising to reduce the thousands of fatal occupational injuries that happen 
in the United States alone annually.16 Finally, military interest in robotic applications 
has persisted for decades and remains high, particularly in the United States and 
China.17 

Yet despite the favorable convergence of AI-driven breakthroughs and intense public 
interest, the robotics revolution has not arrived on time, and further delays seem 
inevitable. New industrial robot installations declined worldwide from 2023-24 in 
spite of hoped-for progress that automation would alleviate impending manufacturing 
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labor shortages in the U.S., China, and elsewhere.18 Industrial robots well-suited to 
work with solid physical objects (boxes, car parts, consumer electronics) fail 
spectacularly when presented with soft and stretchy objects common in textile 
manufacturing.19 Humanoid robots in 2026 can complete half marathons, dance in 
festivals, and walk with a human-like gait, but they struggle to independently navigate 
down a street, cannot handle tasks requiring dexterity, and rarely exceed human 
performance in warehouse settings.20 Robots continue to do best when designed, 
trained, and deployed for discrete tasks and fail when forced to adapt. It is not clear 
how much the introduction of AI can and will resolve these persistent challenges. 

Against the backdrop of these technical headwinds, economic competition over AI in 
general is adding urgency to AI-robotics progress specifically. Chinese firms are 
leveraging a diverse, flexible, and scalable manufacturing base to take the lead in the 
supply of key robotics hardware components, developing a wide variety of robots 
domestically, and leading the world in robot installations. U.S. firms like NVIDIA and 
Meta are releasing open-source AI-robotics models in the hopes that they can seed an 
innovation ecosystem with their preferred software (much like NVIDIA accomplished 
with its GPUs and CUDA toolkit), and U.S. investment in robotics startups is surging. 
Firms in Asia and Europe control the supply of key hardware components and software 
and, in some cases, continue to enjoy first-mover advantages as robotics end users. 

This paper begins by mapping the robotics supply chain that supports Physical AI. 
“Manifesting Physical AI” and “Building Sentient Silicon” describe the hardware and 
software supply chains underlying AI-robotics convergence and summarize recent 
breakthroughs. Next, the paper presents a competitiveness assessment of AI-robotics 
convergence from two perspectives. First, using resources from CSET’s Emerging 
Technology Observatory, bibliometrics, investment data, and patent filings are 
analyzed to identify countries and companies leading in AI-robotics convergence.21 
Second, the specific segments of the supply chain introduced earlier are evaluated with 
an eye toward company- and country-level leadership. This section expands on a 2024 
RAND methodology and combines it with previous CSET research as well as CSET 
bibliometric resources to quantitatively and qualitatively assess leadership, 
breakthroughs, roadblocks and signals of Physical AI emergence.22  

 

https://eto.tech/
https://eto.tech/
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Scoping and Defining the AI-Robotics Supply Chain 

This section presents the basic industry mapping of the Physical AI ecosystem, 
focusing on hardware and software in particular. The first section (“Manifesting 
Physical AI”) defines what a robot is (and is not), introduces the different forms robots 
currently take, describes the core hardware subcomponents on which all different 
varieties of robots rely, and summarizes recent component breakthroughs that have 
contributed to the current enthusiasm around AI and robotics. The second section 
(“Building Sentient Silicon”) describes the various instantiations of software that 
support AI-robotics convergence. It describes breakthroughs in large language models, 
multimodal models, reinforcement learning, and simulation-to-reality transfer that 
have contributed to the current enthusiasm for AI. In addition, it describes the various 
layers of compute underlying these software advances (a key enabling part of this 
supply chain) as well as the role of real-world and synthetic data and robotics 
simulation and operating system software. 

Manifesting Physical AI: Describing the Robotics Hardware Supply Chain 

The leading international robotics association defines a robot as “an actuated 
mechanism programmable in two or more axes with a degree of autonomy, moving 
within its environment, to perform intended tasks.”23 Helpfully, it also explains 
specifically what they do not consider a robot: software, drones, voice assistants, 
autonomous cars, ATMs, and smart washing machines are not considered robots.* In 
the context of Physical AI, robots are often thought of as autonomous mobile robots 
(AMRs), manipulator arms or humanoids.24 There are dozens of other types of robots, 
including quadruped (dog-like) robots, medical robots (designed to assist with surgery, 
for example), and collaborative robots (or “cobots,”) that work with a human-in-the-
loop, typically in industrial environments. In general, all robots typically consist of five 
core hardware systems: 

- Structural components provide the physical framework, support, and protection 
for all other systems. For humanoid robots, as the name implies, these structural 
components are anthropomorphic and generally are designed to provide joint, 
weight distribution, movement, and manipulation that mimics human form.  

- Actuation systems generate and control physical movement. For industrial 
robotics, these systems rely on precision motors that can operate repeatedly at 

 
* There is room for disagreement about what constitutes a robot based upon this definition, but for the 
sake of accurately representing the data IFR collects, this paper uses the IFR definition when referring to 
statistics on robotics adoption cited in subsequent sections. 
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high speeds, manipulating heavy loads. For humanoid robots, these systems can 
require more precision and less load-bearing ability.  

- Power systems provide and distribute energy to all systems. Industrial robots 
are usually connected to a fixed power supply, while humanoid robots and 
AMRs rely on batteries.  

- Computing systems process sensor data and control robot behavior, with 
humanoid robots having the most complex compute stack and industrial robots 
among the least compute-intensive.  

- Sensor systems perceive the environment in which the robot operates as well 
as its internal state and include cameras, sensors for depth perception, 
torque/force, joint position, and LiDAR. 

The robotics hardware supply chain suffers from a lack of standardization, which 
hampers economies of scale for component suppliers who are instead forced to supply 
hundreds or thousands (at most) of different products to meet demand. This in turn 
limits the component supplier margins and their ability to reinvest in future advances. 
As Table 1 shows, while all robots share these five types of components in general, 
the specification to which each of these components is rated, their operating 
environment, and intended end use necessitate a high level of customization. 
Additionally, more complex robots inherently require more materials, gears, 
mechanisms, and compute, all of which drive up costs. 
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Table 1: Hardware Bill of Materials for Three Types of Physical AI-Powered Robots 

 Humanoid Robot Industrial Robot Autonomous Mobile 
Robot 

Example 

   

Physical 
Structure 

 
o Full-body frame with ~20-30 

degrees of freedom 
 

o Anthropomorphic proportions and 
joint designs 

 
o Lightweight materials (carbon fiber, 

aluminum alloys) 
 

 
o Heavy-duty fixed base 

 
o Rigid arm links (4-7 

segments) 
 

o Industrial steel, 
aluminum 

 
o Wheeled-base 

platform 
 

o Payload structure 
 

o Protective 
bumpers/housing 

Actuators o 20-30+ high-performance electric 
motors/actuators 
 

o Custom gearboxes with high torque 
density 

 
o Specialized joint mechanisms (series 

elastic, direct drive) 
 

 
o 6-7 high-precision 

servo motors 
 

o Industrial gearboxes 
o Braking systems 

 

 
o 2-4 drive motors 

with wheels 
 

o Optional lift 
mechanism 

Power  o High-density battery packs (2-4 kWh 
typical) 
 

o Power distribution system 

 
o Fixed power supply 

(typically no battery) 
 

 
o Battery pack (1-3 

kWh typical) 
 



 

 Center for Security and Emerging Technology | 10 

 
o Thermal management system 

 
o Electrical cabinet 

 
o Charging interface 

Compute  o High-performance onboard computer 
(often multiple) 
 

o GPU/TPU for AI inference 
 

o Multiple microcontrollers for low-
level control 
 

 
o Industrial controller 

 
o Safety PLC 

 
o Teach pendant 

interface 

 
o Navigation computer 

 
o Motor controllers 

 
o Fleet management 

interface 

Sensors o Stereo/depth cameras (2-4) 
 

o Force/torque sensors at key joints 
 

o IMUs for balance 
 

o Tactile sensors for hands/grippers 
 

o Microphones for audio input 

o Encoders at each joint 
 

o Limited external 
sensing 

 
o Optional vision system 

for guidance 

o LiDAR for navigation 
(1-2 units) 
 

o Cameras for object 
detection 
 

o Proximity sensors 
 

o Wheel encoders 

Cost 
Range 

$50-$500k $20-150k $15-80k 

Source: For the complete list of data sources for this table, please refer to the endnote.25 

The technology for each of these hardware components matured at different times, 
though recent breakthroughs across the hardware stack are adding to industry and 
investor enthusiasm (Table 2). Actuators have gotten more powerful and accurate, 
sensors are decreasing in cost and increasing in quality, commercial off-the-shelf 
microelectronics contain more than enough compute for most current robots, and 
battery technology continues to improve. Recent research from financial analysts 
suggests that for humanoid robots, only certain sensors (6D torque sensors, tactile 
sensors) and actuating components (planetary roller screws) currently lack mass 
producibility such that they present a bottleneck to overall humanoid robotics 
manufacturing scaling.26  
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Table 2: Breakthroughs and Advances Hardware for Physical AI and Leading 
Component Suppliers 

Improved Actuators: More power-
dense, responsive, and affordable 
electric motors and hydraulic 
systems. 

 

Sensor Technology: Better cameras, 
depth sensors, tactile sensors, and 
inertial measurement units (IMUs) at 
lower costs. 

Compute Integration: More 
powerful onboard computing 
enabling real-time decision-making. 

Battery Technology: Improvements 
in energy density are making longer 
operation times practical, especially 
for humanoid robots and AMRs. 

Materials Science: Advanced 
lightweight, strong materials for 
robot construction. 

Source: For the complete list of data sources for this table, please refer to the endnote.27  

This is an optimistic view of the hardware supply chain. Other recent research has 
observed that imitation of hand-like movements and dexterous manipulation in 
humanoid robots remains quite difficult due to both hardware and software 
constraints.28 More generally, the highest-performing robots continue to be those 
whose hardware and software stack is optimized for specific tasks such as sorting 
boxes or moving pallets in a warehouse. Generalizable AI-powered robots capable of, 
for example, working on an automotive assembly line in one moment and pivoting to 
sort through a bucket of hundreds of mismatched screws the next, remain aspirational. 
These constraints will be discussed in greater detail below. 
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Building Sentient Silicon: AI Advances and the Robotics Software Supply Chain 

At the same time the hardware stack has matured, recent advances in AI have changed 
how robots are trained, how they learn, how they interpret real-world feedback, and 
the sources of data on which robots can “learn,” adding to overall enthusiasm that AI is 
accelerating the arrival of a breakthrough moment for robotics. As NVIDIA’s CEO 
recently put it, “we need to build the AI to build the robots.”29 Specifically, advances in 
Large Language Models, Multimodal Foundation Models, Reinforcement Learning (RL), 
and Simulation-to-Reality (Sim2Real) Transfer suggest that robotic reasoning, 
perception, skill acquisition, and training are poised for categorical improvement. The 
software supply chain that supports robotics development lacks clear definition and 
theoretically could extend all the way upstream to the instruction set architectures and 
electronic design automation tools used by chip designers to optimize the performance 
of compute for robotics. This section takes a narrower view and focuses on the specific 
AI algorithmic breakthroughs that have occurred recently to support AI-robotics 
convergence as well as the underlying layer of compute that enables these 
breakthroughs. 

Within the context of robotics software for training and inference, LLMs provide high-
level reasoning, multimodal models handle perception and object understanding, RL 
enables skill acquisition, and sim2real makes training feasible at scale (Table 3).30 
Together, they create a technical ecosystem where robots can understand what 
humans want (LLMs), perceive the relevant aspects of their environment (multimodal 
models), learn how to accomplish tasks efficiently (RL), and do so using relatively 
inexpensive simulated data (sim2real) instead of expensive real-world training. As 
successive breakthroughs have occurred in recent years across each of these areas, 
researchers believe the day is fast approaching when general-purpose Physical AI 
systems may finally be commercially viable across multiple domains rather than just in 
structured industrial settings. 
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Table 3: Breakthroughs and Advances in Software/Algorithms for Physical AI31 

Large Language Models (LLMs): Successive generations of LLMs demonstrated 
that foundation models could serve as reasoning engines for robots, enabling them 
to understand verbal human instructions in real time, decompose complex tasks 
into simpler steps, and adapt plans when encountering obstacles. 

Multimodal Foundation Models: Systems that integrate vision, language, and 
reasoning provide a more holistic understanding of physical environments. These 
models enable robots to see objects, understand what they are, reason about their 
properties, and manipulate them appropriately. For example, a robot can visually 
identify an unfamiliar tool, understand its purpose from its visual features, and 
determine how to use it—all without prior specific training on that exact tool.  

Reinforcement Learning: Modern RL (e.g., offline RL, model-based RL) approaches 
can learn from diverse datasets of robot experiences and use predictive models to 
imagine outcomes before taking actions, reducing the amount of real-world data 
needed for robots to master skills like manipulation and locomotion. 

Sim-to-real transfer: Better simulation tools and transfer learning techniques 
bridged the gap between simulated training and real-world deployment, 
addressing a fundamental economic challenge in robotics: the cost and time 
required to collect real-world training data. By shifting most training to simulation, 
developers can iterate quickly, test in diverse scenarios, and train data-hungry 
deep learning models without the constraints of physical training environments. 

Source: For the complete list of data sources for this table, please refer to the endnote.32 

Importantly, all of the aforementioned advances are contingent on an increasingly 
mature supply chain of compute (including GPUs, CPUs, and MCUs, among many other 
kinds) on which this software runs. In essence, the software stack relies on one 
computer to train the AI, one computer to deploy the AI, and another computer to serve 
as a digital twin (where the AI can go to practice/employ its training).33 While this is a 
simplistic representation of the resources required, it illustrates the three key domains 
in the software supply chain and how interconnected they are:  
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- Compute for Training: For training, cutting-edge AI models leverage distributed 
computing clusters with thousands of specialized accelerators (e.g., NVIDIA 
GPUs and custom ASICs like Alphabet’s TPUs) that enable efficient processing 
of petabytes of multimodal data using techniques like model parallelism and 
pipeline parallelism.  

- Compute for Inference: Deployment on robotics platforms employs a 
heterogeneous computing architecture with energy-efficient edge processors 
(like NVIDIA Jetson Orin or other specialized AI accelerators) that handle real-
time inference, sensor fusion, and control loops within power and thermal 
constraints while maintaining low latency for safety-critical operations.  

- Compute for Mod/Sim: Meanwhile, digital twin environments rely on high-
performance compute clusters that simulate physics, sensor data, and 
environmental interactions with increasing fidelity using specialized middleware 
that bridges the simulation-reality gap, enabling reinforcement learning 
algorithms to train robots in accelerated virtual environments before 
transferring policies to physical robots through sim-to-real techniques. 

In addition to this AI-centric part of the software supply chain, there is also a separate 
and distinctive ecosystem of developers and vendors that provide robot-specific 
software for operating systems, modeling and simulation, computer-aided engineering, 
and data management solutions (including reality capture and synthetic data 
generation). To the extent there is overlap with ongoing Physical AI developments, this 
ecosystem and leading vendors will be discussed in the following section assessing 
competitiveness. 
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Competitiveness Assessment: AI-Robotics Convergence 

This section provides a competitiveness assessment of AI-robotics convergence. 
Methodologically, it borrows from prior CSET research focusing on mapping the supply 
chains of emerging technologies as well as research from RAND Corporation on Net 
Technical Assessment and, separately, analytic approaches for conducting comparative 
technology assessments.34 The focus of this section is to conduct what RAND refers to 
as “technical level-setting,” the first step of a net technical assessment. This consists of 
scoping a set of technologies, assessing the technologies’ technical state of the art and 
trends, and capturing relative national standing.35 The goal of this section is to provide 
an analytic baseline for the technology area. In support of this goal, a template is 
provided in Appendix 1 which summarizes each of the elements. 

Innovation Ecosystem Mapping: AI-Robotics Research, Patents, and Investment 

Based on bibliometric, patent, and investment activity described below, China 
maintains a quantitative lead in AI-robotics research output annually, but researchers 
in the United States maintain an edge in terms of highly cited work (a proxy for interest 
and impact). Chinese affiliates maintain a clear advantage in terms of robotics 
patenting activities, but prior research from CSET calls into question the quality of this 
patent activity. More recent research by financial analysts also suggests firms outside 
China lead in patenting activity in specific sub-markets of robotics. Finally, U.S. 
startups and publicly traded firms lead in terms of investment measured by deal count 
and dollar value. This lead appears stable in recent years, though there is notable AI-
robotics investment activity occurring among Chinese firms as well. For all of this data, 
there is a lag period (for example, patent filings can take years to be reported, and 
recent publications that may prove to be high-impact have yet to register in terms of 
citation intensity). 

ETO Research Almanac: Publications and Patents 

According to CSET’s Emerging Technology Observatory Research Almanac, from 2018 
to 2023, 14% of all AI articles focused on robotics.36 Roughly 258,000 robotics articles 
were released between 2018 and 2023, with a 47% growth rate in articles published 
during that five-year period. China (28%), the United States (16%), and Japan (7%) led 
the world in number of articles published during this time period (Figure 2), though 
U.S. research is more heavily cited per article (~19 citations on average) compared with 
Chinese research (10 citations) and Japanese research (6 citations). Nevertheless, the 
most productive academic research organizations during this time period were nearly 
all Chinese (7 of the top 10, as measured by publications). The opposite is true in terms 

https://almanac.eto.tech/
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of industry-affiliated publications however, where no Chinese firms are listed in the top 
10 and instead companies like Google and NVIDIA (United States) as well as Robert 
Bosch (Germany), Honda (Japan), and Samsung (South Korea) lead. 

Figure 2: Robotics-affiliated Articles Published by Country, 2023 

 

Source: CSET ETO Research Almanac. 

Quantitative metrics on the AI-robotics patenting landscape paint a muddled picture of 
competitiveness and come with necessary caveats. This is primarily because there are 
differences in how patent data is counted (by individual patent vs. patent family) and 
reported (by filing date vs. date granted), which make comparisons between 
companies and countries challenging. Previous CSET research into the AI-robotics 
patent landscape found that Chinese robotics patent growth significantly outpaced the 
rest of the world from 2015 to 2019 but there are lingering questions about the 
quality of these patents.37 This research further found that China’s leading patent filers 
during this time period were university affiliates (accounting for 92% of all robotics 
patent filings) and the vast majority of Chinese robotics patents were not filed for use 
outside the country.38  

More recent research from financial analysts at Bank of America suggests that U.S. 
firms lead in this space, finding that the largest share of robotics-related patent filings 
in the technology industry in Q4 2023 was in the US with 34%, followed by China 
(24%) and Japan (5%).39 Additional research by PitchBook, a venture capital 
monitoring data service, looked more specifically at humanoid and warehouse robotics 
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competitiveness and patents. Among humanoid robotics companies, UBTECH (China, 
609 active patents) and Boston Dynamics (U.S., 455 active patents) have more patents 
than all the other firms in the top 10 combined.40 When evaluating warehouse robotics 
companies by active patent filings a similar “best and the rest” story emerges: 
Mitsubishi Logisnext (Japan, 1,598 patents), AutoStore (Norway, 654 patents), and 
Berkshire Grey (U.S., 597 patents) have more patents than all the other firms in the 
top-10 combined.41 In general, the patent data on robotics aligns with the findings 
described on publication data (above) and investment data (below): firms in the United 
States and China are most active, with notable participation from entities in Europe and 
Asia.  

ETO Country Activity Tracker: Investment Data 

In the past decade, the five countries home to the most companies receiving one or 
more robotics investments are the United States (327 companies), China (263 
companies), the United Kingdom (60 companies), Japan (47 companies), and India (44 
companies).42 Leading robotics firms receiving investment in the United States include 
Boston Dynamics, Figure, Skydio, Rokid, Physical Intelligence, and Bright Machines. In 
China, leading investment recipients include MEGVII, Terminus Technologies, and 
MegaRobo. The U.S. and Chinese robotics startup ecosystems have seen a growing 
number of investments in recent years, a sign of investor enthusiasm, while 
investments in Japanese, Indian, and British robotics startups remain relatively low but 
stable (Figure 3). This data from CSET’s ETO Country Activity Tracker generally aligns 
with recent industry research, which estimated that of the ~$100 billion invested in 
robotics since 2018, roughly 75% of investment flows to robotics startups in either the 
United States or China (50% and 24%, respectively).* 

 

 

 

 

 

 
* Note that this number is likely inflated due to an over-inclusive methodology that “includes announced 
and completed VC deals with exposure to robotics theme [emphasis added],” which is not defined and 
may include things like autonomous vehicles. The challenge of finding rigorous, well-defined data on 
robotics-specific investment is also discussed in the following “market analysis” section. 

https://cat.eto.tech/?companyField=Robotics&countries=United%20Kingdom%2CUnited%20States%2CJapan%2CIndia&countryGroups=&dataset=Investment&expanded=Summary-metrics%2CChanges-over-time&scholarlyField=Robotics
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Figure 3: Changes in Robotics-Affiliated Deal Counts Among Leading Countries, 2014-
2023 

  
Source: CSET ETO Country Activity Tracker: Artificial Intelligence. 

Underneath these top-line investment numbers, investor enthusiasm appears to be 
concentrated in specific sub-markets of robotics. According to data from PitchBook, 
companies involved in humanoid and warehouse robotics have raised a cumulative 
~$25 billion in the past five years. Interestingly, while advances in humanoid robots 
garner headlines and front page news, the vast majority of this funding ($20.5 billion) 
has been directed to startups developing warehouse robotics that leverage AI/ML 
advances to provide automated material handling and order fulfillment systems that 
optimize otherwise labor-intensive tasks such as picking, sorting, and inventory 
management within logistics facilities.43 During this same period of time, PitchBook 
data shows that companies operating in the humanoid robotics market raised far less, 
roughly ~$4.6 billion.44 As discussed below, this disparity is striking given the 
enthusiasm gap today: all of the marketing for Physical AI talks about humanoid 
robots, but the vast majority of recent investment is directed to less exciting, but far 
more practical, industrial robots. 

Characterizing Relative National Standing: AI-Robotics Market Analysis 

The worldwide AI robotics market was valued at $20-$23 billion in 2025.45 In the next 
~10-year period, however, industry analysts expect this market will reach, or exceed, 
$100 billion in value.46 Analysts at Goldman Sachs recently forecast that the total 
addressable market specifically for humanoid robots will grow from $6 billion today to 
$38 billion in 2035, while analysts at Morgan Stanley are even more optimistic, 
asserting the market will reach $5 trillion by 2050.47  
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These market numbers are speculative and lack definitional clarity. The “AI Robotics 
market” is poorly defined and can refer to everything from autonomous mobile robots 
like those currently in use by Amazon to the industrial robots used by automotive 
manufacturers. Scalable manufacturing of humanoid robots faces myriad technical 
obstacles, some of which were discussed above. Much of this market’s forecast growth 
is contingent on unit costs going down as manufacturing economies of scale are 
achieved (“the robots start to build robots”) and performance and reliability increases 
dramatically as hardware and software improve. These breakthroughs are by no 
means guaranteed. 

Additionally, numbers cited by analysts and firms lack clarity and cannot be 
independently verified. Some companies consider warehouse robots a form of 
industrial robots and report numbers accordingly. Others maintain different definitions, 
leading to over- (or under-) counting total deployment numbers. Relatedly, the 
numbers that are reported by firms are often speculative, and it is difficult to determine 
the validity of the claims without genuine on-the-ground investigation. For example, in 
2011 Foxconn announced a program to deploy 1 million robots in its factories by 
2014.48 By 2016 it had only managed to deploy 40,000, and more recent numbers are 
lacking.49 Similarly, companies like Siemens (Germany) and JD.com (China) have 
announced the creation of “dark” factories that are fully automated and can function 
without human intervention, but it is unclear how robot-dense these facilities are, if 
they are comparable, and by what metrics to compare them. The sections below 
present reported numbers at face value, with these caveats in mind. 

While the overall size of the AI-robotics market and its growth rate remain speculative, 
many firms are actively investing in this market to maintain or establish leading 
positions. This section summarizes leadership in the AI-robotics market according to 
supply chain segment, focusing on (1) AI foundation models and software (2) 
hardware components and subsystems (3) robot manufacturers and (4) robot 
deployment and end users. Importantly, within each of these categories there are firms 
which specialize in serving one or more sub-market for robotics (e.g., motors 
specifically for industrial robots or software specifically for humanoid robots).  

AI-Robotics Foundation Models and the Software Ecosystem 

The AI-robotics software ecosystem is currently dominated by a handful of tech giants, 
several notable startups, and “traditional” robotics firms focused on supplying 
specialized software for robotics operating systems, as well as simulation and 
programming environments.50 Few of these firms report public numbers on the value 
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of their AI-robotics investments to date, however, all have publicized their work in the 
space extensively.  

U.S. firms enjoyed a first mover advantage in robotic LLM development and have 
leveraged that lead to iterate and achieve subsequent breakthroughs. Early efforts by 
Alphabet include PaLM-E, ViT, PaLI, and RT, a family of vision-language-action (VLA) 
models were among the earliest well-funded examples to leverage breakthroughs in 
AI for robotics applications.51 Through its DeepMind subsidiary, Alphabet more 
recently introduced a family of models under the Gemini Robotics umbrella, notably 
Gemini Robotics-ER (Embodied Reasoning), which focuses on giving robots stronger 
spatial and physical reasoning capabilities.52 NVIDIA (U.S.) has aggressively courted 
robotics developers with its GR00T (Generalist Robot 00 Technology) foundation 
model family, Isaac robotics platform, and its recently-introduced Cosmos “world 
foundation model.”53 It also maintains partnerships with dozens of startups and large 
technology firms across the Physical AI supply chain to integrate its products with 
developers.54 Microsoft (U.S.) has leveraged its close collaboration with OpenAI to 
introduce ChatGPT for robotics and established partnerships with humanoid robotics 
startups like Sanctuary AI and Figure AI, whose humanoid robots use Azure-based 
training systems.55 Meta (U.S.) is applying its Llama large language models to robotics 
control through a new division in its Reality Labs unit focused on humanoid robots.  

Outside of the tech giants, several U.S. startups developing foundational models for 
robotics have raised significant funding in the last 18 months. Skild AI and Physical 
Intelligence raised $300 million and $400 million, respectively, in 2024, with Skild AI 
raising another $500 million in a follow-on round in 2025.56 Covariant, a developer of 
models with a focus on warehouse operations, was acquired by Amazon Robotics in 
September 2024.57 More recently, in early 2025, Field AI raised $100 million, and 
Boston Dynamic’s AI Institute announced a partnership focused on advancing 
reinforcement learning for humanoid applications.58 

A similar dynamic is emerging in China, as large technology conglomerates and 
startups have begun to introduce domestically-developed models optimized for 
robotics applications in recent years (Figure 4). Some of these models have been 
introduced by vertically integrated firms, that are simultaneously also attempting to 
build physical robots (e.g., UBTech). In other instances, Chinese-developed LLMs like 
DeepSeek R1 are being leveraged to assess their ability to train robots in basic tasks 
like playing checkers.59 Chinese startups like AgiBot that specialize in robotics model 
development and development of robotics datasets have entered this market since 
2023 as well.60  
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Outside of the United States and China, Europe’s leading frontier AI company, the 
French startup and LLM developer Mistral AI, has partnered with HuggingFace to 
sponsor robotics hackathons that offer teams the opportunity to build real-world 
models to train and manipulate HuggingFace-developed robotic arms.61 South Korean 
robotics foundational model startup RLWRLD also recently closed a seed round 
valuing it at $15 million.62 

Figure 4: Robotic LLM Development, 2017-23 

 

Source: “Global Automation Humanoid Robot: The AI accelerant” (Goldman Sachs, January 8, 2024), 
http://www.goldmansachs.com/pdfs/insights/pages/gs-research/global-automation-humanoid-robot-
the-ai-accelerant/report.pdf. 

Separate from the AI-Robotics foundational models being developed, there is also a 
robust ecosystem of software suppliers. This ecosystem is divided into firms supplying 
robotics operating systems and firms providing simulation software. In the latter 
category, leading suppliers like ABB (Switzerland), FANUC (Japan), and KUKA 
(Germany, now owned by China) all offer comprehensive simulation and programming 
environments for their industrial robots, allowing users to program and configure their 
systems before deployment. This part of the software supply chain is generally 
company-proprietary and business-to-business in nature (original equipment 
manufacturer (OEM) to customer) and has limited overlap with current enthusiasm for 
Physical AI. These suppliers are perhaps best understood as systems engineering 
automation providers, as opposed to the firms supplying Physical AI solutions. 

http://www.goldmansachs.com/pdfs/insights/pages/gs-research/global-automation-humanoid-robot-the-ai-accelerant/report.pdf
http://www.goldmansachs.com/pdfs/insights/pages/gs-research/global-automation-humanoid-robot-the-ai-accelerant/report.pdf
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Figure 5: Robotics Software Segments (Excluding Foundation Model Providers), 2024 

 
Source: Tobias Cornille, “Software Tools For Robotics Landscape (2024), Segments.ai (blog), March 21, 
2024, https://segments.ai/blog/software-tools-for-robotics-landscape/. 

As Figure 5 also shows, the final important components of the software ecosystem 
related to AI-robotics convergence involve the collection, generation, annotation, 
visualization, and management of the data used to train robots and the modeling and 
simulation environments. Within this ecosystem, the key barrier to developing reliable 
digital twin environments (where an AI-powered robot can “practice” what it has been 
taught) is the necessity of adequately collecting and annotating real-world data. 
Simply put, data suitable for sim2real is expensive to collect, difficult to organize, and 
in some cases simply does not exist.63 Leading companies are investing to get around 
this problem, as are several startups. In general, approaches fall into two camps: 
accelerating “reality capture” and accelerating synthetic data generation. Reality 
capture refers to the process of scanning a physical environment, digitally representing 
that environment, and optimizing it for training/mod-sim purposes.64 Synthetic data 
generation, as the name suggests, skips the process of rendering a physical 
environment and instead creates a digital one from scratch. Advances in AI have aided 
companies developing both approaches. In general, AI is making object identification, 
segmentation, and 3D reconstruction processes easier for reality capture, while the 
promise of AI and synthetic data has been well understood for several years.65 The 
major players in electronic design automation (Cadence, Siemens (Mentor Graphics), 
and Synopsys, which also owns Ansys) have all announced recent modelling and 
simulation environments optimized for Physical AI that rely on these advances. 

https://segments.ai/blog/software-tools-for-robotics-landscape/
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Similarly, several startups are developing reality capture and robotics simulation 
software including Hexagon, Luma AI, and MetAI. Finally, several smaller firms retain a 
loyal following among researchers and hobbyists due to their long-standing 
commitment to free and open-source software (e.g., Gazebo).66 

Robotics Hardware Components  

The robotics hardware components ecosystem, especially the ecosystem of suppliers 
that can deliver components at scale cost-competitively (Figure 6), is largely controlled 
by firms in Asia and Europe. Several recent reports cover this market in detail.67 This 
section summarizes these reports, focusing specifically on firms that control one or 
more chokepoint technology that could help or hinder AI-robotics convergence. There 
is no one country with a vertically integrated robotics supply chain, and 
interdependence is high. 

Robotics-specific hardware demand is rarely sufficient for firms to establish a business 
line, meaning nearly all suppliers serve multiple end-use markets (e.g., automotive, 
aerospace). Japanese and German component suppliers maintain notable market share, 
though there are also competitive suppliers in the United States, Europe, and China. 
This supply chain has many “hidden giants” that control one or more key parts of the 
market as well as COTS suppliers who offer best-in-class products. In both cases, 
suppliers rarely produce products solely for the robotics end-use market, though they 
will optimize products for specific use cases if demand is sufficient.*  

In the former category, Japanese firms like Harmonic Drive Systems, Nabtesco, Nidec, 
and Sumitomo Heavy Industries offer precision mechanical gears, motors, and 
actuators that facilitate robotic joint movements and maintain high market share 
worldwide.68 Notably, Harmonic Drive Systems controls 80% of the market for the 
precision gears it produces.69 In Europe, German firms like Bosch Rexroth Festo, SEW-
Eurodrive, SCHUNK, and Schmalz offer robotics components for “end effectors” 
(gripping), motors, and actuators.70 German firms are particularly competitive in the 
supply of end-effectors (for dexterous manipulation), a key technical challenge that 
has yet to be fully addressed for humanoid adoption.71 

In the latter category, many firms offer commercial off-the-shelf (COTS) products at 
competitive prices with performance characteristics that make them suitable for 
robotics applications. For many robotics manufacturers, access to CATL’s (China) 

 
* For example, ST Micro will not create an entirely new chip architecture for robotics users, but it will 
tweak existing products for robotics use cases: https://www.therobotreport.com/stmicroelectronics-
boosts-ai-edge-npu-accelerated-microcontroller/.   

https://www.therobotreport.com/stmicroelectronics-boosts-ai-edge-npu-accelerated-microcontroller/
https://www.therobotreport.com/stmicroelectronics-boosts-ai-edge-npu-accelerated-microcontroller/
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batteries, Sony’s (Japan) cameras, and NXP’s (Netherlands) microcontrollers is 
sufficient. This reliance on COTS parts comes with trade-offs, however. Each robotics 
company is cobbling together their own unique bill of materials, meaning suppliers 
cannot rely on large orders necessarily. If demand shifts in their core markets (e.g., 
aerospace), they are likely to prioritize production volume for these customers at the 
expense of the high-mix, low-volume components required by robot manufacturers. In 
addition to this economic challenge, these COTS hardware solutions are frequently 
“good enough,” but not necessarily technically optimal. Hardware optimized for 
robotics applications is costly to develop and difficult to scale. And, once integrated 
into actual robots, characterizing why the hardware failed (fatigue, environment, 
tolerance) makes for a slow and expensive cycle of iteration. Other industries have 
accelerated these cycles of “downtime” by creating service and support businesses, 
but that generally does not yet exist in robotics at scale. 

Figure 6: Humanoid Robot Component Suppliers (Publicly Traded) 

 
Source: See footnote for complete sourcing information: Adam Jonas et al., “The Humanoid 100.”* 

Market analysis of international hardware component suppliers for robotics likely 
overstates their competitiveness in China. Though the headlines claim 75% of China’s 
robotics components are supplied by international firms, Chinese robot manufacturers 
likely prefer to partner directly with Chinese robot component suppliers, many of 
whom are (1) not publicly traded and (2) not offering their products internationally and 
thus are not widely covered outside the country.72 It is likely also the case that 

 
* Complete Source: Adam Jonas, William J. Tackett, Sheng Zhong et al., “The Humanoid 100: Mapping 
the Humanoid Robot Value Chain” (Morgan Stanley, February 6, 2025),  
https://advisor.morganstanley.com/john.howard/documents/field/j/jo/john-
howard/The_Humanoid_100_-_Mapping_the_Humanoid_Robot_Value_Chain.pdf. 

https://advisor.morganstanley.com/john.howard/documents/field/j/jo/john-howard/The_Humanoid_100_-_Mapping_the_Humanoid_Robot_Value_Chain.pdf
https://advisor.morganstanley.com/john.howard/documents/field/j/jo/john-howard/The_Humanoid_100_-_Mapping_the_Humanoid_Robot_Value_Chain.pdf
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internationally competitive firms that have factories in-country are producing products 
for domestic consumption (such as Nabtesco), and it is unclear whether this market 
analysis considers this international or domestic supply.73 Several Chinese firms are 
establishing genuine domestic market share, including Leaderdrive, HSOAR Group 
Robotics, and ZD Drive.74  

Robot Manufacturers 

The robot manufacturing landscape features startups as well as established industry 
leaders spread across several key countries. This section focuses specifically on 
relative national competitiveness in three types of robots that are seeing the greatest 
interest in Physical AI integration: humanoid robots, industrial robots, and autonomous 
mobile robots. 

The humanoid robotics manufacturing landscape is diverse, with at least 38 companies 
developing 47 different robots listed as under development, according to one source.75 
There are no “incumbent” humanoid manufacturers today (unlike other robotics sub-
markets), and all the firms mentioned below, with the exception of Boston Dynamics, 
entered the market in the last 5-10 years. The largest and most well-funded U.S.-
based developers of humanoid robots include Boston Dynamics* (Atlas), Tesla 
(Optimus), Agility Robotics (Digit), Apptronik (Apollo), and Figure AI (Figure 02). China 
has at least twice as many firms as the United States pursuing humanoid robotics 
development, including Unitree (H1 and G1 models), UBTECH (Walker series), Xiaomi 
(CyberOne), EngineAI (PM01), and Fourier (GR-1). Outside of the United States and 
China, there are also firms in Japan (Kawasaki), South Korea (Rainbow Robotics), and 
Canada (Sanctuary AI) with at least one humanoid in development. 

Industrial robotics continues to be dominated by the so-called “Big Four”: ABB 
(Switzerland), FANUC and Yaskawa (Japan), and KUKA (Germany, now China).76 While 
these four firms are estimated to control 75% of the global market for industrial 
robots, there are also notable suppliers in Europe (Comau and Staubli) and Japan 
(Epson, Kawasaki, Mitsubishi).77 China has several publicly traded industrial robot 
manufactures, including Siasun Robotics, Efort [sic], and Etsun Automation.78 

At the same time, the warehouse robotics market continues to grow worldwide at a 
scale and speed that exceeds other industry adoption. Amazon, which acquired Kiva 
Systems in 2012 to enter the warehouse robotics market, reports having one million 
autonomous mobile robots in its factories.79 These robots consist of everything from 

 
* Note: now owned by Hyundai (South Korea), though its operations remain in the United States. 
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AMRs capable of moving pallets around a warehouse to “pick and place” arm-like 
robots that can sort boxes for transport. Other notable suppliers include Geek+ 
(China), Daifuku (Japan), EK Robotics (Germany), and Balyo (France, publicly traded 
and majority-owned by SoftBank (Japan)).80 

Finally, specialized robotics applications for hospital and medical environments are 
also seeing increased development. In the U.S., firms such as Intuitive Surgical with its 
da Vinci system have been commercializing human-in-the-loop surgical robots, while 
in China, firms like Fourier are manufacturing robots for medical rehabilitation.81 

Robot Deployment and End Users 

While humanoid robots get the headlines, the actual deployment numbers by volume 
are dominated by industrial robots, and, interestingly, the leading deployer of robots 
per capita is a country not mentioned to this point: South Korea.82 Robots are most 
frequently installed by automotive, aerospace, electronics, and food manufacturing 
OEMs. 

The industrial robotics sector remains the most mature segment of the robot market, 
with automotive manufacturing still leading global deployment. This is true in the 
United States (Figure 7) as well as in Europe and Asia. Japan's Toyota and Germany's 
Volkswagen Group consistently rank among the highest-density robot users, while 
South Korea maintains the world's highest robot density at 1,000 industrial robots per 
10,000 manufacturing employees (with Singapore coming in second).83 China has 
rapidly emerged as the largest overall market by volume, installing nearly 290,000 
industrial robots annually—more than Japan, the United States, South Korea, and 
Germany combined.84 These same trends of adoption are true for AMRs as well, with 
the United States and Europe leading in installations to date, while Chinese firms see 
the highest growth rate in installations in recent years. 
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Figure 7: U.S. Robotics CapEx by Industry, 2020-22 

 
Source: United States Census Bureau, “Robotics Capital Expenditures for Selected Industries: 2020-
2022,” April 23, 2024, https://www.census.gov/library/visualizations/interactive/robotic-capital-
expenditures-for-selected-industries-2020-2022.html. 

The humanoid robotics sector remains largely in the experimental phase, with total 
shipments in the hundreds compared with the hundreds of thousands of industrial 
robots and AMRs mentioned above. Japan leads in research and development, with 
Honda's ASIMO pioneering the field and newer platforms from SoftBank Robotics 
gaining traction in customer service roles. Hospitals in Japan have been early adopters 
of humanoid assistants for patient monitoring and basic care tasks. In Europe, 
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automotive manufacturers, including BMW and Audi, are piloting limited humanoid 
robot deployments for specific assembly tasks. Figure AI, the U.S. developer of 
humanoid robots, announced a successful test with BMW in 2024.85 China has made 
humanoid robotics a national priority, with companies like UBTECH deploying service 
robots in retail, hospitality, and healthcare settings. Despite the attention humanoids 
receive, they currently represent a small fraction (likely less than 1%) of the total 
robotics market by revenue. 
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Conclusion: Technology Trends Assessment 

Interest in AI-robotics convergence is spiking according to nearly every metric. AI-
robotics-affiliated publications, patents, and investment activity have all surged in 
recent years. This interest is global, as is the AI-robotics supply chain. Leading U.S. AI 
developers are betting that they can leverage their lead in foundational and 
multimodal models to corner the next innovation ecosystem. It is not at all clear that 
the Physical AI ecosystem will evolve along the same lines, however. AI model 
developers in China and Europe are pursuing their preferred approaches as well, in 
partnership with robotics OEMs and end-users and occasionally with government 
support. All of these developers have, for the time being, voiced their support for 
open-source solutions. As robotics applications mature, whether this commitment to 
open source remains will be a clear signal to watch. Likewise, a clear signal of 
unresolvable technical headwinds will be these firms’ exiting the market and/or cutting 
their discretionary CapEx currently directed towards robotics. 

Hardware is hard. Nowhere does that remain truer and relevant for Physical AI than at 
the subcomponent level. While the performance of custom and COTS components has 
dramatically improved in recent years, economic and technical obstacles remain. 
Expensive and time-consuming cycles of hardware iteration sharply contrast with the 
cycles enjoyed by robotics software developers. Incumbents matter tremendously, as 
well. Hidden giants in Japan, Germany, and elsewhere control key chokepoints in the 
component ecosystem. Their high market share has resulted in excellent products and 
performance, but costs remain stubbornly high, and the volume of production for key 
components will need to expand greatly to meet forecasted demand. A loss of 
incumbent market share to ascendant new-entrants, as well as breakthroughs in 
remaining technical obstacles (especially end-effectors capable of dexterous 
manipulation), and standardization of the robotics component supply chain would 
signal change is coming. 

In spite of these headwinds, robotics OEMs are proliferating, and robotics end-user 
installations per year continue to grow. South Korea and Singapore lead the world in 
per capita robot adoption not because of government directives, but instead because of 
economic imperatives. Similar interest in the U.S. and European automotive industries 
in robotics is spiking as anticipated labor shortages and high wages threaten margins. 
While industry enthusiasm for humanoids grows, the actual dollars and unit 
installations consist of industrial robots and AMRs. The pace, depth, and breadth of 
robotics adoption across industry will be dictated by cost: if an affordable humanoid 
robot capable of exceeding human performance arrives in the next 10 years, it will be a 
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welcome surprise. For that to happen, major breakthroughs in synthetic data, hardware 
components, and standardization will need to occur. 

The policy agenda around robotics is immature compared to other emerging 
technologies like semiconductors, AI, and quantum, where substantial research has 
mapped the key players, their comparative advantages, chokepoints, and supply 
chains. The robotics supply chain also lacks robust datasets that provide signals on 
supply, demand, production, consumption, and the intensity of robotics adoption (by 
country, by industry, by factory). As a result, the few data providers today, such as IFR 
and financial analyst reports, play a disproportionate role in shaping discourse. There is 
a need for a policy research agenda that develops mature analysis to cut through the 
hype, identify genuine advances, and characterize the potential depth of robotics 
adoption across economies. 

Finally, from a national security perspective, a research agenda to address the gap 
between physical intelligence and dexterous intelligence is critical. This gap is 
particularly problematic in the aerospace and defense sectors, where high-mix, low-
volume manufacturing lines necessitate regular re-tooling and adoption of automated 
solutions is more difficult. Physical intelligence (spatial awareness for pick, move, and 
place-capable robots) is not enough in environments that require dexterous 
intelligence (insertion, threading, force feedback). Policies that address (in particular) 
the acute lack of quality tactile sensors, kinematics, and real-world data would 
facilitate the development and adoption of robotics in these key sectors. 
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Appendix 1. Template for Technology Competitiveness Assessment: Technical Level-
Setting 
 

Key Competitiveness Questions Key Metrics 
Scope (Define) the 
Technology and its 
Ecosystem 
Basic 
Industry/Supply 
Chain Mapping 

o What are the key constituent parts of the 
technology ecosystem? 

 
o What hardware, software, data, and talent is this 

technology contingent on? 
 
o How does this technology “stack”? 
 
o How does this technology's supply chain compare 

with and integrate with other supply chains? 
 
o Which underlying supply chains are “critical” to 

this technologies' development? 
 
o What are the enabling tools and technologies on 

which this technology relies? 

Map the supply chain: 

o Key Products 
 
o Key Services 

Assessment of 
Country-Level 
Activity and 
Capacity 
Map the Innovation 
Ecosystem 

o Where is the best/most advanced research being 
conducted and by whom? 
 

o Which academics, companies, and countries are 
engaged in R&D of a particular technology  

 
o Where are leading researchers employed and 

located? 
 

o What are the primary avenues for collaboration 
between researchers? 

 
o Where is the leading research published, 

presented and standardized? 
What metrics can be used to capture expertise 
and enthusiasm in this field? 

Analyze 
Bibliometrics/Scientometrics: 

o Publication intensity 
 

o Citation intensity 
 

o Network density                   
(co-authorship) 

 
o Patent filings 

 
o Quality-adjusted patents 

 
o Investment data (mergers, 

acquisitions, venture 
capital) 
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Capture Relative 
National Standing 
Detailed Market 
Analysis and 
Current SoTA 

o Who are the current leading actors? 
 
o Which firms are the leading suppliers of a 

particular product or service? 
 
o Do any choke points (e.g., single, sole-source 

suppliers) exist in terms of technology or 
companies; what vulnerabilities exist  

 
o What constitutes "state of the art" (SoTA) across 

different parts of the ecosystem and which firms 
are operating at SoTA? 

 
o How does the domestic industry compare to the 

international industry? 
 
o What domestic sectoral capabilities exist; what 

capabilities exist overseas? 
 
o Can domestic production meet domestic demand 

and, if not, how severe is international reliance? 

Map the suppliers: 

o Identify firms that provide 
key products, services 
 

o Identify monopolistic global 
actors, without whom the 
broader ecosystem would 
collapse 

Assess 
Technologies' 
Trends 
Opportunity 
Analysis 

o Are there roadblocks (e.g., regulatory, technical) 
that will affect the pace of innovation?  
 

o What is the pace of progress, path to 
commercialization, and timeline? 

 
o What are policymakers doing to protect and 

promote a given technology’s development? 
 

o What other options do they have? 
 

o What barriers to entry exist, is there potential for 
new entrants, and, if so, under what 
circumstances? 
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o Who are the ultimate customers for this 

technology (were it to “emerge”)? 
 

o What factors will dictate the speed and scale of 
adoption? 
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