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ON EPISTEMIC REGISTER
Claims in this paper are explicitly tagged. [erounoen] = observed deployments, disclosed figures, or
published data. [projectron] = third-party analyst forecasts. [anaLytic] = the author’s own modeling
built on those inputs. [specuiative] = directional judgment beyond the current evidence. The
discipline is deliberate: in a field this hyped, the value is in keeping the load-bearing facts
separated from the story.
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I. Executive Summary

For a decade, the humanoid robot was a media object: a sleek bipedal prototype, one rehearsed task,
and a two-year disappearance. In 2026 that pattern broke. The machines moved onto real production
lines, accumulated audited operating hours, and began to be procured the way any other capital asset
is — against a payback period. That single shift, from demonstration to depreciating asset, is the
reason this paper exists. The interesting question is no longer whether a robot can fold a towel on
video. It is what a unit costs, how hard it can be worked, who controls the parts, and where the margin
ultimately pools.

$38B— ¢ L imo 63-90%  —68%

$ 5T Industrial payback at high— China share of key components Modeled unit-price decline,
2035 TAM (Goldman) to 2050 medium utilization (2026) & rare-earth processing 2024-2030

market (Morgan Stanley)

The thesis in five lines:

— [erounbep] Locomotion is essentially solved in the best systems; dexterous, whole-body
manipulation in unstructured space is not. That gap is the real frontier and the real bottleneck.

— [anaLyTIc] As a capital asset, the economics already work in high-wage, high-utilization,
structured settings — and utilization, not sticker price, is the whole game. The same unit can
show a 6-month or a 4-year payback depending on how continuously it runs.

— rprosection] The price curve behaves like the EV curve: a ~40% bill-of-materials decline already
banked and a path to ~$37K units by 2030.

— [crounpen] The strategic exposure is not software — it is the physical stack. China controls the
components, the magnets, and the batteries, and can build a Western-supplier-free unit only at
roughly triple the cost.2

— [specutative] Hardware will commoditize; the durable margin migrates to the model-and-data
layer — the “brain” — which is currently the West’s strongest card.

II. The Inflection: From Demo to Deployment

Three years ago, humanoids lived in laboratories and marketing reels. The defining fact of 2026 is that
they now hold jobs. Figure’s robots spent the better part of a year on the BMW Spartanburg line and
contributed to roughly 30,000 vehicles — and BMW then pulled the program into a second plant,
Leipzig, which is a far harder signal to fake than any investor-facing video.3 Agility’s Digit moved more
than 100,000 totes at a GXO facility, the first deployment the industry recognizes as formally
commercial.+ The table below is the honest scoreboard — it separates manufacturing ambition from
proven traction, because in this field they are very different things.
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Figure 03 BMW Spartanburg + Leipzig ~30,000 vehicles; 1,250+ Deployment leader;
(auto assembly) hrs; BotQ ~1 robot/hr customer-pulled
expansion
Tesla Optimus Fremont (internal R&D / data 1,000+ internal units; “not Behind on traction,
Gen 3 collection) in material use” (Q4°25) ahead on
manufacturing
intent
Agility Digit GXO, Amazon, Toyota 100,000+ totes at GXO; Narrow but real;
(warehouse logistics) first formal commercial logistics beachhead
deal
Unitree G1 / H1 = Research, integrators, China ~5,500 shipped 2025; Global volume
industrial trials $13.5—16K; target 10—20K leader; ecosystem
play
Boston Hyundai facilities Production-ready; Athletic frontier;
Dynamics deployment ramp early
Atlas (electric) committed 2026 commercialization

Table 1. Humanoid deployment scoreboard, mid-2026. Sources: BMW/Figure reporting; Tesla Q4 2025 call; Agility;
Unitree; Boston Dynamics.

Underneath the hardware, the deeper move is that the “brain” is becoming a learned generalist model
rather than per-task code. Figure runs its Helix model; Google is licensing Gemini Robotics to third
parties as an explicit “Android of robotics” play.s The competitive question has migrated from “who
can build a robot” to “who can manufacture them at scale” and “who owns the model layer that runs
on them.” Both of those are capital-allocation questions, not engineering ones.

ITI. Why They Moved Like Robots — and Why That’s Ending

The stiffness we all recognize has a specific engineering cause, and understanding that cause is what
lets you judge how close the field actually stands to solving it. The legacy paradigm is model-based
control: the robot carries a simplified physics model of itself — typically an inverted-pendulum or
zero-moment-point model — computes a reference trajectory, and a stiff position controller forces
each joint to track it tick by tick. That produces the deliberate, calculating gait we read as “robotic.”
Simplified models buy computational efficiency at the direct expense of human-likeness, and a pure
trajectory tracker drifts the instant something unexpected happens, so engineers add aggressive
feedback corrections — which look jerky.

Humans don’t track trajectories. We fall and catch — walking is controlled falling, with springy muscle
and tendon storing and returning energy. The new paradigm matches that: train a policy with
reinforcement learning in simulation (millions of free stumbles), seed it with motion priors captured
from real human movement, and deploy. The tell that it works is emergence: in the landmark results,
the robot develops an arm-swing nobody programmed, because that is what falls out of the
optimization for stable, efficient gait. That is the difference between a machine executing a gait and a
machine that has discovered how to walk.
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Capability Where it stands in 2026

Locomotion (walk, run, recover, [GROuNDED] Essentially solved in the best systems. A humanoid won a half-
terrain) marathon; top platforms sprint, jump, and rebalance after a hard shove.
The locomotion uncanny valley is largely closed.

Dexterous manipulation [GrounDeD] Still the frontier. Reaching, grasping the long tail of objects, and
(hands, varied objects) staying balanced while doing useful work remains where the residual
“robot-ness” lives — hesitation and a lack of anticipatory motion.

The full “iRobot” bundle [sPEcULATIVE] Fluid locomotion + natural dexterity + judgment,
simultaneously, in an unstructured room: not here. Item one has arrived;
the other two, together, define “solved” — and they are years out.

Table 2. The naturalness question, decomposed. The smoothness you notice is now a manipulation problem, not a walking
problem.

IV. The Humanoid as Capital Asset

Strip away the science-fiction framing and a humanoid is an asset with an acquisition cost, an
integration cost, a depreciation curve, a maintenance burden, a utilization rate, and a payback period.
It should be read the way any capital asset is read — not by its top speed but by its cost per productive
hour against the labor it displaces. The table below is an illustrative five-year total cost of ownership
for a mid-spec industrial unit — the structure matters more than any single cell.6

Acquisition Mid-spec industrial unit, purchase $100,000

Integration Year-one cell design, fixturing, $15,000
commissioning (~15%)

Maintenance & parts ~10-15% of price/yr reserve over life $50,000
Software / autonomy license Annual model license + ops subscription $15,000
Energy Charging, ~$2/hr-class operating input $2,500
Battery replacement One mid-life pack $5,000
Five-year TCO ~ $37,500 / year amortized =~ $187,500
Comparison: loaded US worker Single shift, fully burdened $70,000+ / yr

Table 3. Illustrative 5-year TCO, mid-spec industrial humanoid. Analytic frame, not a quote; every cell is scenario
dependent.

On those numbers the asset clears a single fully loaded US worker on annual cost alone — before
counting the obvious advantages of a unit that can run two or three shifts. But the headline conceals
the real lever, which is utilization. A robot’s cost per hour is not a fixed property; it is acquisition cost
divided by hours actually worked, plus a small operating input. Run it in a tightly structured
automotive cell and utilization is high; drop it into a mixed warehouse with variable layouts and it
idles. The next chart is the single most important picture in this paper.
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Payback Period vs. Utilization (mid-spec industrial unit)

50 A
46 mo

Payback period (months)

30 40 50 60 70 80 90
Effective utilization rate (%)

Figure 1. Payback collapses as utilization rises. The same hardware is a 4-year decision at 30% utilization and a 6-month
decision at 90%.

[anaytic] This is why the credible 2026 payback figures span a wide band — roughly six months under
high-utilization industrial conditions and around fifteen months under medium utilization, with two-
shift deployments typically landing in the 18—36-month range that enterprise procurement gates
demand.: The disciplined buyer underwrites the utilization assumption, not the brochure. The
undisciplined buyer pays for a $100K asset and lets it stand idle 60% of the day, which is how a two-
year payback quietly becomes a five-year one.
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Cost per hour, and the crossover

The cleaner way to see the asset is cost per productive hour against the labor it stands in for. High-
utilization operating cost is already modeled below ~$5/hour by 2030 and as low as ~$2/hour at scale
today; fully loaded US manufacturing labor sits in the mid-$30s and rises. The lines cross — and they
cross first, and hardest, in high-wage markets.

Cost per Productive Hour: Robot vs. Human Labor

=@== []S loaded labor
40 - 7 aded labor
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Figure 2. The crossover arrives earliest where labor is most expensive. Note that against China-loaded labor it arrives
years later — a fact with strategic consequences (Section VII).

RaaS vs. CapEx

Robot-as-a-Service — a monthly subscription, roughly $500—$5,000/unit depending on capability —
removes upfront capital risk and bundles maintenance and software updates, which matters while
reliability data is still thin and obsolescence cycles run 3—5 years. For a high-utilization, high-
confidence deployment, outright purchase wins on total cost. For an early, uncertain, or variable-
utilization deployment, RaaS is the rational hedge: you are renting optionality against a technology
still on a steep improvement curve. The same logic that governs leasing versus owning any depreciating
capital equipment applies here, with one twist — the asset itself is getting materially better every model
year, which tilts early adopters toward renting until the curve flattens.
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V. The Cost Curve: Why This Looks Like the EV Story

Hardware cost is falling on a curve the auto industry will find familiar, because it is largely the same
supply chain — actuators, magnets, batteries, sensors — reused from mature EV-grade ecosystems.
The bill of materials fell ~40% in two years; analyst models carry average selling price from ~$114,700
in 2024 toward ~$37,000 by 2030, with the aggressive, China-led path running below that and
conservative Western-OEM pricing above.:

Humanoid Average Selling Price, 2024-2035
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g "\ —-== (Conservative (Western OEM)
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(=}
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=
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0

2024 2026 2028 2030 2032 2034

Figure 3. Unit price decline with scenario band. The spread between the China-led and Western-OEM paths is itself the
strategic story.

Two cautions keep this honest. First, falling price is a necessary but not sufficient condition for
adoption — a cheaper asset that still idles half the day does not pay back faster. Second, the cost curve
is not uniform across geographies: the same physical unit is far cheaper to build inside the Chinese
supply chain than outside it, which means the “price of a humanoid” is partly a function of where you
are allowed to source it. That is the bridge to the strategic layer.
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VI. Market Scenarios: Sizing the Prize Without Believing the
Hype

The analyst range is enormous and should be read as a range, not a number. Goldman Sachs models a
$38B total addressable market by 2035 on ~1.4M annual units, with a $154B blue-sky case; Morgan
Stanley extends to a $5T total market by 2050 including supply chain and services, implying ~13M
units in service by 2035 scaling toward ~1B by 2050; Citigroup goes further still, to $7T by 2050.789

Total Addressable Market — Analyst Scenarios

104 1 $7.0T
<
@
8 103 4
=
=
aa)
=
>
102 4
=
101 |
Goldman Goldman Morgan Stanley Citigroup
base 2035 blue-sky 2035 2050 2050

Figure 4. Analyst TAM scenarios (log scale). The 2050 figures are whole-ecosystem and depend on assumptions — cost
curves, autonomy maturity, regulation — that are not yet settled.

rerosectzon] The 2035 numbers are tractable extrapolations from observed deployment and cost trends;
the 2050 numbers are scenarios in the literal sense — they bundle the robots, their supply chains, and
their service networks, and they assume a smartphone-like ubiquity that requires the manipulation
problem (Section III) to be solved at consumer-grade reliability. The capital-allocation takeaway is not
the point estimate. It is that the base case is already large and the deployment evidence is real, so the
bet does not require believing the trillion-dollar tail to clear a hurdle rate.
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VII. The Strategic Layer: China and the Physical Stack

Lead with the real driver, not the consumer story. Humanoid robotics is, first, an industrial-
capacity and great-power contest — the same contest already playing out in EVs, batteries,
drones, and rare earths — and only second a story about robots in kitchens. The reason is
concentration. China controls roughly 63% of key humanoid component manufacturing, around 90%
of rare-earth and magnet processing, and about 77% of battery production capacity.:> High-torque
actuators depend on NdFeB permanent magnets, and that supply has already shown export-licensing
volatility; Musk has publicly tied Optimus production to magnet constraints.

The Choke Point: China's Control of the Physical Stack

Key component

; 63%
manufacturing

Rare-earth

. 90%
processing

Battery

production 17%

Magnet

- 90%
refining

0 20 40 60 80 100
China share of global capacity (%)

Figure 5. China’s control of the physical stack. This is leverage that sits upstream of every Western humanoid program.

The cost consequence is stark and quantified: building a Tesla Optimus-class unit without Chinese
suppliers raises the bill of materials from roughly $46,000 to roughly $131,000 — about triple.2 A
Foshan line reportedly assembles a humanoid roughly every thirty minutes, a manufacturing cadence
Western programs have not collectively matched.n This is the EV playbook run again: integrated
supply chain, massive domestic test deployments, brutal cost-down.

The Western counterweight is precise and worth stating plainly, because it defines where the
defensible value is. China’s one structural weakness is software — Al training, sensing, and control —
where foreign firms, NVIDIA above all, remain dominant.2 So the map is legible: the body is being
won in Shenzhen and Foshan; the brain, for now, is being written in California. A capital allocator
should treat component manufacturing and rare-earth/magnet supply as the contested choke point —
either a re-shoring opportunity or a dependency risk — and the model-and-autonomy layer as the place
where pricing power is most likely to survive commoditization.
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VIII. The Model Layer: Where the Margin Pools

Hardware commoditizes; that is the lesson of every analogous platform. When a $100K actuator-and-
sensor assembly becomes a $30K one, the gross margin does not vanish — it migrates to whatever
stays scarce. In embodied Al the scarce input is not the body but the generalist policy and the data
that trains it. Walking is trainable in simulation; manipulation across the long tail of the real world
needs enormous, diverse, real-world interaction data, and there is no internet-scale corpus of physical
manipulation the way there is of text. Whoever cracks data efficiency — sim-to-real, learning from
human video, teleoperation bootstrapping — sets the pace and captures the rent.s

Where Margin Pools: Body vs. Brain (steady-state, illustrative)

70 1
X 607 ~55%
5
o 50 1
o
£
o 40 1
w
o
& 30 1
0 ~22%
=20 1
% ~12%
g 101

0 m
Components Integration Model layer
(actuators, magnets, (assembly, OEM) (foundation models,
batteries, sensors) autonomy, data)

Figure 6. Indicative steady-state margin by layer. Components and integration trend toward thin, contested margins; the
model layer is where durable pricing power is most plausible.

[specutative] If that reading is right, the long-run structure of the industry resembles the PC or
smartphone era: many interchangeable hardware builders competing on cost, sitting beneath a small
number of platform-and-model owners who set the terms. The uncomfortable corollary for Western
strategy is that you can lose the body and still win the industry — or win the body and still rent the
brain from someone else. Both halves matter, and they are being decided in different places by
different players.
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IX. The Capital Allocator’s Verdict

Translating the analysis into exposure, without pretending to offer investment advice. The frame is
positions and their rationale — what the structure of the industry implies about where value accrues
and where it leaks away.

Model & autonomy layer OWN Scarce input, plausible pricing power, the West’s strongest
card. Where commoditization is least likely to reach.

Rare-earth / magnet WATCH The contested choke point. Either the highest-leverage

supply & re-shoring dependency risk or the clearest re-shoring opportunity in the
stack.

Picks-and-shovels OWN Sells into every program regardless of which OEM wins.

(actuators, sensors, NVIDIA-class compute and force/torque sensing especially.

compute)

High-utilization RaaS WATCH Capture the utilization spread directly — but only if they

operators underwrite utilization honestly. Execution-sensitive.

Pure-play hardware AVOID* Most exposed to commoditization and the China cost gap

OEMs unless they own a defensible model layer or a locked-in
customer base.

The trillion-dollar 2050 DISCOUNT Real option, not a base-case input. Do not let it carry the

tail underwriting; the base case already clears most hurdle rates.

Table 4. Positioning map. *“Avoid” is conditional — a hardware OEM that owns its model layer (Figure, Tesla in principle)
is a different animal than a contract assembler.

Second-order effects worth pricing in

— Labor is not a clean one-for-one swap. Early deployments target the dull-dirty-dangerous
tasks workers are glad to shed; the displacement curve is gradual and political, and it will move
faster in high-wage geographies first — exactly where the economics cross soonest.

— The energy and data-center tie-in. Generalist robot policies are trained on the same
compute buildout driving the AI infrastructure race. Embodied Al is a demand driver for the
very power-and-silicon complex that is itself a great-power contest — the two stories are
coupled, not separate.

— Reshoring math changes if the body is contested. If automation cost falls far enough, the
wage-arbitrage logic of offshoring weakens — but only for whoever can actually source the
robots. A Western firm that must pay 3x for a China-free unit does not get the same reshoring
dividend.

— Utilization is the silent failure mode. The most common way these deployments
disappoint is not technical — it is a good asset run at bad utilization. The discipline that wins is
operational rather than technical: matching the asset to a workflow that keeps it genuinely busy.

The closing judgment, stated as a bet: [specuLative] embodied Al is an asymmetric position where
the base case is already underwritten by real deployments and a falling cost curve, the downside is
bounded by the option to rent rather than own while the technology matures, and the upside tail — the
part nobody can price — is genuinely large. The mistake is not being early or late. It is buying the body
and missing that the brain is where the industry will keep its margin, or underwriting a utilization
assumption the deployment can’t actually hit.
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X. Methodology & Epistemic Note

This paper synthesizes public deployment disclosures, analyst forecasts (Goldman Sachs, Morgan
Stanley, Citigroup, McKinsey, IDTechEx, Roland Berger, MERICS), and the author’s own modeling,
current to June 2026. Cost and payback figures are explicitly scenario-dependent and presented as an
analytic frame rather than precise forecasts; charts marked illustrative encode the structure of the
relationships, not point predictions. Forward statements beyond ~2030 are tagged [specuLative] and
should be read as directional. Nothing here constitutes investment advice. The author writes under
the Applied Futures Research register and is not a licensed financial adviser.

The analytical posture is deliberate: in a field where demonstration and deployment are routinely
conflated, the discipline of separating what is observed from what is projected from what is hoped is
the whole value of the exercise. Sourcing for the load-bearing figures is collected in the Sources &
Notes that follow.

Sources & Notes

Numbered to match the superscripts in the text. Sources cited at more than one point keep a single number; the
sections in which they appear are noted.

1. IDTechEx (May 2026): humanoid average selling price modeled from ~$114,700 (2024) to ~$37,000 (2030);
high-utilization operating cost potentially below $5/hour by ~2030. Roland Berger (Apr 2026) cites ~$2/hour
operating cost at scale. Cited in §I, §IV, and §V.

2, McKinsey (Apr 2026), citing South China Morning Post: building a Tesla Optimus Gen 2-class unit without
Chinese suppliers would raise the bill of materials from ~$46,000 to ~$131,000 (~3x). Cited in §I and §VII.

3. New Market Pitch deployment tracker (Apr 2026) and BMW/Figure reporting: Figure 02 contributed to ~30,000
vehicles at BMW Spartanburg, ~1,250+ operational hours; BMW expanded the program to Plant Leipzig
(customer-initiated).

4. Agility Robotics (Nov 2025): Digit moved 100,000+ totes at GXO Logistics (Flowery Branch, GA) — widely cited
as the first formal commercial humanoid deployment.

5. Figure “Helix” and Google DeepMind “Gemini Robotics” (licensed to third parties as an “Android of robotics”
model) exemplify the foundation-model layer; Physical Intelligence pursues a generalist manipulation policy. The
binding constraint is large-scale, diverse real-world manipulation data. Cited in §IT and §VIII.

6. Illustrative 5-year TCO for a ~$100K-class industrial unit: ~$187,500 all-in (integration, maintenance, software,
energy, battery) = $37,500/yr, versus a $70,000+/yr fully loaded US worker (Robozaps ROI synthesis, 2026).
Scenario-dependent; presented as an analytic frame, not a quote.

7. Goldman Sachs Research, “The global market for humanoid robots could reach $38 billion by 2035” (Jacqueline
Du); upgraded ~6x from a prior $6B estimate; ~1.4M annual unit shipments projected; blue-sky scenario $154B.

8. Morgan Stanley, “Humanoid Robot Market Expected to Reach $5 Trillion by 2050” — ~13M units in service by
2035 scaling toward ~1B by 2050; unit cost modeled from ~$200K today to ~$50K by 2050.

9. Citigroup humanoid market commentary: ~$7T by 2050; industrial payback cited as short as ~36 weeks under
favorable utilization.

10. McKinsey / IDTechEx / MERICS: China controls ~63% of key humanoid component manufacturers, ~90% of
rare-earth (and magnet) processing, and ~77% of battery production capacity. NdFeB magnet supply has shown
export-licensing volatility; Musk has publicly cited magnet constraints on Optimus.

11. Foshan, Guangdong line reported assembling a humanoid roughly every 30 minutes (ETC Journal, May 2026).

12. MERICS (2026): China’s principal weakness is Al training, sensing, and control software, where foreign firms
(notably NVIDIA) remain dominant — the inverse of its hardware advantage.
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