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Key takeaways

« Al is redefining robotics, enabling a new generation of humanoid robots that can perceive, learn and act autonomously in the
physical world. After decades of incremental progress, the field has reached a turning point, with breakthroughs in generative Al
and large language models accelerating the rise of "embodied intelligence" and reshaping expectations for what service robots
can accomplish.

« The humanoid robot population is poised for take-off. BofA Global Research projects that the number of humanoid units in
operation could reach three billion by 2060, surpassing cars on a per-capita basis. While industrial and service applications are
expected to lead adoption in the near term, household humanoids are projected to accelerate quickly and ultimately account for
the largest share - 62% - by 2060.

« In part 2 of our physical Al series, we outline what you need to know about humanoid robots - including how they work, how
they're being used today and key challenges the industry faces as it moves toward large-scale deployment.

Humanoid robots 101
Humanoid robots are a type of service robot designed to move, perceive and interact in ways that resemble human beings. As a
type of physical Al, they embody artificial intelligence in a dynamic, mechanical form capable of acting on the world (for readers
new to this topic, Physical Al, part 1: The basics provides a helpful foundation). This enables them to operate in complex,
unstructured environments, rather than controlled settings. Unlike traditional service robots, which are built for narrow,
repetitive tasks, humanoids are required to navigate real-world spaces, interpret human behavior and respond through physical
action — placing far greater demands on Al for sensing, motion control and natural-language interaction.

After decades of incremental progress, the field reached a turning point in 2023, as breakthroughs in generative Al and large
language models (LLMs) accelerated the emergence of “embodied intelligence.” By giving Al a physical form, humanoid robots
can learn directly from the world, translate language into action and adapt to people in real time — reshaping expectations of
what robots can do.

Humanoid adoption is accelerating - but why?
According to BofA Global Research, humanoid robot adoption is speeding up (Exhibit 1), mainly because of:

1. Al maturity: Model breakthroughs are now enabling more general-purpose learning, better long-term reasoning and more
reliable Al operation in unstructured, real-world human environments.

2. Hardware economics: Rapid cost declines and improvements across key humanoid components (e.g., batteries, motors,
sensors, actuators and onboard Al compute) have lowered the required bill of materials (hardware costs) and boosted
overall feasibility of humanoids.

3. Industrial overlap: Humanoid robots can tap into existing supply chains, manufacturing methods and capital investment
from electric vehicles (EVs), autonomous tech and Al hardware sectors, helping them scale faster and reduce execution
risk.

4. Demographics: Ongoing labor shortages, aging workforces, wage inflation and high turnover make flexible robotic labor
economically appealing across industries, such as manufacturing, logistics and services, even before humanoids fully
match human abilities.

5. Deployment readiness: Humanoid form factors fit with existing tools, buildings, and workflows, which cuts down on
deployment barriers. Together, improved safety, autonomy and self-learning reduce integration, regulatory and operating
friction.


https://institute.bankofamerica.com/transformation/physical-ai-part-1.html
https://institute1.bofa.com/C?q=pMnoTVSF1bI&t=ada

Exhibit 1: Tech breakthroughs, economics and demographics are key drivers behind
humanoid adoption
Infographic illustrating factors accelerating humanoid robot adoption
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Scaling-up from pilot to production
The robot rush: Increased investment is happening now

The commercial race to develop humanoids is heating up as the tech matures and prices decline. Investments have risen sharply
— from $0.7 billion in 2018 to $4.3 billion in 2025." And as of January 2026, over 50 companies were in the process of building
their own humanoids,? with 150 commercial launches to date.® So far, the development landscape has bifurcated between
companies vertically integrating robots in their own factories and those selling or renting humanoids to their customers.

A robot population boom is on the horizon

BofA Global Research forecasts annual humanoid robot shipments will surge from 20,000 units in 2025 to 10 million by 2035,
implying an 86% compound annual growth rate (CAGR) (Exhibit 2). In 2026 alone, sales are expected to reach 90,000, as leading

companies ramp up production capacity and scale deployments.

Exhibit 2: Annual humanoid robot shipments are projected to reach
1.2 million in 2030 and 10 million by 2035
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" Humanoid Guide. (2026). Humanoid robot guide.
2 Botfino. (n.d.). Humanoid Robotics Company Intelligence.
3 Humanoid Guide. (2026). Humanoid robot guide.
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As seen in Exhibit 3, the global “robot population” could reach 300 million by 2040 and even three billion units by 2060 —
outnumbering cars per capita. While analysts believe industrial and service applications are likely to come first, by 2060 they
project household humanoids will make up the largest share (62%, or two billion units).

Economies of scale and tech breakthroughs will significantly reduce costs
Despite recent improvements, the total bill of materials (BOM) or hardware cost of humanoid robots remains relatively high, with
pilot-stage development ranging from $90,000 to 100,000 per unit. However, standardizing product specifications has already
brought costs down considerably, with further reductions possible with economies of scale. For example, BofA Global Research
estimates a built-in China humanoid robot’s BOM cost was $35,000 in 2025 but expects it to be roughly cut in half to below
$17,000 by 2030, driven by scale effects and continued improvements in component design.

How do humanoid robots work?
Humanoid robots operate by combining central Al control and compute with mechanical components — actuators, motors,
reducers, hands and sensors — to turn intelligence into physical action. While Al systems perceive and decide, high-performance

compute processes information in real time, and tightly integrated actuators and sensors deliver balance, dexterity, strength and
safe interaction. Together, these elements form the foundation of capable, scalable humanoid autonomy.

Integrating the “mind, body and soul”
The structure of a humanoid robot can be framed as the hardware and software that collectively create the “mind, body and
soul” (Exhibit 4). The mind refers to the Al system, which handles high-level cognition, such as environmental understanding, task
planning, model inference and interaction with humans. The body of the humanoid comprises the physical components, including
vision and sensory systems, actuators, dexterous hands, energy systems and structural materials. And last, the soul represents

the motion control system - the robot’s internal coordinator - responsible for balance, movement planning and motion
execution.

Exhibit 4: A combination of Al chips and algorithms make up the humanoid’s mind and soul, with multiple
components required for the body - such as actuators, motors, batteries and sensors for vision
Infographic illustrating the mind, body and soul of humanoid robots
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Bot mechanics

From components to capability
Humanoid robots are built from a tightly integrated combination of computing, actuation, sensing and mechanical components
that together enable perception, movement and interaction in real-world environments (Exhibit 5). Rather than operating
independently, these elements must be synchronized in real-time, with performance evaluated by how effectively intelligence,
motion and hardware constraints are integrated. For a more in-depth discussion of humanoid components, check out our prior

publication: Humanoid robots 101.

Exhibit 5: Advances in Al and motion control, combined with precision hardware, such as actuators and motors, are the

core tech embedded in humanoid robots
Infographic illustrating key components in a humanoid robot
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Achieving higher degrees of freedom
Advances in dexterous robotic hands are expanding what humanoids can manipulate in real-world settings. A key driver is higher
degrees of freedom (DoF) — the number of independent axes of movement across a robot’s joints — which directly determines
how precisely and flexibly it can position its limbs, hands and fingers. These gains are amplified by fully rotational joints that can
turn continuously through 360°, rather than stopping at human-like anatomical limits.

Alongside this, compliant actuators — motors designed to yield under force rather than remain rigid — allow robots to absorb
impacts, regulate force and adapt safely when grasping or interacting with uncertain objects. Combined with tactile-sensing and
learning-based control, higher DoF and compliance materially increase usable dexterity. However, according to BofA Global
Research, progress remains constrained by limited high-quality manipulation data and the difficulty of replicating human-level
dexterity and improvisation.

Bill-of-material economics: Actuators are actually expensive
The actuation system is the muscle of a humanoid robot, controlling movement, balance and force. The system integrates
motors, drives, transmissions and sensors into compact modules that are deployed across both rotary and linear joints. A
humanoid typically uses dozens of actuators, underscoring their central role in performance and cost.

By 2030, BofA Global Research projects that linear actuators — which enable extension and compression in humanoid joints — will
account for the largest BOM share (27%), followed by rotary actuators (24%) and dexterous hands (19%) (Exhibit 6).

BANK OF AMERICA

4 12 March 2026 INSTITUTE


https://institute.bankofamerica.com/transformation/humanoid-robots.html

Exhibit 6: Actuators account for more than 50% of the total BOM cost
BOM cost breakdown (by module/system, 2030)
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Humanoid use cases
In an aging, labor-constrained global economy, BofA Global Research believes humanoid robots could offer an increasingly cost-
competitive form of physical labor, underpinned by improving Al autonomy and manufacturing scale.

From the factory floor to in-home assistants
Humanoid robots are being deployed in a growing range of applications (Exhibit 7). In manufacturing, automotive and warehouse
environments, they handle tasks related to moving materials, inspection and assembly. In retail, hospitality and live events, they
support customer interactions, restocking and front-of-house services. Emerging applications also include healthcare, homes and
education, where humanoids are positioned for assistance, monitoring, training and learning support. Together, these
developments reflect a gradual shift from structured industrial settings towards more human-centered environments.

Exhibit 7: From cars to caring — humanoids have a wide variety of use cases
Infographic illustrating humanoid robot use cases

Humanoid Robot Use Cases

Use Case Description

Manufacturing Performing industrial assembly, machine tending, and materials-handling tasks.

Warehousing & Logistics Handling picking, packing, palletizing, and goods movement in distribution settings.

Automotive = Supporting assembly lines, component handling, and factory-floor operations in automotive production.
Retail & Hospitality Delivering customer greeting, wayfinding, and front-of-house assistance.
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Home Assistance g Assisting with household chores, tidying, and simple object-handling tasks.

Education & Research ¢ 2 Supporting simulation, training, experimentation, and human-robot interaction studies.

Source: BofA Global Research
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So far, initial humanoid use cases have been mostly industrial and are expected to remain that way in the near term. By 2027,
Counterpoint Research estimates that 72% of installations will be in logistics, manufacturing and automotive (Exhibit 8).
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Exhibit 8: Initial humanoid use cases are industrial
Humanoid use cases in 2027, by industry (%)
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It’s tough being a humanoid
As manufacturing volumes of humanoids increase, the challenges facing companies building and deploying them are shifting
from production to techno-economic — achieving the levels of performance, reliability and cost that make sense commercially.
The challenges to scaling humanoids, according to BofA Global Research, are (Exhibit 9):

e Economics and return on investment (ROI): High unit costs, uncertain labor substitution benefits and expensive
repairs make it difficult to achieve compelling payback periods.

e Manufacturing scale and supply chain maturity: Some humanoid parts, like actuators, sensors, reducers and batteries,
lack the volume, reliability and cost structure needed for large-scale humanoid production.

e Safety, certification and regulatory compliance: Standards for safe human-robot co-working are still emerging,
slowing approvals for real industrial deployment.

¢ Reliability, uptime and maintainability: Current humanoids remain too fragile and maintenance-intensive for 24/7
industrial environments that demand high uptime and durability.

e Energy and power constraints: Limited battery life and immature charging or hot-swap ecosystems restrict continuous
operation and reduce productivity.

e Al generality and task competence: Autonomous systems still struggle with unstructured, variable, real-world tasks,
limiting the economic usefulness of humanoids today.

Exhibit 9: Challenges remain ahead of commercial operation of humanoid robots at scale
Infographic illustrating key challenges behind scaling humanoid robots
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Disclosures

These materials have been prepared by Bank of America Institute and are provided to you for general information purposes only. To the extent these materials reference Bank of
America data, such materials are not intended to be reflective or indicative of, and should not be relied upon as, the results of operations, financial conditions or performance of Bank
of America. Bank of America Institute is a think tank dedicated to uncovering powerful insights that move business and society forward. Drawing on data and resources from across
the bank and the world, the Institute delivers important, original perspectives on the economy, sustainability and global transformation. Unless otherwise specifically stated, any
views or opinions expressed herein are solely those of Bank of America Institute and any individual authors listed, and are not the product of the BofA Global Research department or
any other department of Bank of America Corporation or its affiliates and/or subsidiaries (collectively Bank of America). The views in these materials may differ from the views and
opinions expressed by the BofA Global Research department or other departments or divisions of Bank of America. Information has been obtained from sources believed to be
reliable, but Bank of America does not warrant its completeness or accuracy. These materials do not make any claim regarding the sustainability of any product or service. Any
discussion of sustainability is limited as set out herein. Views and estimates constitute our judgment as of the date of these materials and are subject to change without notice. The
views expressed herein should not be construed as individual investment advice for any particular person and are not intended as recommendations of particular securities, financial
instruments, strategies or banking services for a particular person. This material does not constitute an offer or an invitation by or on behalf of Bank of America to any person to buy
or sell any security or financial instrument or engage in any banking service. Nothing in these materials constitutes investment, legal, accounting or tax advice.

Copyright 2026 Bank of America Corporation. All rights reserved.
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