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his whitepaper is an enterprise leader's guide to Physical Al
Short on time or prefer a quicker briefing?

Email Engage@GraniteFort.com to request

covering what it is, why 2026 is the inflection point, how it

differs from traditional automation, where it is being deployed
across ten distinct categories, and what it demands from enterprise the companion PowerPoint slide deck.
leadership. It is the first in GFA's three-part Physical Al Series; the

second whitepaper maps the five governance gaps Physical Al creates that existing Al frameworks don't cover, and the
third provides a practitioner-grade governance framework built on ISO 42001, with a 25-point Readiness Scorecard.

Executive Summary

For the past decade, Al has lived primarily in the digital domain - generating text, classifying images, recommending
products, detecting fraud, and automating workflows. That era is ending.

The Al industry is undergoing a structural shift more consequential than anything that preceded it: artificial intelligence
is moving from the screen to the physical world. Systems deployed in 2026 do not merely generate content - they perceive
physical environments through sensors, reason about what they observe and take physical action: moving, gripping,
driving, flying, cutting, building, delivering. They operate in factories, warehouses, hospitals, farms, construction sites and
public streets.

This is Physical Al. The market, valued at approximately S5 billion in 2025, is growing at a CAGR exceeding 30%, on a
trajectory toward S50 billion by the early 2030s. NVIDIA CEO Jensen Huang has characterized the broader Al opportunity
as 550 trillion - the estimated global contribution of human labor that Al will augment - and at CES 2026 declared that
'the ChatGPT moment for physical Al is here.'.

This whitepaper is written for enterprise leaders - C-suite executives, board members, and senior operational and risk
leaders - who are navigating Physical Al decisions now, or will be soon. It provides the strategic foundation needed to
separate genuine capability from vendor claims, understand the governance obligations Physical Al creates, and lead
deployment decisions with clarity. It is the first in GFA's Physical Al Series; readers who complete all three papers will have
a complete picture - from strategic context through governance gaps to a fully operational framework.

Key conclusions:

e Physical Al is not an incremental evolution of robotics - it is a structural transformation enabled by foundation Al
models, multimodal sensors, and advanced actuators converging at commercial scale

e The Physical Al landscape spans ten distinct deployment categories, each with different risk profiles, regulatory
obligations and governance requirements

e 2026 marks the inflection point when Physical Al transitions from R&D prototypes to commercial deployment at scale

e Enterprise leaders who conflate Physical Al with traditional automation are making a category error with significant
strategic consequences

e Physical Al governance is not the same as digital Al governance - organizations that assume otherwise are
accumulating liability they cannot yet see.
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Section 1: What Is Physical Al?

1.1 Definition

Physical Al refers to Al systems that perceive physical environments, reason about what they observe, and take physical

actions in the real world. The defining characteristics are:

e Perception: Sensors - cameras, LiDAR, force sensors, microphones, radar, ultrasonic sensors, inertial measurement
units - gather real-time environmental information

e Reasoning: Al models process sensor data to understand the environment, identify objects and people, infer context,
and determine appropriate actions

e Physical action: Actuators - motors, robotic arms, wheels, rotors, grippers, surgical instruments - physically act on the
world

Physical Al is defined not by any single technology but by the integration of perception, reasoning, and physical action

into a unified Al-governed loop. A robot following a pre-programmed path with no Al reasoning is traditional automation.

A recommendation algorithm that processes sensor data but takes no physical action is digital Al. Physical Al is specifically

the class of systems where artificial intelligence governs real-world physical behavior.

1.2 What Makes This Different From Earlier Robotics

The robotic arms on automotive assembly lines since the 1980s, the automated guided vehicles on factory floors, and the
CNC machines executing precise manufacturing programs are not Physical Al. They are automation: pre-programmed
systems executing defined sequences with no genuine environmental awareness or adaptive reasoning. The distinction
matters enormously for strategy, governance, and risk:

m Traditional Automation Physical Al

Intelligence Pre-programmed scripts Adaptive, learning Al models

Environment Structured, predictable Unstructured, dynamic

Sensing Limited, purpose-specific Multimodal sensor fusion

Reasoning If-then logic trees Foundation model inference

Adaptation Cannot adapt without reprogramming Learns from operational experience
Development model Custom-coded per application Platform-based, foundation model-driven
Failure mode Stops or repeats incorrectly Can make novel errors in novel situations
Governance model Machine safety standards Machine safety + Al governance

Cost trajectory Stable or declining slowly Dropping rapidly across hardware categories

4 © Granite Fort Advisory



Traditional automation fails in predictable ways - it stops, jams, or repeats the same error. Physical Al can fail in genuinely
novel ways in novel situations, producing novel physical consequences. This is why traditional machine safety standards,
while necessary, are not sufficient for Physical Al governance.

1.3 Why 2026 Is the Inflection Point

Five converging factors have moved Physical Al from research laboratory to commercial deployment:

e Foundation model maturity: Large Al models trained on multimodal data are now capable of general-purpose
physical reasoning at commercially viable cost, replacing the custom per-robot Al development that characterized
earlier robotics

e Hardware cost collapse: LiDAR, edge Al processors, and advanced actuators have dropped dramatically in price. A
LiDAR unit costing tens of thousands of dollars in the early 2010s now sells for a few hundred dollars in entry-level
configurations. NVIDIA's Jetson platform has made real-time on-device inference economically viable at commercial
scale

e Simulation infrastructure maturity: NVIDIA's Omniverse, AWS's robotics simulation services, and other digital twin
platforms allow Physical Al systems to be trained and validated in photorealistic virtual environments before real-
world deployment - dramatically reducing development cost and cycle time

e Labor market pressure: Persistent labor shortages in manufacturing, logistics, agriculture, and healthcare have shifted
the economic calculus, making autonomous systems compelling where they previously couldn't justify ROI

e Capital availability: Physical Al attracted substantial venture and corporate investment in 2024 and 2025, funding the
engineering talent and manufacturing scale necessary for commercial deployment

CES 2026 in January was the cultural marker of the inflection point - Physical Al dominated the event in a way no single
technology has dominated CES since the smartphone era. NVIDIA, ARM, LG, Figure, Boston Dynamics, Agility Robotics,
Tesla and dozens of others unveiled commercial Physical Al products - not prototypes, but systems available for enterprise
procurement.
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Section 2: The Physical Al Taxonomy

Physical Al spans ten distinct deployment categories, each with different capabilities, risk profiles, regulatory frameworks,
and governance requirements.

2.1 Humanoid Robots

Humanoid robots are the most publicly visible Physical Al category in 2026. The appeal of the human form factor is
practical: the physical world was designed for human bodies. A humanoid robot can, in principle, operate in any
environment a human can, using any tool a human can - without requiring expensive facility redesign.

Leading commercial platforms include: Figure03 (Figure Al, with a BMW manufacturing partnership and OpenAl
collaboration for frontier language model integration); Tesla Optimus (deployed in Tesla's own factories, accumulating
real-world operational data at scale); Agility Robotics Digit (purpose-built for warehouse logistics, piloted by Amazon in
its fulfillment centers); Boston Dynamics Atlas (the decade-long benchmark for humanoid physical capability, with
Hyundai-backed commercial applications in manufacturing inspection); Sanctuary Al Phoenix (piloted in retail and light
industrial environments); XPENG IRON (targeting complex industrial assembly via precision manipulation); Unitree
G1/H1 (competitive pricing accelerating research adoption); Ameca (Engineered Arts, specialized in lifelike social
interaction, deployed in education and elder care); Sophia (Hanson Robotics, granted Saudi citizenship in 2017, globally
recognized for public engagement); Pepper (SoftBank Robotics, widely deployed in retail, healthcare, and hospitality);
and Richtech Robotics Dex (targeting physically demanding industrial manipulation).

Governance note: Humanoid robots operating in human-present environments are almost without exception Tier 3 or
Tier 4 Physical Al systems under GFA's risk classification (detailed in Paper 3 of this series). They require full deployment
of all six governance layers, sector-specific regulatory compliance, and board-level risk ownership before deployment.

2.2 Autonomous Vehicles (Self-Driving Cars)

Autonomous vehicles represent the Physical Al category with the longest development history, the largest accumulated

capital investment, the most mature regulatory framework, and the clearest demonstration of both transformative

potential and governance complexity.

The SAE automation levels (0 through 5) provide the dominant framework for understanding autonomous vehicle

capability:

o Level 0: No automation - human controls all driving tasks

e Level 1: Driver assistance - system assists with steering or speed; human controls both

e Level 2: Partial automation - system controls both steering and speed; human must monitor and be ready to intervene

e Level 3: Conditional automation - system handles all driving in defined conditions; human must be available to take
over when requested

e Level 4: High automation - system handles all driving in specific environments; human intervention not required
within the operational domain

e Level 5: Full automation - system handles all driving in all conditions without human intervention
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As of 2026, Waymo (Alphabet) operates Level 4 robotaxi services across San Francisco, Los Angeles, Phoenix, Austin and
Dallas, representing one of the most commercially mature autonomous vehicle deployments globally. Tesla Full Self-
Driving (FSD) has generated an extraordinary volume of real-world data through its fleet learning approach, using a vision-
primary sensor architecture that differs from LiDAR-heavy competitors. Cruise (GM) - following a 2023 San Francisco
incident that suspended its commercial service - represents an important case study in how Physical Al incidents can halt
deployment programs and reshape governance requirements. Zoox (Amazon) is developing a purpose-built Level 4
robotaxi designed from the ground up as an Al-native vehicle. Nuro focuses on lower-speed autonomous last-mile goods
delivery in residential neighborhoods.

Governance note: Autonomous vehicles at Level 3 and above are Tier 4 Physical Al systems - the highest risk classification
- operating in fully open environments with unpredictable human presence. They are subject to NHTSA reporting
requirements, state-level autonomous vehicle regulations, and EU Al Act high-risk Al obligations in European markets.
ISO/PAS 21448 (SOTIF - Safety of the Intended Functionality) is the most directly applicable standard for autonomous
vehicle Al governance, addressing Al-specific failure modes where the system functions as designed but still causes harm
due to model limitations.

2.3 Warehouse & Industrial Robots

Warehousing and manufacturing were among the earliest commercial adopters of Al-governed robotics, driven by
persistent labor market pressure, the growth of e-commerce, and the economic case for continuous operational
capability. This category has moved furthest from prototype to industrial scale.

Amazon Robotics: Amazon operates one of the world's largest commercial deployments of Physical Al in its fulfillment
and delivery network, with hundreds of thousands of robotic units across its global operations: Amazon Proteus (fully
autonomous mobile robot navigating shared floors while dynamically avoiding workers); Amazon Sparrow (Al vision-
based arm for individual item identification and sorting); and Amazon Cardinal (Al-powered package sorting by label
recognition).

Collaborative robots (cobots): Unlike traditional industrial robots that operate in caged, human-excluded zones, cobots
are designed to work directly alongside human workers - adjusting speed, force, and movement in real time based on
human proximity and behavior: Universal Robots UR series (market-leading, tens of thousands of installations
globally); FANUC collaborative robots (heavy-duty for automotive manufacturing); ABB YuMi (dual-arm for small-parts
electronics assembly).

Autonomous Mobile Robots (AMRs): Al-navigated mobile platforms that move goods within facilities using dynamically
generated routes rather than fixed paths: including Fetch Robotics (Zebra Technologies), 6 River Systems (Shopify),
and Locus Robotics - navigate dynamically generated routes rather than fixed paths.

Robot Dogs: including Boston Dynamics Spot quadrupedal robots conduct autonomous inspection rounds in hazardous
industrial environments globally, capturing visual and acoustic data in hazardous or difficult-to-access environments, and
monitoring facility security. Spot is used across thousands of industrial, construction, and public safety applications
worldwide.

Governance note: This category spans Tier 2 (AMRs with human operators nearby) to Tier 3 (fully autonomous systems

in restricted-access zones). ISO 10218 (industrial robot safety), ISO/TS 15066 (collaborative operation), and IEC 62443
(industrial cybersecurity) are the primary standards overlays alongside 1SO 42001.
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2.4 Delivery Robots & Bots

Al-governed autonomous delivery represents one of the most rapidly scaling Physical Al deployments precisely because
it addresses an economically urgent problem - last-mile delivery cost - with systems that have matured enough for
commercial viability in selected environments

Starship Technologies operates a large commercial sidewalk delivery robot fleet on university campuses and in residential
neighborhoods across the US and Europe, completing millions of deliveries and tens of millions of autonomous miles,
while maintaining remote human operator availability for ambiguous situations. Kiwibot operates on campuses using a
hybrid Al-human oversight model. Serve Robotics (spun out from Uber Eats) operates in Los Angeles for restaurant
delivery through Uber Eats. Relay (Savioke) delivers autonomously in hundreds of hotels and hospitals globally. Nuro R3 is
a purpose-built road vehicle for grocery and pharmaceutical delivery without a human driver, holding regulatory
authorization in several US states.

Amazon Scout - a sidewalk delivery program tested from 2019 to 2022 - was discontinued after customer feedback did
not support continued investment: an important case study in the gap between controlled-environment performance
and the complexities of open-environment consumer deployment.

Governance note: Delivery robots operating on public sidewalks or roads are Tier 4 systems (the highest risk classification)
because they operate in open environments with unpredictable human presence. Despite their relatively small size and
low speed, their governance requirements are equivalent to those of autonomous vehicles in terms of framework rigor.

2.5 Intelligent Drones

Unmanned aerial vehicles governed by Al - going far beyond remotely piloted consumer drones - represent a rapidly
expanding Physical Al category with applications ranging from precision agriculture to emergency medical supply delivery
to urban infrastructure inspection.

DJI Agras and XAG agricultural drones perform autonomous crop monitoring, targeted pesticide application, and
irrigation assessment - reducing chemical input costs while improving precision. Zipline, the most commercially mature
medical drone platform globally, operates fixed-wing autonomous drones delivering blood, vaccines, and medications
across multiple African nations and the US, serving tens of millions of people. Matternet operates hospital-to-hospital
specimen transport in Switzerland with Swiss Post. Infrastructure inspection drones autonomously inspect power lines,
wind turbines, bridges, and pipelines in hazardous environments. Gather Al and Corvus Robotics provide warehouse
inventory drones. In urban air mobility, Joby Aviation, Archer Aviation, Wisk (Boeing/Google), and EHang are advancing
Al-governed air taxis toward regulatory certification.

Governance note: Commercial drone operations are regulated by the FAA in the US (Part 107 and Beyond Visual Line of
Sight waivers) and EASA in Europe. Al-governed drones operating beyond visual line of sight (BVLOS) - required for most
commercial-scale Physical Al drone applications - require specific regulatory authorization that remains relatively
restricted in most jurisdictions, creating a governance and regulatory complexity that has constrained commercial scaling.
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2.6 Space & Specialized Exploration Robots

Physical Al is foundational where human presence is impossible and communication delays preclude real-time
control. NASA's Perseverance rover uses onboard Al for autonomous navigation, geological target identification, and
sample collection on Mars - where communication delays of several minutes to over twenty minutes make real-time
human commands impossible. Ingenuity, the helicopter drone deployed from Perseverance, executes autonomous flight
plans using vision-based navigation. Deep-sea AUVs from institutions including Woods Hole Oceanographic
Institution conduct multi-day autonomous missions at depths of several thousand meters. Nuclear and hazardous
environment robots and search and rescue robots - advanced through programs including DARPA's Subterranean
Challenge - operate where human presence is too dangerous or physically impossible.

Governance note: Space, deep-sea and hazardous environment Physical Al systems represent the extreme case of the
oversight speed gap - not because they operate at machine speed, but because communication latency and
environmental isolation make human intervention physically impossible during operation. These systems are Tier 3 or
Tier 4 under GFA's risk classification, with governance intensity focused on pre-deployment boundary design, fail-safe
architecture, and rigorous simulation-based validation - since there is no opportunity for real-time human correction once
a mission is underway.

2.7 Surgical & Medical Robots

Medical Physical Al is among the most regulated and highest-consequence deployment categories - where the precision
advantages of Al-governed systems must be weighed against the absolute imperative of patient safety.

Intuitive Surgical da Vinci is the globally dominant surgical robotics platform: over 20 million patients have undergone da
Vinci procedures, with more than 3.1 million in 2025 alone. The da Vinci 5, launched in 2024, delivers significantly greater
Al-assisted guidance capability while maintaining the surgeon in direct physical control. Medtronic Hugo challenges da
Vinci's market position with cloud-based analytics learning from procedure data globally.

Autonomous surgical Al - systems performing specific surgical subtasks autonomously under surgeon oversight - remains
largely pre-clinical but is advancing at institutions including Johns Hopkins. Rehabilitation robots from Ekso
Bionics, ReWalk Robotics, and Cyberdyne (HAL) govern assistive movement using Al interpretation of patient motor
intent. Aethon TUG and comparable hospital logistics robots deliver medications and supplies autonomously across
hospital departments globally.

Governance note: Medical Physical Al is subject to FDA premarket review and quality system regulation under 21 CFR
Part 820, making it the most regulatory-intensive Physical Al deployment category in the US. The FDA's Al/ML action plan
and its "predetermined change control plan" framework represent the most operationally developed Physical Al
governance instruments currently in force in any jurisdiction.
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2.8 Smart Home & Domestic Robots

Consumer Physical Al remains the category most visible in consumer media and furthest from widespread commercial
deployment maturity. LG CLOi demonstrated home Al concepts at CES 2026 incorporating Vision-Language-Action (VLA)
architectures to translate verbal instructions into household tasks. Samsung has previewed domestic robot concepts
targeting household task assistance. Amazon Astro, a home monitoring and assistance robot, is available by invitation in
the US. iRobot Roomba remains the most commercially proven domestic Physical Al deployment globally. Dyson is
developing advanced robotic systems for complex household manipulation.

Governance note: Home and domestic Physical Al is currently the least-governed Physical Al category in regulatory terms.
Consumer Physical Al devices are subject to standard product safety requirements (CPSC in the US, CE marking in Europe)
but face minimal Al-specific governance obligations at present. This regulatory gap is expected to evolve as consumer
Physical Al deployment scales and incident data accumulates.

2.9 Precision Agriculture Robots

Precision agriculture represents one of the most economically compelling Physical Al deployment opportunities -
combining acute labor shortages, increasingly complex crop management requirements, and meaningful environmental
benefits from precision versus broad-area treatment.

Blue River Technology (John Deere) deploys Al-governed robots performing precise, plant-by-plant herbicide application
- reducing chemical use while improving targeting. Bear Flag Robotics (John Deere) and Monarch Tractor provide
autonomous and semi-autonomous Al-governed tractors. Abundant Robotics and Tortuga AgTech focus on Al-governed
fruit harvesting requiring dexterous manipulation. Iron Ox and AppHarvest operate Al-governed indoor farms with
autonomous mobile robots. PrecisionHawk and Skydio provide Al-governed agricultural drone platforms for crop
monitoring and field analysis. Other applications include Selective Harvesting (e.g. Agrobot for strawberry harvesting,
FFRobotics for multifruit harvesting), Greenhouse Automation and Soil/Environment Monitoring Robots.

Governance note: Agricultural Physical Al typically spans Tier 2—3 under GFA's classification. The EU Al Act's high-risk
categories potentially cover agricultural Al systems that can materially affect livelihoods.

2.10 Autonomous Weapons & Defense Systems

This is the Physical Al category with the most severe potential consequences and the most contested governance
landscape.

Multiple nations are actively deploying Physical Al systems with lethal or potentially lethal capability: including
autonomous drones in active conflict (seen in recent wars including the infamous Shahed-series drones), autonomous
naval systems (the US Navy’s Sea Hunter program has developed an an autonomous surface vessel capable of extended
at-sea operations without a crew, designed for anti-submarine warfare support roles), Al-governd missile defense (e.g.
Iron Dome-Israel and Patriot-US use Al-governed target identification and intercept decisions) and Autonomous Sentry
Systems (Samsung SGR-A1 deployed in the Korean Demilitarized Zone).
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Defense autonomous systems include Al-governed drone swarms, autonomous maritime vehicles for naval patrol and
mine countermeasures, and Al-guided missile defense systems already operating with degrees of autonomous
engagement authority. Significant programs include DARPA's autonomy initiatives, Lockheed
Martin's and Boeing's autonomous combat aircraft development, and Shield Al - which develops Al pilots capable of
operating without GPS or communications links.

Governance note: There is a governance void - No binding international treaty currently governs autonomous weapons
systems. Discussions under the Convention on Certain Conventional Weapons (CCW) have proceeded at the United
Nations since 2014 without producing binding obligations. The Campaign to Stop Killer Robots and the International
Committee of the Red Cross have advocated for international regulation, while major military powers have resisted
binding limitations on autonomous weapons development. So in the absence of regulation, autonomous weapons
systems are governed by international humanitarian law, national Rules of Engagement, and ongoing UN debate on Lethal
Autonomous Weapons Systems (LAWS). This is the one Physical Al category where GFA's commercial governance
framework does not apply - governance here is a matter of military law, treaty law, and national security policy. The US
Department of Defense Directive 3000.09 (Autonomy in Weapon Systems) establishes a human-on-the-loop governance
model that acknowledges the impossibility of individual human approval at engagement speed, while asserting human
authority over system design and operational parameters. This framework is instructive for commercial Physical Al
governance design.

2.11 Additional Physical Al Categories

Beyond the ten primary categories, several emerging Physical Al deployment types merit enterprise awareness including:

e Soft robotics and adaptive materials (Robots with deformable, flexible structures enabling safe interaction with
fragile objects and human bodies. Applications include food handling, elder care, and biomedical devices)

e Wearable Physical Al (Al-governed exoskeletons, prosthetics, and personal assistance devices that physically augment
or restore human capability. Ottobock's Al-governed prosthetic limbs, Ekso Bionics' industrial exoskeletons for worker

fatigue reduction, etc.)

e Smart infrastructure and edge Al systems (Al embedded in physical infrastructure - intelligent traffic management
systems, Al-governed building systems such as HVAC, security, etc)

e Lab and biotech automation (Physical Al governing laboratory workflows - robotic sample handling, automated
experiment execution, Al-directed synthesis platforms).
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Section 3: How Physical Al Works - The Three-Layer Stack

Enterprise leaders do not need to be engineers to make strategic Physical Al decisions. But a working understanding of
the three-layer technical architecture helps distinguish genuinely capable systems from vendor claims and informs
governance design.

3.1 The Perception Layer - How Physical Al Senses the World

Physical Al systems perceive their environment through sensor arrays that collectively generate a dense, real-time model
of the physical world:

e Cameras (visual perception): High-resolution optical cameras for object recognition, scene understanding, and
navigation. Modern Physical Al systems typically use multiple cameras providing overlapping fields of view for depth
estimation (stereo vision). Camera-based perception is sensitive to lighting conditions, weather, and occlusion -
limitations that drive multi-sensor fusion architectures.

o LiDAR (Light Detection and Ranging): Laser-based sensors that generate precise three-dimensional point cloud maps
of the environment, enabling accurate distance measurement across the full operational range. LiDAR provides spatial
awareness that cameras alone cannot achieve, and is a primary perception sensor for autonomous vehicles and high-
precision industrial robotics. Costs have fallen dramatically over the past decade and continue to decline.

e Radar: Radio-wave-based distance and velocity measurement, robust to adverse weather conditions and low-light
environments where cameras and LiDAR can degrade. Radar is an essential complement in automotive and outdoor
Physical Al applications.

e Force/torque sensors: Measure the forces and torques experienced at robot joints and end effectors - enabling robots
to detect contact, control grip force, and sense resistance to movement. Essential for safe human-robot collaboration
and for manipulation tasks requiring precise force management.

e Ultrasonic sensors: Short-range proximity detection for close-quarter collision avoidance - used extensively in robot
proximity safety systems and mobile robot navigation.

e Inertial measurement units (IMUs): Accelerometers and gyroscopes providing motion and orientation data - essential
for robot balance, drone stability, and autonomous vehicle positioning between GPS signal updates.

e Acoustic sensors: Microphones and vibration sensors that detect sound signatures - enabling robots to identify
equipment anomalies, detect human voices, and in some applications use acoustic cues for environmental navigation.

The fusion imperative: No single sensor type provides adequate perception for robust Physical Al operation. Production
Physical Al systems fuse data from multiple sensor types using Al models - combining the strengths of each while
compensating for each type's limitations. This sensor fusion architecture is itself a governance consideration: when the
perception system degrades (sensor failure, environmental interference, adversarial spoofing), the Al system must have
defined governance protocols for response.
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3.2 The Decision Layer - How Physical Al Reasons

The decision layer is where Al models process sensor data and determine appropriate physical actions:

Foundation models: Large Al models pre-trained on multimodal datasets - the Physical Al analog of the large language
models that power generative Al applications. Foundation models provide generalized physical reasoning capability that
can be fine-tuned for specific deployment contexts, replacing the task-specific Al development that earlier robotics
required.

Vision-Language-Action (VLA) models: One of the most significant recent advances in Physical Al architecture - models
that integrate visual perception, natural language understanding, and physical action planning into a unified system. VLA
models enable robots to receive natural language instructions ("pick up the blue box and place it on the shelf"), visually
identify the relevant objects, and plan the physical action sequence to execute the instruction.

Reinforcement learning: Training Al systems through simulated experience - rewarding actions that achieve desired
outcomes and penalizing harmful or ineffective behaviors. Reinforcement learning has produced some of the most
capable Physical Al demonstrations to date, including highly dynamic locomotive behaviors in quadrupedal and bipedal
robots and dexterous hand manipulation of complex objects.

Real-time inference requirements: Physical Al decision-making must operate at timescales appropriate to the physical
action - milliseconds for reactive safety behaviors, tens of milliseconds for navigation and manipulation planning. This
creates a hard architectural constraint: Al inference must often occur on-device (edge Al) because cloud inference latency
is incompatible with real-time physical action requirements. This edge Al requirement has significant governance
implications for monitoring, logging, and oversight - addressed in detail in Paper 3 of this series.

3.3 The Action Layer - How Physical Al Acts

The action layer converts Al decisions into physical reality through actuators:

Electric motors and servo systems: The foundational actuator technology for most Physical Al systems. Brushless DC
motors provide precise, responsive, controllable torque for robotic joints. Servo systems add position and force feedback,
enabling the closed-loop control necessary for precise manipulation.

Hydraulic actuators: Used where high force-to-weight ratio is required - historically used in high-performance research
humanoids. The industry is broadly transitioning toward electric actuators as motor efficiency and battery technology
improve.

Dexterous hands: Among the most technically challenging Physical Al actuator systems - designing robotic hands with the
degrees of freedom, speed, force capability, and tactile sensitivity for practical manipulation of real-world objects.
Dexterous hand development remains one of the primary bottlenecks limiting humanoid robot commercial deployment.
Drive systems: Wheels, tracks, and legs for locomotion. Each presents different Physical Al governance considerations -
wheeled systems are most reliable and predictable; legged systems provide unstructured terrain capability at the cost of
balance complexity and additional failure modes.

The governance implication of actuators: Unlike digital Al outputs - text, scores, classifications - actuator outputs cannot
be recalled or undone. The force applied, the movement executed, the contact made are physical facts that persist
regardless of what governance actions are taken after the fact. This irreversibility is the foundational reason why Physical
Al governance is structurally more demanding than digital Al governance.
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Section 4: Market Scale & Investment Landscape

The Physical Al market, valued at several billion dollars in 2026, is growing at a CAGR above 30% toward tens of billions
by the early-to-mid 2030s. Longer-term characterizations of a multi-trillion-dollar opportunity reflect the size of the
physical economy sectors this technology will ultimately transform.

North America leads in autonomous vehicles, surgical robotics, and warehouse automation. Asia-Pacific is the fastest-
growing region, driven by China's national robotics strategy, Japan's industrial robotics heritage (FANUC, Yaskawa), and
South Korea's manufacturing Al capabilities (Hyundai Robotics). Europe leads in regulatory standard-setting via the EU Al
Act while maintaining significant Physical Al capability through KUKA, ABB, and Universal Robots.

Investment flows:

Physical Al has attracted substantial venture and corporate investment, with acceleration in 2024 and 2025 as commercial
maturation became evident. Key investment themes include:

e Foundation model development for physical reasoning (Figure Al, Physical Intelligence)

e Humanoid robot platforms (Figure, Agility, Apptronik, 1X Technologies)

e Autonomous vehicle commercialization (Waymo, Nuro, Zoox)

e Agricultural automation (John Deere Al investment, agricultural robotics startups)

e Medical robotics (Intuitive Surgical competitive platforms, rehabilitation robotics)

e Physical Al infrastructure (NVIDIA's Omniverse, simulation platforms, edge Al hardware)

Unit Economics and Deployment Projections:

Multiple industry analysts project commercial humanoid robot shipments in the range of tens of thousands of units
globally in 2026, with per-unit manufacturing costs declining toward levels that make commercial ROl achievable in high-
labor-cost, structured-environment applications.

For context: the global automotive industry produces roughly 85-90 million vehicles per year. Even a fraction of that
penetration rate applied to humanoid robots over the next decade would represent Physical Al deployment at a scale
that would dwarf current projections - and generate governance obligations at a scale that most enterprise frameworks
are not prepared for.

14 © Granite Fort Advisory



Section 5: Industry-by-Industry Deployment Map

Physical Al is not a single-industry phenomenon. Every major sector of the physical economy is either actively deploying

Physical Al or developing deployment strategies:

Primary Physical Al Applications Deployment Maturity

Manufacturing

Logistics &

Warehousing

Healthcare

Agriculture

Retail

Construction

Defense

Energy

Transportation

Consumer/Home

Cobots, assembly robots, quality
inspection, predictive
maintenance, autonomous
material handling

AMRs, sorting robots, inventory
drones, autonomous forklifts

Surgical robots, medication
delivery, rehabilitation
exoskeletons, patient monitoring

Autonomous tractors, selective
harvesting, agricultural drones,
precision monitoring

Inventory robots, customer
service robots, autonomous
restocking

Autonomous equipment, site
monitoring, material transport,
inspection drones

Autonomous surveillance,
logistics support, weapons
systems, EOD robots

Infrastructure inspection drones,
autonomous maintenance, grid
management

Autonomous vehicles,
autonomous vessels, urban air
mobility

Domestic robots, personal
assistants, smart home
integration

Labor shortages, precision
requirements, cost reduction

E-commerce growth, labor
costs, delivery speed
expectations

Precision, safety, staffing
shortages, outcomes
improvement

Labor shortages, yield
optimization, input cost
reduction

Labor costs, customer
experience, inventory
accuracy

Labor shortages, safety,
project timelines

Force multiplication, risk
reduction, operational
capability

Safety, asset uptime, access
to hazardous environments

Labor costs, safety
improvement, efficiency

Convenience, elder care,
labor substitution
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High - commercial scale now

High - commercial scale now

Medium-High - regulated
deployment

Medium - scaling
commercially

Medium - pilots to early
commercial

Low-Medium - early
deployment

Variable - classified and
public programs

Medium - scaling
commercially

Mixed - AV scaling; UAM
early stage

Low - early commercial
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Section 6: Physical Al vs. Traditional Automation - Why This
Wave Is Different

Enterprise leaders who lived through previous automation waves and who experienced the overpromising and
underdelivering that characterized much of earlier industrial robotics adoption, have legitimate reasons for skepticism. It
is important to be specific about what is genuinely different in 2026.

e Foundation models eliminate task-specific programming. The most consequential difference between Physical Al and
previous automation waves is the arrival of general-purpose Al models capable of reasoning about physical tasks
without task-specific programming for each application. Traditional industrial robots required substantial engineering
investment to program each new task. Physical Al systems built on foundation models can be directed to perform
new tasks through natural language instruction, visual demonstration, or example data - reducing the time and cost
from capability to deployment by a meaningful factor.

This is not merely an efficiency improvement. It is a structural change in the economics of physical automation. The
barrier to deploying automation for each new physical task has declined substantially.

e Adaptability allows Physical Al to handle novel object orientations, unexpected obstacles, and environmental

variation that would stop traditional automation entirely. Traditional automation requires a controlled, predictable
environment. When the environment changes - a box is positioned differently, a new product is introduced, a worker
moves into the robot's zone - the automation fails or stops. Physical Al systems are designed to adapt: to handle novel
object orientations, to navigate around unexpected obstacles, to modify task execution based on environmental
variation.
This adaptability has real limits - current Physical Al systems still fail at tasks that humans handle readily, and
adaptability claims from vendors frequently exceed demonstrated production-environment performance. But the
trajectory is genuine, and the gap between what current Physical Al handles adaptively and what traditional
automation can accommodate is already commercially significant in many applications.

e Platform standardization led by NVIDIA's Omniverse (simulation), Isaac (robotics Al), and Jetson (edge inference)
mirrors the dynamic that made cloud computing transformative, enabling deployment to scale without proportional
engineering investment. Previous robotics waves required substantial custom development for each deployment. The
Physical Al wave is following a software platform model: foundation models, simulation infrastructure, hardware
platforms, and development tools are becoming standardized, enabling deployment to scale without proportional
engineering investment.

e Continuous learning - Traditional automation does not learn. The industrial robot that has performed the same weld
ten million times performs the ten-millionth-and-first with exactly the same parameters as the first. Physical Al
systems can learn from operational experience improving their models through deployment data, identifying patterns
in near-misses and anomalies, and adapting to environmental changes that would degrade traditional automation
performance.

This learning capability is the most important long-term differentiator (and the most important governance
challenge). A system that learns is a system whose behavior can change over time in ways that governance must
anticipate and monitor

16 © Granite Fort Advisory



Section 7: The Strategic Stakes for Enterprise Leaders

The physical economy opportunity is not hyperbole. The digital Al wave automated cognitive tasks and information
flows. Physical Al targets the physical economy - manufacturing, construction, agriculture, transportation, logistics,
healthcare, energy - sectors that remained largely outside software-driven productivity improvement because their
fundamental work is physical. The potential productivity gains are at least as large as those from digital Al in the
information economy, and the physical economy is larger.

The labor market context is structural. Persistent labor shortages in manufacturing, logistics, agriculture, and healthcare
are driven by demographic trends unlikely to reverse. Physical Al deployment at scale will displace a substantial number
of physical jobs, potentially faster than new roles emerge in adjacent fields. This is not a reason to avoid deployment -
competitive pressure will make avoidance unsustainable for most organizations. It is a reason to treat workforce transition
planning as a governance obligation, not an afterthought.

The competitive asymmetry risk compounds over time. Organizations that have deployed Physical Al for three years
accumulate operational data - sensor streams, failure modes, near-miss events - that trains their systems to outperform
a competitor deploying the same technology platforms three years later. The operational experience moat that early
adopters are building now will be difficult for late entrants to overcome.

The Governance Imperative
The single most important message for enterprise leaders contemplating Physical Al is this: Physical Al is not governed
by the same frameworks as digital Al, and assuming otherwise is a material liability risk.

Physical Al creates five governance gaps - in liability, oversight, cybersecurity, regulatory compliance, and data privacy -
that existing Al governance frameworks do not address. Organizations deploying Physical Al without closing these gaps
are not simply operating with governance immaturity. They are exposing themselves to legal liability, regulatory penalties,
operational shutdown risk, insurance coverage gaps, and reputational consequences that could eliminate the economic
benefit of Physical Al deployment entirely.

The governance imperative is not a reason to slow Physical Al deployment. It is a reason to ensure that deployment is

preceded by governance infrastructure appropriate to the risk - and that governance is treated as the infrastructure that
makes scaled deployment sustainable, not as the compliance checkbox that gets addressed after incidents occur.
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Section 9: What Comes Next

This briefing has provided enterprise leaders with a comprehensive overview of what Physical Al is, how it works, where
it is deployed, and what its strategic implications are. The companion papers in this series address the governance
dimensions that this briefing has introduced:

Paper 2: "The 5 Governance Gaps Physical Al Creates - And Why Your Current Al Framework Won't Cover Them"
Examines in detail the five structural governance gaps - liability, oversight speed, cyber-physical attack surfaces, regulatory
fragmentation, and sensor data governance - that Physical Al creates and that existing Al governance frameworks do not
address. Includes a 10-question self-assessment diagnostic for governance teams to evaluate their current exposure.

Paper 3: "Governing Physical Al: A Practitioner's Guide to 1ISO 42001"

Provides the GFA Physical Al Governance Framework - a six-layer governance model built on ISO 42001 and extended
specifically for Physical Al deployment contexts. Includes clause-by-clause 1SO 42001 extensions, sector-specific
regulatory overlays (manufacturing, automotive, healthcare, agriculture), a 25-point Readiness Scorecard, and a 12-
month implementation roadmap.

The fundamental question that enterprise leaders need to answer is not whether to deploy Physical Al. Competitive
pressure will make that decision for most organizations in the industries where Physical Al provides clear operational
advantage. The question is whether to deploy it with the governance infrastructure that makes scaled deployment
sustainable - or to discover, through incidents, what governance gaps cost.
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About Granite Fort Advisory

Granite Fort Advisory (GFA) is a specialized Al governance and risk advisory firm providing Al governance program design,
Al risk and compliance advisory, SO 42001 audit and enterprise Al transformation guidance.

GFA's Physical Al Governance practice helps organizations extend their existing Al management systems to cover Physical
Al deployment contexts - combining ISO 42001 expertise with autonomous systems regulation, and operational Physical
Al governance requirements.

GFA’s Physical Al Governance services include:

e  Physical Al Governance Readiness Assessment

e |SO 42001 Physical Al Extension Design and Implementation

e ODD (Operational Design Domain) Development and Governance Framework Design
e  Physical Al Regulatory Compliance Mapping

e  Physical Al Incident Response Protocol Development

e Sector-Specific Regulatory Overlay Integration

Have questions or need guidance? Contact us at Engage@GraniteFort.com

Granite Fort Advisory GRAN[TE FORT
Dallas, TX, United States <> ADVISORY

Tel: +1-469-713-1511

Engage®GraniteFort.com Al Transformation, Governance, Risk & Compliance

. Clarity. Compliance. Confidence.
www.granitefort.com

Disclaimer: This document provides general information and strategic guidance but does not constitute professional or legal advice. Each
organization's situation is unique and specific strategies should be developed in consultation with qualified technical and legal advisors. The
information presented reflects the regulatory landscape as of January 2026 and is subject to change based on legislative amendments and regulatory
guidance.

© 2026 Granite Fort LLC. All rights reserved.
Document Control: GFA-4-4-33-WP1-1r0326/Executive Series. Email Engage@GraniteFort.com for questions or feedback.
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